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 The influence of synthesis parameters on properties and 
photocatalytic activities of octahedral anatase particles (OAPs) 
prepared by ultrasonication–hydrothermal reaction was 
examined.  It was found that change in one parameter of 
hydrothermal reaction (duration or temperature) resulted in 
changes of all properties and photocatalytic activities.  On the 
other hand, duration of ultrasonication influenced only the 
morphology of final products (change in OAP content).  Those 
samples exhibited almost the same structural/physical properties 
but only differed in morphology and photocatalytic activity, 
which enabled clarification of the correlation between 
morphology and photocatalytic activity, i.e., the higher the total 
OAP content was, the higher was the level of photocatalytic 
activity. 
  

Octahedral anatase particles (OAPs) were prepared 
by an ultrasonication (US)–hydrothermal (HT) 
reaction of partially proton-exchanged potassium 
titanate nanowires (TNWs). [1,2]  Photocatalytic 
activities of samples were examined under UV/vis 
irradiation for oxidative decomposition of acetic 
acid and dehydrogenation of methanol under 
deaerated conditions.  Total density of electron 
traps (ETs) was measured by double-beam 
photoacoustic spectroscopy.  Mobility and lifetime 
of photogenerated electrons were investigated by 
the time-resolved microwave conductivity (TRMC) 
method in the Laboratory of Physical Chemistry of 
Paris-Sud University.  The influence of synthesis 
parameters (HT duration, HT temperature and US 
duration) on properties and photocatalytic 
activities of final products were examined in detail.  
The sample prepared with 1-h US duration and 6-h 
HT duration at 433-K using 267 mg of TNWs in 
80 mL of Milli-Q water exhibited the highest 
photocatalytic activity.  It was found that change 
in HT duration or HT temperature resulted in 
changes of all properties and photocatalytic 
activity.  On the other hand, duration of US 
treatment, before HT reaction, influenced the 
morphology of both the reagent (by TNWs 
breaking) and final products (change in total OAP 
content), and those samples exhibited almost the 
same structural/physical properties but only 

differed in morphology and photocatalytic activity 
[3].  This enabled clarification of the correlation 
between morphology and photocatalytic activity, 
i.e., the higher the total OAP content was, the 
higher was the level of photocatalytic activity [1].  
Photocatalytic activities correlated with maximum 
intensity of TRMC signal (Imax), which tended to 
be proportional to total OAP content.  Assuming 
that Imax corresponds to the product of density of 
electrons in mobile shallow ETs and their mobility, 
the results suggest that OAP particles have higher 
density of beneficial shallow ETs and thereby the 
OAP content governs the photocatalytic activities.  
Thus, morphology-dependent photocatalytic 
activity of OAP-containing particles was 
reasonably interpreted by density of ETs 
presumably located on the exposed {101} facets. 

To enhance photocatalytic activity and to extend 
working range to visible region of solar spectrum, 
OAPs were surface-modified with nanoparticles 
(NPs) of noble metals, i.e., gold, silver, platinum, 
and copper.  It was found that noble metal NPs i) 
worked as an electron sinks hindering 
recombination of charge carriers (decrease in Imax 
of TRMC) under UV irradiation, and ii) activate 
titania under visible irradiation, due to localized 
surface plasmon resonance (LSPR) absorption. 
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Different samples of commercial and micrometer TiO2 were 
decorated with copper nanoparticles by means of high-energy 
ultrasounds, and they were tested on the photodegradation of 
VOC’s in gas phase under visible light, studying in particular the 
effect of the copper amount first, and also the difference 
performances using a LED lamp at different irradiation power. 
The results are consistent with the characterization data, showing 
an increase of the photoactivity and the absorption in the visible 
spectra with the increase of the copper amount, but only up to a 
certain value. 
 
  

Background 
TiO2 is the most widely investigated 

photocatalyst because of its suitable properties in 
term of photo-activity as well as cost, low toxicity 
and stability; even if TiO2 needs to have a higher 
activity to be economically competitive, from a 
practical point of view alternative materials that 
are as advantageous as TiO2 are hard to be found 
[1]. The recombination of photogenerated charge 
carriers is one of the main limitations in 
semiconductor photocatalysis, and the crucial 
problem related to the practical use of the TiO2 is 
its inability to be active under the visible light. 
Several modification methods were developed in 
order to accelerate the photoconversion, enable the 
absorption of visible light, and alter the reaction 
mechanism or control products and intermediates 
[2]. Among these latter, metals onto the TiO2 
surface can enhance the electron transfer or the 
charge separation and improve the formation of 
the free hydroxyl radicals; another important 
aspect to take into account is the presence of free 
electrons that can be excited by light and also the 
possibility that metals act as an electron sink 
promoting also in this case the charge separation. 
The use of copper ions as dopants has recently 
attracted much attention because these species 
including Cu2O and CuO can serve as electron 
mediator extending the absorption to the long 
wavelength region[3]. Sonochemistry is a novel 
and interesting way to obtain surface decoration of 
TiO2 materials with metal nanoparticles[4], and in 
particular it can be used for the preparation of Cu-
decorated titania. 
 

Objectives 
As very few studies on the photocatalytic 

performance of Cu nanoparticles (Cu NPs) have 
been reported so far, different samples of Cu-
decorated-TiO2 were tested in this work regarding 
the photodegradation of VOC’s in gas phase under 
visible light studying in particular the effect of the 
copper amount first, and also the difference 
performances using a LED lamp at different 
irradiation power. Every sample has been prepared 
by means of high-energy ultrasounds, according to 
the procedure usually used for the decoration of 
SOFC [5]. Different amount of copper were used 
from 1% to 75% in order to investigate the effect 
of copper amount in term of photoactivity.  
 
Methods 

Samples with different loadings of Copper were 
prepared with the sonochemical method. The 
precursor materials were CuCl2*2H2O for copper 
and the TiO2 was a commercial and micrometric 
sample produced by Kronos; for each synthesis the 
US power was set at 50Wcm-2 at a constant bath 
temperature of 62°C.  

Each sample was characterized by FT-IR 
analysis, TEM, XRD, and XPS; moreover, the 
UV-VIS absorption spectra were calculated with 
the band gap evaluation. The samples show an 
increasing of the absorption in the visible 
wavelengths, proportional to the copper amount; 
the band gap values are very interesting because it 
is shown that the TiO2 surface decoration using 
ultrasounds moves the band gap to lower value. 
These results are consistent with the photocatalytic 
tests carried out on the acetaldehyde 
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photodegradation, in which an increased activity 
under visible light is reported. In particular, a pirex 
glass reactor (5L volume) was used to perform 
each photodegradation reaction: it is directly 
connected to a Gas-Cromatograph that 
automatically monitors the internal acetaldehyde 
concentration over time. 

 
Results 

The different copper amount was verified by 
TEM analysis and the different effect of it can be 
seen clearly in the absorption spectra, in which the 
visible light absorption increases proportionally.  

Figure 1. Acetaldehyde degradation at different Cu 
amount. 

 
However, the copper amount on the TiO2 surface 

can have also a negative effect on the 

photocatalyst performance, in particular because 
of the overlay of the active sites on the titania 
surface. This latter concept is consistent with the 
photocatalytic tests results, in particular for the 
acetaldehyde photdegradation, in which there is a 
decrease of the activity over some values of 
copper quantity. It is important to underline that 
without any nanoparticles onto the TiO2 surface, 
this latter is completely inactive if irradiated just 
by visible wavelengths.  

 
Conclusion 

In this work the effect of the surface decoration 
of microsized commercial titania with copper NPs 
is presented. The copper decoration has been 
studied by means of TEM and XRD analysis, as 
well as both the absorption spectra and the band 
gap evaluation have been performed. For the 
photocatalytic tests, the chosen molecule was 
acetaldehyde: the best amount of copper in term of 
photoactivity under visible light was found, 
demonstrating that a too high quantity of NPs of 
the TiO2 surface can affect the activity negatively.  
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 In the present work the degradation of phenol in water was 
performed comparing the use of a commercial micro-sized TiO2 
(1077 by Kronos) with a nano-TiO2 (P25 by Evonik), as well as 
with commercially available photoactive porcelain grés tiles; in 
particular, the photoefficiency of the micro-sized sample was 
evaluated both as powder form and immobilized on tiles, in 
order to make a comparison and point out the main differences 
and changes in term of diffusion of the pollutant, absorption, 
photoactivity and efficiency. 

 
 

 
Background 

Phenol and phenolic derivatives are the major 
pollutants of the aquatic environment because of 
their widespread use [1,2] and they are known as 
recalcitrant organic compounds or POPs 
(persistent organic pollutants). Phenol is also 
relevant in the field of environmental research 
because it has been chosen frequently as a model 
pollutant. The traditional physical techniques are 
only be able to transfer organic compounds from 
water to another phase, thus creating secondary 
pollution [3,4,5]. On the contrary, photocatalysis is 
able to induce the complete oxidation reactions, 
leading the most part of the elements to their 
higher oxidation state, namely CO2. Titanium 
dioxide (TiO2) is considered one of the best 
photocatalysts, owing its outstanding features 
including photocatalytic activity, inertness, 
physical and chemical stability, full availability 
even as commercial product, and low cost. In spite 
of these advantages, many authors evidenced 
serious problems about the use of nano-sized 
materials, e.g. difficulty on both sample handling, 
separation and collection, and the possible side-
effects on human health as well [6,7,8,9].  

One of the main applications of the TiO2 is its 
use in the building materials, as tiles or cements: 
in particular in this instance, working with micro-
powders instead of nano could be extremely useful 
and advantageous.  Even if the main drawback of 
the use of photocatalytic tiles is the decrease of the 
amount of available photocatalyst, with a 
consequent loss of photo-activity, the final 
separation step between the catalyst and the 
depolluted water is simpler and makes this product 
suitable for a wide range of applications. 
 
 

Objectives 
In the present work the degradation of phenol in 

water was performed comparing the use of a 
commercial micro-sized TiO2 (1077 by Kronos) 
with a nano-TiO2 (P25 by Evonik), as well as with 
commercially available photoactive porcelain grés 
tiles (ActiveTM tiles by GranitiFiandre). In 
particular, the photoefficiency of the micro-sized 
sample was evaluated both as powder form and 
immobilized on tiles, in order to make a 
comparison and point out the main differences and 
changes in term of diffusion of the pollutant, 
absorption, photoactivity and efficiency. Samples 
were characterized and analyzed with XRD, SEM 
and TEM.  

Phenol photodegradation was followed over 
time, considering also the development of different 
byproducts and the mineralization, i.e. the 
completely conversion of phenol in CO2, 
comparing different starting pollutant 
concentrations as well. 

By means of the FT-IR analysis on the samples 
after the catalytic reaction, it was possible to 
evaluate the by-products remained on the different 
TiO2 surface. 

Moreover, a new phenol photodegradation 
pathway has been proposed, starting from the 
experimental data collected. 

 
Methods 

Two commercial TiO2 powders were chosen as 
nano-size and micro-size photocatalysts, 
respectively. P25 by Evonik is usually used as 
reference material, while TiO2 1077 by Kronos is 
commercially classified as pigment. 1077 is also 
used in commercially available photoactive 
porcelain grés tiles (named Orosei  ActiveTM) [10].  

Phenol (Sigma Aldrich  99%) is purchased and 

A1- 3



2 

used without further purifications. 
Photocatalytic test using powdered nano and 

micro-TiO2 catalysts 
Phenol photodegradation was performed in a 

PIREX slurry reactor with a volume of 0.5 L. A 
Jelosil HG500 UV lamp (500 W, emission 310-
400 nm) is placed 15 cm distant from the reactor. 
We kept the temperature constant by means of a 
glass serpentine in which water (20°C) flows, and 
the solution homogeneous by means a magnetic 
stirrer. The emitting power was verified to be 100 
Wm-2, evaluated in the middle of the reactor by a 
radiometer instrument (Delta OHM, model 
HD2102.2). 

Samplings were executed every 60 min using a 
glass syringe and the solution was filtered before 
the analyses, performed using a HPLC instrument, 
a UV-VIS spectrophotometer analyzer (T60 UV-
vis PG LTD instruments), and a TOC instrument. 

Photocatalytic test using both powders and 
photoactive TiO2 tiles   

A cylindrical batch reactor of 0.5 L volume was 
use for phenol degradation tests in presence of 
photocatalytic tiles, at constant temperature.  

Refrigeration was allowed by a cooling jacket 
and a UV  lamp was directly immersed into the 
phenol solution (AEOPL-7913 produced by Hua 
Jia Electric Appliance co, 11 W power). Eight tiles 
1x20 cm2 were deposited inside the reactor, with 
the photocatalytic surface facing the center of the 
reactor and the solution was kept under magnetic 
stirring for all the time. 

 
Results 

P25 shows a better photoactivity compared to 
Kronos 1077 as expected, in particular because of 
the higher surface area. Through the by-products 
analysis (HPLC, FT-IR) it was possible to evaluate 
the different behavior of the photocatalysts, 
starting from different phenol concentrations. 
Interesting are also the results obtained using the 
photocatalytic tiles, about which a loss of activity 
in term of phenol photodegradation has been 
observed, but their effectiveness has been shown. 
Moreover, starting from the data collected about 
pollutant diffusion, photocatalytic tiles 

performances compared to pollutant concentration, 
time of reaction and more, it is possible to improve 
the system and optimize the chances of these 

building materials. The data related to the study of 
the by-products were useful to hypothesize a 
pathway for the phenol photodegradation that is 
different from the linear one, usually proposed. 

Figure 1. Phenol degradation vs. time 
 
Conclusion 

This paper proposes some results about 
photocatalytic tests, carried out using different 
titania samples, in particular for the phenol 
abatement in liquid phase. After the test on the 
powders, they were deposited on particular tiles 
(WGActive10) that were tested in the same 
reaction. Even if the phenol photodegradation 
pathway has been widely studied, this work wants 
to give some practical data about the by-products 
development, in particular in relation to the type of 
TiO2 used and to the starting concentration of the 
pollutant, as well as a comparison between the 
titania powders and the performance obtained 
using photocatalytic tiles, on which micro-TiO2 is 
deposited. 
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 Composite TiO2/activated carbon and TiO2/SiO2 photocatalysts 
are synthesized by the TiOSO4 thermal hydrolysis method and 
investigated in the photocatalytic oxidation of diethyl sulfide 
vapor which is a simulant for one of the best known chemical 
warfare agents –  mustard gas. Acetaldehyde, formic acid, 
ethylene and SO2 are registered as the gas-phase intermediate 
products which finally are completely oxidized to the final 
oxidation products –  H2O, CO2, CO and SO4

2− ions.  
The influence of the support on the kinetics of diethyl sulfide 
photocatalytic oxidation and photocatalyst�  stability during 
multiply long-term experiments is discussed. 
The TiO2/SiO2 photocatalyst with TiO2 content equaled to 40 
wt. % reveals the highest oxidation rate and stability. 
 

 
 

Background 

Chemical warfare agents (CWAs) are for the 
most part volatile organic compounds containing 
N, S, P or Cl heteroatoms. One of the widespread 
CWAs is bis(2-chloroethyl) sulfide or mustard gas 
(HD), which is a highly toxic vesicant. The 
median lethal dose (LD50) for HD inhalation is 
about 1.5 mg·min/L [1]. The development of 
effective method for CWAs neutralization is 
important for environmental protection and human 
safety.  

The method of TiO2 photocatalytic oxidation 
(PCO) can be applied for complete destruction of 
CWAs because of the high oxidative ability of 
TiO2 photocatalysts under UV irradiation. The 
main drawback of CWAs PCO is strong 
deactivation of TiO2 photocatalysts during the 
long-term oxidation due to the accumulation of 
non-volatile organic intermediates and oxidized 
forms of the heteroatoms ( 3NO , 

2
4SO , 3

4PO  
etc.) on the TiO2 surface. In addition, in CWAs 
PCO some harmful products of partial oxidation 
can be released from the photocatalyst surface to 
the gas-phase [2]. Using composite photocatalysts 
in which TiO2 is deposited on the surface of a 
porous supports like carbon materials, silica or 
zeolite can solve these problems. 

The composite photocatalysts have high 
adsorption capacity resulting in the increase of the 
CWA removal rate and can decrease photocatalyst 
deactivation because of reversible transfer of non-
volatile intermediates from TiO2 to support surface 
[3, 4]. 

The main objective of the study is to investigate 
PCO of diethyl sulfide (DES) as one of the good 
simulants of mustard gas CWA and to compare 
TiO2 and composite photocatalysts in the multiple 
long-term experiments. 

Methods 

Composite photocatalysts TiO2 deposited on 
activated carbon (TiO2/AC) or silica (TiO2/SiO2) 
were synthesized by thermal hydrolysis of titanyl 
sulfate in the presence of a certain amount of AC 
or SiO2 in TiOSO4 water solution. The TiO2 
content in the samples was varied in the range of 
10-80 wt.%. The samples containing AC or silica 
were marked as XTC or XTS correspondingly, 
where X was the TiO2 content (wt. %). The TiO2 
sample was synthesized by the same procedure 
without adding any supports. The samples were 
characterized by atomic emission spectroscopy, 
BET analysis, X-ray diffraction and FT-IR 
analysis using attenuated total reflectance 
technique. 

Kinetic experiments of the DES PCO were 
carried out in a 0.3 L static reactor installed in the 
cell compartment of a Nicolet 380 FT-IR 
spectrometer (Thermo Fisher Scientific Inc., USA) 
under UV irradiation produced by a UV LED 
(Nichia, Japan) with λmax ~373 nm. Typically, 0.5 

L liquid DES was injected in the reactor for each 
experiment and evaporated for 30 min before 
turning on the UV LED. The DES PCO 
experiments were carried out at low TiO2 quantity 
(0.5 mg/cm2) to be sure that all TiO2 surface was 
irradiated and involved in the reaction. In the case 
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of composite photocatalyst, the sample quantity 

was increased in proportion to TiO2 content that 

the same amount of active component (e.g. TiO2) 

was in the reactor. 

The quantitative analysis of DES and oxidation 

products in the reactor during the process was 

performed based on IR spectra using the Beer-

Lambert law and the method of spectral 

subtraction by minimizing the spectrum length [5]. 

After complete mineralization of the first portion 

of DES, the reactor was swept by fresh air and the 

next run of DES PCO was performed. Three 

oxidation runs of the same amount of DES were 

carried out for each sample to compare 

deactivation of TiO2 and composite photocatalysts. 

Results 

Composite TiO2/AC and TiO2/SiO2 

photocatalysts with TiO2 contents in the 10 to 80 

wt.% range were synthesized. All samples 

contained TiO2 in the anatase form, with a primary 

crystallite size of about 11 nm. Also, the FT-IR 

ATR and AES analyses showed the presence of 

sulfate complexes on the surface of photocatalyst. 

The results of BET analysis (Table 1) revealed 

that the specific surface area and pore volume of 

the composite photocatalyst are slightly lower than 

the algebraic sum of the corresponding values of 

TiO2 and support (AC or SiO2). This indicates that 

a partial blocking of the support surface by TiO2 

nanoparticles occurs. 

 

Table 1. Textural properties of the certain samples 

Sample Area, m2/g Pore volume, cm3/g 

AC 825 0.54 

SiO2 442 0.78 

TiO2 208 0.15 

70TC 367 0.27 

40TS 298 0.48 

 

The preliminary experiments were carried out 

and an optimal TiO2 content provided a good 

proportion of adsorptivity and photocatalytic 

activity was chosen for each series. There were 

70%TiO2/AC (70TC) and 40%TiO2/SiO2 (40TS). 

Composite 70-TC and 40-TS samples as well as 

pure TiO2 sample were investigated in the PCO of 

diethyl sulfide to elucidate the effect of the support 

on the kinetics of DES PCO and on the 

photocatalyst’ stability during three long-term 

experiments. 

Acetaldehyde (CH3CHO), formic acid 

(HCOOH), ethylene (C2H4) and SO2 were 

registered as the gas-phase intermediates during 

the DES PCO over all samples. The noticeable 

concentration was observed only for acetaldehyde 

and formic acid. The formation of formic acid in 

the gas phase seems to be due to its low molecular 

weight. SO2 was detected only in the first run of 

DES PCO and its concentration was about 30-50 

ppm. Kinetic curves of DES, acetaldehyde, formic 

acid and CO2 during the 0.5 μL DES PCO in the 

static reactor over TiO2 sample are presented in 

the Figure 1. 

 

 
Figure 1. Kinetics of DES PCO over TiO2 in the first 

run. 

 

After long-term irradiation, all intermediates 

were completely oxidized. The following 

compounds were detected by the FT-IR analysis as 

final oxidation products: H2O, CO2 and CO in the 

gas phase and sulfate complexes on the surface of 

photocatalyst. The concentration of CO did not 

exceed 5% of final concentration of CO2. 

The use of the composite photocatalyst increased 

the available surface. As a result the DES removal 

rate and kinetics of photooxidation changed. A 

decrease of the time needed for complete removal 

of DES vapor from the gas phase was observed for 

the composite photocatalysts.  Time values of DES 

removal in the first run were 73, 9 and 22 min for 

TiO2, 70TC and 40TS samples, respectively. The 

increase of the rate of DES removal can be due to 

reversible transfer of non-volatile intermediates 

from the TiO2 surface onto the support surface 

(AC or SiO2). As a result active sites on the TiO2 

surface remained free for further interaction with 

DES molecules. The fast DES removal in the case 

of composite photocatalysts led to a decrease of 

the induction period of CO2 accumulation by about 

2-fold. The highest PCO rate was observed for 

40TS sample. 

To evaluate photocatalysts deactivation three 

oxidation runs over the same sample were 

performed. In each subsequent oxidation run a 
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decrease of DES PCO rate was observed. This 

means that a strong irreversible deactivation of the 

samples occurs that caused by the accumulation of 

sulfates on the photocatalyst surface. To estimate 

the extent of photocatalyst deactivation the time of 

90% DES mineralization was calculated in each 

run. Calculated times for all samples in each 

oxidation run are presented in Figure 2. 

 

 
Figure 2. Time values of 90% DES conversion into 

CO2 in three oxidation runs for TiO2 and composite 
photocatalysts. 

 

As it follows from Figure 2, the time of the 

complete mineralization of DES becomes higher 

for each subsequent PCO run. For example, for the 

pure TiO2 sample in the first run the reaction was 

complete after 290 min, but in the third run it took 

1522 min. 

Photocatalyst deactivation was decreasing in the 

following sequence: TiO2>70TC>40TS. The sum 

of mineralization times in all three cycles for the 

pure TiO2 sample is equal to 2848 min but for the 

most active and stable composite 40TS 

photocatalyst it is only 800 min. 

Finally, to evaluate the activity of photocatalysts 

the turnover frequency values (TOF) were 

calculated for the overall amount of DES 

mineralized in the three runs (Table 2). These 

calculations were made on the assumption that the 

same amount of active component (e.g. TiO2) were 

in the reactor in the case of each sample and entire 

surface of photocatalyst was irradiated. 

 

Table 2. Turnover frequency values 

Sample TiO2 70TC 40TS 

TON, ×105 s-1 1.3 3.0 4.6 

 

The TOF value for 40TS composite 

photocatalyst is 3.5 times higher than for pure 

TiO2 sample. The excellent behavior of the 40TS 

sample in the DES PCO can be explained by its 

high photocatalytic activity and large surface area 

which is available for the adsorption of 

intermediates. 

Conclusions 

The usage of composite photocatalyst results in 

up to an 8-fold decrease of DES removal time if 

compared with pure unmodified TiO2. 

Additionally, the removal of formed gaseous 

intermediates – acetaldehyde and formic acid – 

occurs faster over composite photocatalyst. 

The long-term oxidation of DES causes a strong 

deactivation of the photocatalyst. The deactivation 

decreases in the following sequence: 

TiO2>TiO2/AC>TiO2/SiO2. The most active and 

stable catalyst is the TiO2/SiO2 with TiO2 content 

equaled to 40 wt. %. The calculated TOF number 

for this sample is 3.5 times higher than for pure 

TiO2. 

Fast purification of air from the DES vapor over 

the composite TiO2/SiO2 photocatalyst and its low 

deactivation during the long-term oxidation can be 

used for the development of effective methods for 

neutralization of S-containing CWAs. 
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Preparation and characterization of titanium dioxide photocatalyst 
supported on fly ash particles.  Evaluation of photocatalytic activity in 

wastewater treatment 

Visa Maria1, Duta Anca1  

1R&D Center Renewable Energy Systems and Recycling, Transilvania University of Brasov, 

Eroilor 29, 500036, Romania. 

The paper reports on a novel TiO2-fly ash (TiO2-FA) composite obtained through mild 
hydrothermal synthesis, as a possible adsorption and VIS-activated photocatalysis substrate 
able to simultaneously remove pollutants in advanced wastewater treatment processes. 
Combining FA with TiO2 has the following advantages: (1) the TiO2 crystallites grow on the 
alkaline activated FA forming a stable composite where photocatalytic VIS-active tandem 
systems can result by associating titania with semiconductor oxides from FA; (2) the organic 
pollutant molecules migrate to the surface of TiO2 and can be photocatalytically degraded and 
(3) activated fly ash substrates can adsorb inorganic (heavy metal) pollutants and organics, 
thus supporting photocatalysis and the  in situ regeneration of the FA matrix. 

The composites’ surface properties were evaluated SEM, AFM and BET surface 
characterisation and PZC measurements, the phase composition and crystallinity by XRD and 
the optical band gap was estimated based UV-VIS spectroscopy.  

The adsorption and the UV and VIS-photocatalytic properties of the composites were 
evaluated in three – pollutants systems containing food dyes (Carmine 50% P-WSE-120) and 
FD&C Blue) and a heavy metal (Cu2+). The kinetic data allow the investigation of the 
simultaneous removal of both dyes and of heavy metal in a stepwise mechanism.  
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Influence of Flavins Adsorption on TiO2 in the Photo Oxidation 
Efficiency of Air Contaminants 
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The use of photocatalyst assemblies to degrade air pollutants is a 
promising means for environmental remediation. Various 
photocatalyst assemblies have been explored in the past for 
highly efficient photocatalysts. However, still the existing 
photocatalysts are suffering from low efficiency. A novel 
photocatalyst assembly has been developed in this work which 
has two components: a metal oxide semiconductor and a 
bioredox Flavin-derivative molecule. Flavins improve light 
absorption, thus enhancing overall photo oxidation efficiency. 
The mechanism by which they operate and the effect of their 
structure on charge transport and consequently their effect on 
photocatalysis will be discussed.    

 
There is an increased interest in the development of 
artificial systems that mimics photosynthesis. The 
heterogeneous photocatalyst assemblies with 
multiple integrated functional components could 
able to combine the advantages of different 
components in order to overcome the drawbacks of 
single component photocatalysts in such a way by 
enhancing the light absorption range, promoting the 
charge separation and transportation. The present 
work focuses on the influence of chemically- 
adsorbed flavins on TiO2 in degrading air-born 
pollutants. The photocatalyst assembly is made of 
TiO2 onto which a bioredox component, flavin 
derivative, was attached. In our assembly, oxide 
semiconductors are expected to efficiently supply 
electrons upon photoactivation, providing a 
bioinspired surrogate for costly NADH. 
Chemisorption of flavins onto TiO2 surface have 
been verified by FTIR and solid state NMR 
methods.  
 

 
Figure 1. kinetics of Ethanol decomposition 
(according to peak disappearance at 1230 cm-1). 
Red squares: P25, purple triangles: P25/198. 
An enhanced degradation rate of ethanol is clearly 
observed with the flavinated photocatalyst when 
compared to unflavinated photocatalyst in figure 1.  

 
Figure 2. Adsorption-Activity graph of different 
TiO2/Flavin composites. 
Figure 2 shows the relationship between ethanol 
adsorption and activity of different Flavin/TiO2 
composites. Eventhough ethanol adsorption is 
comparable for all Flavin/TiO2 composites, activity 
varies from one composite to another. Nevertheless, 
in all cases, regarding of the specific nature of the 
specific flavin, flavinated TiO2 composites showed 
more activity than unflavinated TiO2. The 
diiffrence between the various flavins and the efect 
of the type of anchoring group as well as the effect 
of length and structure of the linker between the 
flavin moiety and the anchoring group will be 
discussed.   
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Photocatalytic activity of Li and K–doped ZnO under solar light irradiation 

Hadj  Benhebala * and Stéphanie  D.  Lambertb 

aUniversite ibn-Khaldoun de  Tiaret,  BP  78  Zaaroura,  Tiaret  14000,  Algeria 
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Belgium 

In this work, we present the photocatalytic degradation of methylene blue in aqueous 

solution using zinc oxide powders doped with lithium and potassium under solar light 

irradiation. The photocatalysts were synthesized by sol–gel process with zinc acetate and 

oxalic acid precursors and were characterized by different techniques such as X-ray 

diffraction, scanning electron microscopy, UV–Vis diffuse reflectance and nitrogen 

adsorption isotherms. Doping ZnO with lithium, sodium and potassium reduces band gap 

energy. All photocatalysts are active with decolorizing rate greater than 90%. 

Keywords: Photocatalysis, Methylene blue, Doped-ZnO, Solar light. 
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Photocatalytic Efficiency of Reticulated ZnO Structure in 
Degradation of Acid Red 88 Azo Dye 
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The reticulated ZnO catalysts were processed by replicating the 
shape of a polyurethane sponge through the ZnO powder slurry 
impregnation method. The ceramic pre-forms obtained by 
sintering at the initial stage were then subjected to two 
consecutive slurry coating and sintering processes to improve 
the strength of the skeletal structure. They were used as 
photocatalysts for the degradation of Acid Red 88 inside a batch 
reactor by using UVA and UVC wavelengths for 180 minutes. 
The degradation of the aqueous Acid Red 88 solution (40 mg/L) 
was monitored by the color change and total organic content 
(TOC). Final degradation rates were 63% and 78% for the color 
removal percentages and 11% and 14.4% for the mineralization 
under UVA and UVC irradiations, respectively. 
  

 

1. Introduction 

Immobilization of semiconductor photocatalysts 
has been investigated extensively for the last few 
decades. Among the photocatalysts, ZnO ceramics 
gained attraction due to their exceptional 
photocatalytic behavior [1-3]. ZnO structures (e.g. 
powders [4], coatings [5] and self-supporting 
bodies [6, 7]) are widely used and have similar 
photocatalytic activity compared to TiO2 structures 
[8, 9]. A self-supporting structure with a high 
surface area is desired considering the light-
semiconductor interaction. Therefore, a reticulated 
ZnO structure was developed and applied 
successfully for the degradation of an azo dye  [7]. 
The same reticulated ZnO structure was also 
investigated in the present study for the 
decomposition of Acid Red 88 solutions, which is 
a member of another important dye group in 
textile industry.   

2. Experimental  

A model aqueous solution of Acid Red 88 (TCI 
Ltd.) was prepared as a stock solution and then 
diluted to 40 mg/L using DI water for each 
experiment. All of the degradation experiments 
were carried out at this initial dye concentration. 
The molecular structure of the dye was presented 
in Figure 1. All chemicals were analytical grade 
and used without further purification.   

    

 
Figure 1. Molecular Structure of Acid Red 88 

(C20H13N2NaO4S) 

 

The starting form of the pure ZnO (Sigma 
Aldrich) is a submicron powder (d50=225 nm) with 
a fairly uniform size distribution. The powder was 
immobilized into an open-cell network structure 
(i.e. a reticulated photocatalyst) by the polymeric 
sponge replication method. The impregnated 
polyurethane sponges with the ZnO ceramic 
slurries were sintered to burn out the fugitive 
phases and to obtain the self-supporting 
photocatalyst bodies.  The details regarding the 
fabrication method are given elsewhere [7].  

The sintered catalysts were characterized by X-
Ray Diffraction (XRD) method using Cu K-α 
radiation (Rigaku Dmax 200) for phase analysis 
and Scanning Electron Microscopy (SEM) (Philips 
XL30 SFEG) for their microstructures. 

Photocatalytic activity measurements were 
performed both under UVA and UVC (Philips 
Actinic BL 8 W and Philips G8 T5, respectively) 
illuminations with their respective light intensities 
as 3.18 mW/cm2 and 3.54 mW/cm2 (Lutron). A 
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batch of 500 mL aqueous Acid Red 88 solution 

was poured in a quartz tube surrounded by a 

cylindrical light assembly for photocatalytic runs 

for 180 min. In each run, a total of 20 g catalyst 

sets were immersed into the solution as shown in 

Figure 2. During degradation, color changes were 

measured in a spectrophotometer (Hach-Lange 

DR-3800) by taking samples from the solution in 

15 min intervals. Mineralization of the dye 

solutions were also analyzed for the total organic 

content (TOC) by using a TOC analyzer (Hach-

Lange IL-550). Each ZnO catalyst set was tested 

for 5 consecutive runs under UVA and UVC 

illuminations for 180 min. Between each run, a 

cleaning of the catalyst surfaces was performed in 

DI water under UVA or UVC irradiations 

overnight.   

 

 

Figure 2. The reticulated ZnO samples immersed 

in the model Acidic Red 88 solution. 

 

3. Results and Discussion 

Figure 3 shows the SEM micrographs of the 

ZnO catalyst. A fairly open network of ZnO 

structure was successfully obtained (Fig. 3a). This 

type of structure is advantageous for the effective 

light penetration and, consecutively, for the 

increased catalytic activity. Figure 3b shows the 

relatively porous microstructure with quite 

uniform size ZnO grains. The reticulated body 

along with the porous microstructure provides 

relatively large surface area for enhanced 

photocatalysis. 

The XRD pattern obtained for the ground 

catalyst sample is shown in Figure 4. All of the 

peaks were indexed adequately to the particular 

planes of the hexagonal ZnO-Wurtzite crystal 

structure according to the JCPDS (Joint 

Committee of Powder Diffraction Standards) 

database. 

 

 

Figure 3. SEM micrographs of the sintered 

reticulated ZnO: At (a) higher and (b) lower 

magnifications. 

 

 

Figure 4. XRD pattern of the reticulated ZnO. 

 

Figure 5 shows the wavelength effect of the UV 

light type on the color removal percentages and 

the reuse efficiencies of the catalysts. The results 

revealed that the maximum decolorizations were 



3 

obtained from the second runs. Highest values of 

63.8% and 78.7% efficiencies were reached for 

UVA and UVC irradiations, respectively (Fig. 5). 

The increase after the first run could be explained 

by the hydroxyl enrichment of the ZnO surface 

[10]  after the cleaning process. Therefore, the 

surfaces of the catalysts become more active than 

the as-sintered original surfaces. For further 

consecutive runs, the color removal percentages 

slightly dropped. After the fifth runs, the removals 

decreased to 50% and 63.8% levels for UVA and 

UVC, respectively. This behavior is attributed to 

the catalyst surface fouling by dye effluents. 

The results in Figure 5 also revealed that UVC 

illumination enhanced the decolorization rate due 

to its higher energy level. Photolysis alone yielded 

31% dye removal under UVC wavelength whereas 

no removal effect was observed under UVA. 

Although UVC irradiation is more efficient in dye 

degradation, UVA photocatalysis is preferred 

because of its presence in the sunlight spectrum 

[11]. 

Table 1 indicates the mineralization results as 

TOC values calculated by comparing the initial 

and the final organic concentrations. The values 

listed in Table 1 represent the results of the fifth 

runs. Therefore, they are the minimum TOC 

removals possible at the end of 180 min 

processing period. Parallel to the color removal 

percentages, the TOC removals are higher under 

UVC illumination than that of UVA wavelength.  

 

Conclusions 

The reticulated ZnO samples were used   

successfully in degradation of Acid Red 88 dye 

solution. Results indicated that both color removal 

and TOC efficiencies are higher under UVC than 

under UVA illumination.  However, considering 

the sunlight spectrum and the energy consumption, 

UVA wavelength utilization is preferred over 

UVC. 
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Table 1. TOC removal percentages at the end of 180 

min. 

 TOC Removal (%) 

UVA 11.2 

UVC 14.4 

Figure 5. Color removal efficiencies under (a) UVA and (b) UVC. (c) Comparison of the maximum 

values obtained from the second runs.  



Influence of the Synthesis Method on the Photocatalytic activity of 
Graphene Oxide/Titanium Dioxide Composites.
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University of Cantabria, Av, de los Castros s/n, 39005, Santander, Spain, mariajose.rivero@unican.es

There is a growing interest on the use of GO/TiO2
composites as photocatalysts because they can 
enhance photocatalytic properties of TiO2. However, 
further research is needed to deepen on the influence 
of the variables that determine the preparation of the 
composites on their photocatalytic activity. This 
work studies the influence of the synthesis method 
and GO/TiO2 weight ratio on the properties and 
photocatalytic performance of the composites in the 
oxidation of Dichloroacetic acid (DCA) solutions. 
The results indicated that, the performance of the 
composites is influenced by the synthesis method 
and the GO/TiO2 weight ratio, leading to differences 
in the photocatalytic activity.

Photocatalysis is an attractive technology for the 
removal of organic and inorganic pollutants from 
water, due to its ambient operating temperature 
and pressure and absence of secondary pollution. 

Up to now, TiO2 is the most promising material 
used as catalyst. However, the photocatalytic 
activity of this compound is limited. Graphene 
oxide (GO), a perfectly functionalized graphene 
from chemical exfoliation, has been applied to 
build inorganic or organic hybrid nanocomposite 
systems because GO was found to be amenable to 
additional functionalization. The use of graphene 
oxide coupled with TiO2 presents three advantages 
in the photocatalytic activity: (i) a band-gap tuning 
and/or extension of excitation wavelength could be 
achieved; (ii) the graphene oxide could trap and 
move the charge carriers avoiding recombination 
and, (iii) the composite would provide adequate 
quality and quantity of active sites. 

GO/TiO2 composites were synthesized by 
hydrothermal, solvothermal and mechanical 
methods. Furthermore, they were characterized by 
several techniques including FT-IR, atom force 
microscopy (AFM) and thermogravimetric 
analysis (TGA). Specific surface areas were 
measured by the Brunauer–Emmett–Teller (BET) 
method and bandgap values were obtaining by 
diffuse reflectance measurements. 

Photocatalytic activity was studied by 
degradation and mineralization of DCA. 
Experiments were carried out in a Heraeus 
Laboratory UV Reactor. The light source was a 
150 W Hg lamp with emission spectra between 
200 and 600 nm. 

Figure 1. Mineralization of DCA for all synthesis methods 
with GO/TiO2 weight ratios of 1% (a), 5% (b) and 10% (c). 

In these working conditions, the results indicated 
that, the photocatalytic activity is influenced by 
the synthesis method and the GO/TiO2 weight 
ratio of the composites. All the composites showed 
better photoactivity than TiO2, being the 
mechanical synthesis the method that led to worst 
results. Furthermore, a high graphene load 
decreases the photocatalytic activity. Finally, it is 
concluded that the composites synthesized by 
hydrothermal method and with a weight ratio of 
5% (H5%) provided the best results. 
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. 
 

 

  
The main aim of this study was the preparation of visible 
light- active TiO2- reduced graphene oxide photocatalysts. 
The graphene oxide was prepared according to the 
modified Hummers’ method with potassium permanga-
nate in a medium of concentrated inorganic acid. The 
results clearly show the enhancement of the photocatalytic 
activity of TiO2-graphene photocatalysts in comparison 
with starting titanium dioxide. The content of 0.5 wt.% of 
reduced graphene oxide was examined as the optimal 
content of rGO to obtain the photocatalyst with the 
highest photoactivity under visible light irradiation.  
 
 
 

 
 

1. Introduction 
 

In the last decade, graphene, a two-
dimensional novel carbon nanomaterial with zero 
band gap, large specific surface area, excellent 
mechanical, electrical, optical and thermal 
properties and its applications in sensors and 
biosensors, electronic devices, liquid crystalline 
displays, capacitors solar cells, H2 production, 
energy storage and nanocomposites including 
TiO2/graphene materials, has been intensively 
studied [1-10].  

Singh et al. [5] described in detail methods of 
graphene preparation: exfoliation and cleavage, 
chemical vapour deposition CVD, graphene oxide 
reduction, total organic synthesis or un-zipping 
carbon nanotubes. Nonetheless, the most common 
method of graphene oxide preparation is 
Hummers’ and modified Hummers’ method. 
Marcano et al. [11] proposed improved Hummers’ 
method of synthesis of graphene oxide, excluding 
the application of NaNO3 and thereby eliminating 
the generation of toxic gases (i.e. NO2, N2O4 
and/or ClO2).   

Incorporation of graphene or graphene oxide 
into TiO2 provides large specific surface area and 
high charge carrier mobility due to the moving of 
TiO2 generated electrons across the graphene 2D-
sheets, which suppresses the electron- hole 
recombination and enhances the oxidative reacti-
vity [10, 12, 13]. Huang et al. [13] explained the 
enhancement of TiO2- graphene nanocomposites 
photocatalytic activity by interfacial charge 

transfer through a C-Ti bond, which increased the 
number of holes participating in the photocatalytic 
process due to markedly decreased the recombi-
nation of electron- hole pairs.  
 

2.  Experimental 

1.1. Preparation of TiO2-rGO photocatalysts 
 

Carbon-modified TiO2 photocatalysts were 
obtained by low temperature modification of 
TiO2-starting. Commercial titanium dioxide 
(Chemical Plant Grupa Azoty Zakłady Chemiczne 
POLICE S.A., Poland) was used as a base TiO2 
(TiO2-starting). Commercial TiO2- KRONOClean 
7000 (Kronos International, Inc.) was used as 
reference carbon TiO2 material. The material of 
reduced graphene oxide was obtained by a 
modified Hummers‘  method with potassium 
permanganate in a medium of concentrated 
inorganic acid, and then reduced. Reduced 
graphene oxide-TiO2 (TiO2-rGO) photocatalysts 
were prepared by mechanical mixing of TiO2-
starting with appropriate mass ratio of reduced 
graphene oxide (0.1, 0.5, 1.0, 2.0 wt.%) and then 
sonicated for 30 min in butan-1-ol solution. The 
mixture was dried at muffle furnace at 120 °C for 
24 h to remove the residues of aliphatic alcohol. 
The final products are denoted as TiO� – rGO(x), 
where x is 0.1, 0.5, 1.0 and 2.0 wt.% of rGO, 
respectively.  
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2.2. Photocatalysts characterization 
 

The surface properties of tested materials 

was examined by means of FT-IR 4200 
spectrophotometer (Jasco, Japan) equipped with a 
diffuse reflectance accessory. The samples light 
reflectance abilities were determined by means of 
UV-Vis/DR spectrometry using a UV-Vis V-650 
spectrophotometer (Jasco, Japan) equipped with an 
integrating sphere accessory for diffuse reflectance 
spectra. The surface morphologies of obtained 

materials was checked by via transmission 
electron microscopy (TEM) on an electron 
microscope (FEI Tecnai F30, Frequency 
Electronics Inc., Mitchel Field, NY, USA) 
operated at an acceleration voltage of 200 kV and 
scanning electron microscope (FE-SEM SU8020, 
Hitachi.) Raman spectrum was recorded on a 
Renishaw micro Raman spectrometer (λ=785 nm). 

The crystalline structure and specific surface area 
(SBET) of obtained nanomaterials was also 
determined.  

The photocatalytic properties of research 
materials was determined on the basis of CO2 
evolution rate during decomposition of acetic acid 
in aqueous solutions under air atmosphere under 
visible light irradiation. As a source of light a 

xenon lamp with a cut-off filter providing the 
wavelengths of light >450 nm was used. The 
photocatalytic tests were performed in sealed glass 
tubes. A 50 mg portion of each photocatalyst 
powder was suspended in 5.0 mL of an aqueous 
solution containing 5.0 vol% of acetic acid. The 
molar amount of products evolved in the gas phase 
of reaction mixtures was measured using a FID-
Gas chromatograph (Shimadzu GC-14B) for 

carbon dioxide (CO2) detection. The steady rate of 
linear increase of the product (CO2) yield was used 
for the estimation of photocatalytic activity. 

 

3. Results and discussion 
 

Figure 1 presents the Raman spectra of 
TiO2-starting, TiO₂–rGO(0.5) and  rGO. Four 

characteristic peaks attributed to anatase TiO2 at 
the following positions: 146 cm−1 (Eg), 395 cm−1 

(B1g), 514cm−1 (A1g) and 639 cm−1 (Eg) are 
possible to observe. Furthermore, the band related 
to reduced graphene oxide is presented in TiO₂–
rGO(0.5) sample and it is compared with rGO. In 
the spectrum of both reduced graphene oxide and 
modified sample two typical modes are observed: 
a D band at 1321 cm−1 and a G band at 1613 cm−1. 
G band is common to all sp2 carbon forms and 
provides information on the in-plane vibration of 

sp2 bonded carbon atoms and the D band suggests 
the presence of sp3 defects [14].  

Figure 1.  Raman spectra of TiO2-starting, TiO₂–
rGO(0.5) and  rGO 
 

In Figure 2 UV-vis/DR spectra of 
KRONOClean 7000, TiO2-starting, and rGO 
modified TiO2 photocatalysts are presented. 

 

 
Figure 2. UV–vis/DRS spectra of TiO2-starting, 
KRONOClean 7000 and new obtained materials 

 
It can be seen slight shift in the absorption 
spectrum into the visible region due to the 
presence of carbocenous material in all prepared 
samples. It was also noted that the visible light 

absorption increases with  the content of reduced 
graphene oxide because of the grayish colour of 
modified samples (the higher rGO content the 
more intensive grey colour of TiO2-rGO 
photocatalyst). It is worth mentioning that the 
character of commercial titania KRONOClean 
7000 absorption spectrum seems to be similar to 
samples modified with graphene. This fact can 
confirm the presence of non-metal or even carbon  

modification of TiO2.  
The TEM and SEM images of TiO₂–

rGO(0.5) are presented in Figure 3. The pictures 
confirm the rGO presence in TiO2-rGO 
nanomaterials. It can been seen that TiO2 particles 
partially cover the reduced graphene oxide flakes. 
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Figure 3. TEM (a) and SEM (b) images of TiO₂–
rGO(0.5) 

 

In Figure 4 CO2 photocatalytic evolution 
during acetic acid decomposition under visible 
light irradiation using xenon lamp (>450 nm) is 
presented.  

 

 
Figure 4. CO2 photocatalytic evolution during 
acetic acid decomposition under visible light 
irradiation using xenon lamp (>450 nm)  

 
The activity under visible light of all new 

materials is higher in comparison with TiO2-

starting. The results clearly show the enhancement 
of the photocatalytic activity of TiO2-graphene 
photocatalysts in comparison with starting 
titanium dioxide. The best result can be observed 
for TiO2 mixed with the addition of 0.5 wt.% of 
reduced graphene oxide. The content of 0.5 wt.% 
of reduced graphene oxide was examined as the 
optimal content of rGO to obtain the photocatalyst 

with the highest photoactivity under visible light 
irradiation. It is also worth mentioning that only 
this sample shows higher activity than commercial 
carbon TiO2 KRONOClean 7000. The higher 
content of reduced graphene oxide causes the 
decrease of photoactivity due to the covering of 

TiO2 nanoparticles with larger graphene flakes, 
thus, partial blocking of TiO2 active sites. We 
speculate that the photocatalytic activity depends 

on the partial decoration of graphene nanoflakes 
with TiO2.  
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The study evaluates the photocatalytic activity of 
reduced size crystallite TiO2 supported on zeolite 
ZSM5 in the degradation of the RB250 dye’s
under UV-vis radiation. TiO2 size was reduced 
varying the grinding parameters in planetary ball-
milling, before its physical deposition on zeolite. 
The comminute treatment of the semiconductor 
indicated reduction of the crystallite size and 
switching from anatase to rutile phase. The 
photocatalytic tests showed better results for
catalysts supported presenting lower content of 
active phase and for the less intense comminuted 
TiO2.

INTRODUCTION

Despite the pioneered incorporation of
environmental practices in Textile Industry, this 
kind of industry still present high consumption of 
water and fuel and additional chemicals. This 
contributes with numerous environmental 
problems associated with disposal of waste water 
and effluent, whose contain high load organic and 
inorganic materials which may be recalcitrant to 
conventional treatments [1,2].

The heterogeneous photocatalysis is a good way
to complete degradation of these contaminants. It 
is a generating hydroxyl radical technique with 
radiation absorption by semiconductor oxides in 
contact with water, which provide the complete 
mineralization of pollutants. TiO2 is one of the 
most used semiconductors due to its advantages
and characteristics [3] and also the possibility of 
immobilization on supports such as zeolites, which 
confers rigidity and porosity to the catalyst, then
solving the difficulty of separation in solution and 
offering opportunity to reuse [4].

The size crystallite of the semiconductor is a 
decisive factor for a good photocatalytic activity as 
it can be better dispersed on the surface and in the 
zeolite pores, avoiding the excessive catalyst loss.
The physical grinding is a technique to reduce the 
crystallite size, which is also capable of changing 
the physical, chemical and mechanical properties 
of the material [5].

The aims of this study are to evaluate the 
interference of the grinding parameters on the 
kinetics and photocatalytic activity of TiO2
supported on ZSM5 under UV-vis radiation for 

RB250 degradation.

MATERIALS AND METHODS

The ZSM5 zeolite with Si/Al ratio equal to 30 
was obtained by sol-gel method using 178.65g of 
deionized water, 1.5g of ZSM5 seed, 15g of SiO2,
2.83g of Al2(SO4)3.18H2O, 3.6g of NaOH and 
11.5g of ethyl alcohol. Chemicals were 
homogenized for 20 min, autoclaved for 4 days at 
170°C and calcined for 5h at 500°C.

TiO2 size reduction treatment was performed in 
a planetary ball-milling model Pulverizzette 6 
Fritsch. Parameters such as grinding time, speed 
milling and media used (dry and with acetone)
were investigated for constant ratio of balls mass 
to TiO2 material.

The supported catalysts preparation was made
by physical deposition of TiO2 prepared in the 
previous step. To accomplish this TiO2 and ZSM5 
were spread out in deionized water at the 
proportions 3 and 12% (w/w). This mixture had 
complete evaporation of water on a rotatory 
evaporator under vacuum condition at 70°C and
after it was calcined for 5h at 500°C.

The catalysts were characterized by XRD using 
a Bruker D8 Advance X ray diffractometer. The
textural properties of catalysts were measured by 
Quantachrome NOVA apparatus, the band gap
energy was measured by photoacoustic 
spectroscopy and metal ions concentrations were
measured by atomic absorption spectrometry on 
flame with Spectra AA equipment, 50B model 
Varian.

Photolysis and photocatalytic tests with both 
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unsupported and supported TiO2 on ZSM5 catalyst 
under UV-vis radiation were performed. The 
photocatalytic tests for supported catalysts were 
conducted with 1g/L of catalyst and for 
unsupported ones with 0.03g of active phase, both 
were carried on in a glass reactor (250mL of dye 
solution at 10ppm) for 5h at 25ºC. Aliquots were 
collected at regular intervals of 1h, filtered with 
membranes Millipore 0.22μm and analyzed using 
portable spectrophotometer DR 2700th - HACH. 

RESULTS AND DISCUSSIONS 

In order to make the results and discussions 
easier to understand, the catalysts supported and 
unsupported were nominated according to Table 1. 

Table 1. Catalysts nomenclature. 

Ref Description 

P TiO2 (Without milling treatment) 
F1 TiO2 (10min – 300rpm - dry)a 

F2 TiO2 (30min – 300rpm - dry) 
F3 TiO2 (2h – 300rpm - dry) 
F4 TiO2 (6h – 300rpm - dry) 
F5 TiO2 (6h – 400rpm - dry) 
F6 TiO2 (6h – 400rpm - acetone) 
DCP 3%P/ZSM-5 DFjb 3%Fj/ZSM-5 
ECP 12%P/ZSM-5 EFjb 12%Fj/ZSM-5 
a Milling parameters ( Time – Speed – Media).  
b Fj (j = 1, 4 e 5). 

According to Table 2 it is seen that the change of 
TiO2 anatase to rutile phase occurs as the 
cominuiton treatment becomes more intense. The 
long duration of grinding and increase in speeds 
under dry condition cause increase in temperature 
[6] from the shock of the balls with the material on 
intern pan surface. Unlike results were obtained  
when acetone was used a controlling agent, acting 
to control the temperature increase. In all cases 
there was a great crystallite size reduction, except 
for F5 and F6 samples, which by reason of high 
intense energy used, particles were broken and 
melted concurrently.  

It can be observed as grinding is intensifyed an 
increased amount of iron from the pan recipient is 
realeased to TiO2 samples. However, this do not 
affect the band gap energy was shows results in 
Table 3. 

The textural parameters were showed on Table 3 
demonstrating that the catalysts supported with 
12% (w/w) had no significant BET area reduction 

when TiO2 without treatment was used. Grinded 
TiO2 having smaller particle sizes yielded a better 
distribution along the support surface. 

The slight increase in the BET area for the 
supported catalyst at 3% (w/w) can be interpreted 
by the leaching of amorphous material into the 
zeolitic cavities during preparation of supported 
catalysts.This can also be explained by XRD 
(Figure 2 and 3) with increasing the intensity of 
the peaks related to ZSM5 at 2θ equal to 8 °.  

No visible record of diffraction lines for TiO2  was 
observed for catalysts having 3% (w/w) active 
phase, due to low concentration of this 
semiconductor oxide. Unlike supported catalyst 
having 12% (w/w) showed visible peaks related to 
the anatase phase when catalysts were grinded 
treated under less intense condition. This is 
evident by comparing  the Tables 1 and 2. 

Table 2. Composition and crystallite size from 
TiO2  
Ref %Aa %Rb DC

c
 (A) DC (R) 

P 100,0% 0,0% 87nm -- 
F1 100,0% 0,0% 58nm -- 
F2 98,2% 1,8% 31nm 22nm 
F3 76,2% 23,8% 22nm 8nm 
F4 11,2% 88,8% 26nm 8nm 
F5 0,6% 99,4% 81nm 9nm 
F6 98,1% 1,9% 81nm 9nm 

a A – Anatase. b R – Rutile. c DC – Cryst. size 
(nm) determined by Sherrer equation [7]. 

The UV-VIS light tests for unsupported catalysts 
(presented in the graphical abstract), show that 
iron contamination (Table 3) decreases the 
photocatalytic activity. This may be attributed to 
Photo-Fenton process interference. In accordance 
with the literatures [8], the catalysts containing 
more anatase than rutile phase (Table 2) resulted 
in better dye degradation.  

The photocatalytic activity of supported 
catalysts (Table 3) is lesser than that showed by 
unsupported catalysts (Graphical Abstract), 
indicating that the support presence had a slight 
photo-activity reduction, since the ZSM5 has no 
photocatalytic action. In addition, the support may 
also acts to blocking light and present diffusional 
effects towards mass transfer.  

The catalyst supported with 3% (w/w) showed a 
mean color removal better than the 12% (w/w) 
ones, being 86 and 80%, respectively. The kinetic 
study (Table 3) shows that less time is required to 
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achieve 50% color removal for the low content of 
semiconductor, indicating that the use of more 
than 3% of active phase is uneconomical. 

Figure 2. Diffractogram from catalysts supported 
with 3%(w/w). 
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CONCLUSION 

The grind at high speed, longer milling duration 
and dry media caused the transformation of 
anatase to rutile phase and a decrease in the 

crystallite size favoring a greater distribution on 
the support surface. The results of photocatalytic 
tests followed the trend of reducing activity due to 
the increase of the rutile phase. It has been 
identified that 3% (w/w) of active phase is 
essential for a good efficiency of RB250 dye 
photodegradation under UV-vis. 

Figure 3. Diffractogram from catalysts supported 
with 12%(w/w) 
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Table 3. Textural parameters, band gap energy, iron contamination, color removal and reaction kinetic 
from supports catalysts. 

Ref. SBET 

(m²/g)
a 

Smicr 
(m²/g)

b 
Vmicr 

(cm³/g)
c 

Dp 

(Å)
d 

Band 
gap 
(eV) 

%Fe %Rcor 

UV-Vis 
t1/2 (h) 

UV-Vis 

ZSM-5 294 232 0,14 7,8 4,6 0,00 -- -- 
DCP 308 250 0,15 7,3 3.3 0,04 95 1,2 
DF1 307 249 0,15 7,3 3,3 0,04 86 1,7 
DF4 313 250 0,14 7,6 3,1 0,04 81 2,2 
DF5 300 242 0,15 8,0 2,9 0,18 80 2,2 
ECP 292 241 0,13 6,4 3,3 0,03 98 1,0 
EF1 250 205 0,12 7,5 3,3 0,04 92 1,4 
EF4 278 227 0,13 7,1 3,0 0,06 69 2,9 
EF5 275 220 0,13 7,6 2,9 0,18 62 3,7 

a Total BET area. b Micropore surface area. c micr. volume. d micr. diameter 
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RF Magnetron sputtering technique allows the formation 
of Bi2O3 thin films with different crystalline structures. 

δ-phase Bi2O3 films presented the highest photocatalytic 
activity to degrade methyl orange dye in comparison to 
the other bismuth oxide phases.

The results pointed out that the photocatalytic activity 
was always larger for Bi2O3 films than for TiO2 films. 
Moreover the activity was also larger for Bi2O3 in 
comparison to equivalent mass-amounts of TiO2 powders 
(P25) under the same experimental conditions.

During the last decades, semiconductor driven 
photocatalysis has shown great potential for water 
treatment as a low-cost and environmental friendly 
process. Oxide semiconductors have been used for 
either the oxidation of organic compounds in 
residual water [1- 3], or reduction of pollutants or 
toxic gases (air purification) [4] as well as 
oxidation-reduction of heavy metals in soils or 
water effluents [5-6]. 

In the case of water purification, the 
semiconductor photocatalytic materials are usually 
used as slurry mixing the nano/micro powders 
with the contaminated water. Thus, a secondary 
process of filtration or separation has to be 
implemented, making the process costly and slow. 
An alternative approach is to deposit the 
semiconductor photocatalytic material as a coating 
on a substrate or directly in the water container [7] 
with the disadvantage that flat surfaces have lower 
active areas compared to the powders and 
therefore the photocatalytic efficiency is reduced. 

In this work, the magnetron sputtering technique 
was used to obtain Bismuth Oxide (Bi2O3) thin 
films having different crystalline phases. The 
results indicated that it was possible to obtain 
oxide films in the alpha, beta and delta phase, 
depending on the deposition conditions; substrate 
temperature (Ts) and RF power (P). The delta 
phase was obtained for P <140 W and Ts ≥  150oC. 
As the temperature rises above 200 ° C, it began to 
get the alpha-phase and beta-phase in the 
intermediate conditions, but always accompanied 
by a mixture of phases. 

X-ray diffraction, profilometry, scanning 
electron microscopy, and optical transmission 
were used to characterize the films. The 
photocatalytic activity for each one of the Bi2O3
phases was evaluated by the evolution of the 
absorbance spectrum of an aqueous solution of 
methyl orange dye (C14H4N3SO3Na) as a function 
of the irradiation time (under UV light), resulting 
that the delta-phase Bi2O3 thin films had the 
highest photocatalytic performance.

The absorption spectra of the solution were 
measured each 30 minutes during 3 hours using a 
Perkin Elmer Lambda 35 UV-VIS 
spectrophotometer. The degradation efficiency of 
the films was calculated as follows (Eq. 1): 

% = 1 − � 100

where A0 y A are the absorbance maxima of the 
dye before and after an irradiation time, 
respectively. 

The photocatalytic activity was measured as a 
function of the irradiation time, light-energy, and 
the pH of the solution. Profilometry was used to 
explore the surface roughness of substrates 
previously treated with erosion methods in order to 
obtained different effective areas. 

The rate of reaction of the samples was obtained 
using the Langmuir-Hinshelwood model by 
plotting ln(A0/A) versus the irradiation time. Only 
data that could be fitted using a straight line with 
correlation function (R2 > 0.90) were considered in 
order to assure that really the pseudo-first
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order reaction model could be used. In such cases, 
the slope of the line corresponds to the apparent 
first order rate constant (Kapp) [8], as represented 
by Eq. 2, where t is the irradiation time in minutes:  

𝐼𝑛 �
𝐴0
𝐴 � = 𝐾𝑎𝑝𝑝𝑡 

 

After calculating and comparing the reaction 
kinetic constants it was concluded that using UV 
light, with roughness of 1.14 μm and under stirring 
conditions, the reaction rate constant reached a 
maximum value. The value of the rate of reaction 
was used to compare the efficiency of the 
photocatalytic performance of the Bi2O3 films with 
other oxides in similar conditions (TiO2 and ZnO).  

As a summary, we have shown the potentiality 
of using Bi2O3 thin films as a semiconductor for 
phototcatalytic degradation of methyl orange dye 
using wavelength-ranges lower than UV. These 
results suggest that the Bi2O3 films are a new 
promising photocatalytic material for water 
treatment application. 
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The aim of this work is to study the viability of the mineral 
ilmenite as catalyst in a CWPO-Photoassisted process under 
Vis-LED light for the removal of phenolic compounds in 
water. Natural ilmenite, which has a mixture of Fe(III) and 
Fe(II) in its surface, was treated with H2  in order to modified 
its iron surface oxidation state: first as Fe(II) and after as 
Fe(0). A comparative study based on phenol conversion and 
TOC removal rates for each catalysts was performed. The 
best result was obtained using the most reduced ilmenite. 

 
Introduction

The use of simultaneous CWPO (Catalytic Wet 
Hydrogen Peroxide Oxidation) and photocatalysis 
have demonstrated to improve the mineralization of 
organic compounds [1]. 

Recently, light emitting diodes (LEDs) are 
promising replacement for conventional light 
sources in many applications. In this work, ilmenite 
catalyst (FeTiO3) was employed for phenol CWPO-
photoassisted oxidation under Vis-light LED lamp 
irradiation at mild experimental condition.  
Moreover, ilmenite was pre-treated to obtain iron 
with different oxidation states in order to notice 
how these states affect to the process. 

Materials and methods  

The experiments were carried out in a tubular 
reactor with an optical length of 1 cm where the 
irradiance corresponding to Vis-LED radiation was 
10 W·m-2. Vis-LED light emits at 405 nm with a 
power of 48 W. The reaction volume was 100 mL 
and the starting concentration of phenol 100 mg·L-

1. The catalyst load was 450 mg·L-1 and the H2O2 
concentration was 100% of the stoichiometric 
amount which is 500 mg·L-1. Ilmenite was milled 
until dp<100 µm. The temperature in the reactor 
was controlled at 50 oC and pH0=3.  Phenol and 
aromatic oxidation by-products were quantified by 
means of HPLC (Varian Pro-Star 240) using a 
diode array detector (330 PDA). Short-chain 
organic acids were analyzed by an ion 
chromatograph with chemical suppression 
(Metrohm 790 IC) using a conductivity detector. 
Total organic carbon (TOC) was measured using a 
TOC analyzer (Shimadzu, model 5000A), while the 
residual hydrogen peroxide concentration was 
determined by colorimetric titration using the 

TiOSO4 method. Leached iron was obtained by 
ortho-phenanthroline method. 

 

Results 

The three catalysts were characterized. The 
results of TXRF initial characterization of natural 
ilmenite gave that it contains 36 and 37 % w/w Fe 
and Ti, respectively. N2 adsorption-desorption was 
also measured and the external area value was 6 
m2·g-1. XRD shows that natural ilmenite mineral 
has two phases mainly: rutile phase and ilmenite 
phase (data not shown). These patterns showed a 
formation of new diffraction peaks when ilmenite 
mineral was reduced in a 5% H2 in Ar atmosphere 
until 1000 oC, these were related to the appearance 
of Fe(II) and Fe(0)  [2]. 

Catalysts with different reduction treatments 
were employed in CWPO-Photoassisted process 
under Vis-LED light. Fig. 1 shows the phenol 
degradation with these catalysts. Phenol 
disappearance rate increased as catalysts were 
previously reduced. Natural ilmenite was able to 
oxidize 100 mg·L-1 phenol in 150 min. When a 
reduction treatment was employed, ilmenite was 
reduced at 500 ºC for 1 h, Fe(II) in its structure 
increased, then, the rate was faster yielding total 
oxidation at 60 min, but when ilmenite was reduced 
at 1000 ºC, the velocity up oxidising phenol 
solution in 30 min. At this condition Fe(0) was 
observed. These behaviour seems to be associated 
to different redox surface reactions, in which the 
metallic surface generates ferrous species (eq. 1) 
which then reacts with H2O2 giving HO· and Fe(III) 
(eq. 2) and  finally Fe(0) is able to reduce Fe(III) to 
Fe(II) again (eq. 3) [3]. This effect added to light 
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reduction produces a synergistic effect in iron 

reduction. 

𝐼𝐿𝑀 − 𝐹𝑒(0)
𝐻+

→ 𝐼𝐿𝑀 − 𝐹𝑒(𝐼𝐼)                (1) 

𝐼𝐿𝑀 − 𝐹𝑒(𝐼𝐼) + 𝐻2𝑂2 → 𝐼𝐿𝑀 − 𝐹𝑒(𝐼𝐼𝐼) + 𝐻𝑂 ·      (2) 

𝐼𝐿𝑀 − 𝐹𝑒(0) + 𝐼𝐿𝑀 − 𝐹𝑒(𝐼𝐼𝐼) → 𝐼𝐿𝑀 − 𝐹𝑒(𝐼𝐼)    (3) 

This mechanism is supported by TPR profile after 

reaction in which the amount of H2 consumed was 

lesser than in case of ILM-Fe(III)/Fe(II). This 

implies the existence of the three iron species in 

catalyst after oxidation reaction (data not shown). 

In the case of ILM-Fe (III)/Fe (II), the reaction 

starts when ilmenite has certain amount of ferrous 

iron in its surface so a reduction step is needed from 

the Fe (III) amount to Fe (II). This step is favoured 

by H2O2 presence but mainly due to light effect 

which reduce Fe (III) to Fe (II). 

Figure 1. Phenol evolution with time for different 

catalysts. 

TOC removal and H2O2 consumption rates, both, 

increased as Fe(0) was in the catalysts. The same 

value of TOC conversion was reached for the three 

catalysts (around 90%) at complete H2O2 depletion. 

The residual TOC was due to a few amounts of 

acetic (3 mg·L-1), malonic (0.5 mg·L-1) and maleic 

acids (2 mg·L-1) in all cases. These carboxylic and 

dicarboxylic acids are known to form iron 

complexes, withdrawing iron from the catalyst, but 

in CWPO-Photoassisted, these iron complexes 

undergo a Ligand-to-Metal Charge-transfer 

(LTMC) reaction leading to the reduction of iron, 

production of CO2 and complete mineralization of 

the acids. Nevertheless, this process is slow.  

Table 1 shows pseudo-first apparent kinetic rate 

constants of phenol, and also cero order TOC 

apparent kinetic rate constant and photonic 

efficiency for the catalysts. In this case, photon flux 

has a value of 1.626·10-4 einstein·m-2 s-1. 

The results shows as photonic efficiency 

increases as ilmenite has been reduced. The highest 

value of photonic efficiency of ILM-Fe(0) is 

attributed to several reasons: (1) Fe(0) acts  upon 

Fe(III) to reduce it; (2) photoreduction of carboxyl 

acids iron complexes by wavelengths below 500 

nm which reduces iron compounds (from III to II) 

too. Both of them related with the catalyst 

regeneration. 

 

Table 1. Apparent kinetic constant and photonic 

efficiency for different catalysts. 

 

ILM-

Fe(III)/

Fe(II) 

ILM-

Fe(II) 

ILM-

Fe(0) 

k’Phenol 

(min-1) 
0.011 0.039 0.284 

k’TOC 

(M·s-1) 

 

3.9·10-7 6.2·10-7 1.4·10-6 

aξ (%) 0.16 0.25 0.57 

a 𝜉 =
𝐴𝑝𝑝𝑎𝑟𝑒𝑛𝑡 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒

𝑃ℎ𝑜𝑡𝑜𝑛 𝑓𝑙𝑢𝑥
 

 

Conclusions 

CWPO-photoassisted process under Vis-LED 

light radiation with ilmenite as catalyst has 

demonstrated to be suitable to eliminate phenolic 

compounds in water. Apparent kinetic rate constant 

or the phenol and TOC was greater as much as 

catalysts previously were reduced. Moreover, the 

reaction times decreased substantially, when ILM-

Fe(II) was employed because of the higher reaction 

rate of ferrous iron with H2O2 and ILM-Fe(0) due 

to the different contributions to Fe(II) regeneration. 

Photonic efficiency (ξ (%)) decreased with ilmenite 

at high oxidation state were employed. These facts 

make ilmenite an useful and low cost catalyst to be 

employed in CWPO-Photoassisted process for 

wastewater treatment.
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 TiO2 nanotubes have been synthesized by anodization on 
titanium membranes under different experimental conditions. 
The synthesis parameters significantly affect the final 
morphology of the nanotubes. The high surface areas of the 
membranes considerably increase the intensity during 
anodization process in comparison with flat surfaces. This 
fact promotes the accumulation of a debris surface of TiO2 or 
Ti(OH)4 particles via hydrolysis reaction. The goal of this 
work is to study the activity for methanol oxidation and 
E.coli inactivation of photocatalytic membranes based on 
titania nanotubes in comparison with equivalent membranes 
prepared by coating with P25-TiO2 nanoparticles  

 
 

 
In this work we report the synthesis conditions 

for the preparation of TiO2 nanotubes by 
anodization of Ti membranes as a new strategy to 
immobilize TiO2 photocatalyst with high surface 
area. In a second stage of this study we make a 
comparison study of these results with Ti 
membranes coated with TiO2-P25 nanoparticles 
for methanol oxidation and E. coli inactivation. 

TiO2 nanotubes can be obtained by anodization 
of titanium foils in a non-aqueous electrolyte. The 
microfiltration and photocatalytic experiments 
have been carried out in a photocatalytic 
membrane reactor with tubular configuration.. 

A first study show the capacity of the Ti 
membranes to oxidize methanol with increasing 
amount of TiO2 nanoparticles immobilized on the 
membrane. Figure 1 shows the evolution of the 
kinetic constant versus the amount of TiO2 in the 
membrane. The kinetic rate grows as the addition 
of titanium dioxide increases improving methanol 
oxidation up to a value of around 0.2 g of TiO2. 
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  Figure 1. Kinetic constants (k) for methanol 
photocatalytic oxidation versus amount of TiO2 
incorporated to the membrane. 

Figure 2 shows the comparison between the 
photocatalytic activities of a TiO2 nanotubes 
membrane and membrane prepared by the 
incorporation of 0.2 g of TiO2 nanoparticles in the 
oxidation of methanol to formaldehyde. Although 
the results obtained with the anodized Ti 
membrane show a slightly higher kinetic constant, 
differences in activity with the use of nanoparticles 
are inside the experimental error, but in both cases 
significantly higher than the use of a naked 
membrane without TiO2 functionality.Similarly, 
the results of the inactivation of bacteria (not 
shown) show a higher reduction of the number of 
viable bacteria retained on the membrane for the 
systems with titanium dioxide clearly 
demonstrating the antibiofouling potential. 
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Figure 2. Formaldehyde evolution versus time with a 
titanium membrane coated with TiO2 particles, with 
TiO2-nanotubes and without catalyst. 
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Production and visible light photocatalytic activity of Mn-doped ZnO 
Microparticles 
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bircanhaspulat@selcuk.edu.tr. 
 

The Graphical Illustration (Figure, 
Scheme, etc.) should not exceed 

the size of this area. 

  
Chemically synthesized in different ratios ZnO and MnO metal 
oxides composites were used as photocatalyst for decolorization 
of malachite green organic dyes under both UV light and 
natural sun light irradations. The chemically synthesized metal 
oxide composite photocatalyst were characterized by using 
scanning electron microscopy, FT-IR spectra, UV-Vis 
spectroscopy measurements. The photocatalytic property of 
composite was evaluated by decolorization of malachite green 
dyes under both UV light and natural sun light irradations. With 
addition of MnO to ZnO, the photodegradation of malachite 
green dye increased under natural sun light irradation. 
 
 

 
 

Organic dyes used in the textile industry are 
one of the worst sources of the environmental 
contaminations due to their non-
biodegradability and high toxicity to aquatic 
creatures and carcinogenic effects on humans. 
In order to decrease the damage caused by 
organic dye pollution to the environment and 
humans, the use of photocatalysts to degrade 
organic compounds in contaminated air or 
water, or to convert them into harmless 
chemicals has been extensively studied. For this 
purpose, metal oxide nanoparticles such as 
ZnO[1], MnO[2], TiO2[3], etc were studied. 
ZnO and MnO are both promising materials in 
their applications as photocatalyst in the 
decolorization of organic dyes[1,2].  

ZnO is an important II–VI semiconductor, 
which is a promising material for the fabrication 
of high technology applications such as light-
emitting diodes, sensors, photoluminescent and 
photo-catalysts materials due to its wide band 
gap (3.37eV), and excellent electro and optical 
properties [1]. ZnO has great research and 
application prospects for photocatalytic 
degradation of pollutants In addition, ZnO 
nanomaterials which is known as the 
“environment-friendly material” also have the 
advantages of non-toxic, low cost and chemical 
stability, becoming the most promising and the 
most widely studied photocatalytic material 
after following TiO2.  
In the enviroment applications, MnO metal 
oxides are used widely.  Because MnO metal 
oxides posses unique phsysiochemical 
properties, they have been studied as adsorbent, 

oxidant and catalyst. Also, the photocatalytic 
properties of MnO metal oxides have great 
attention due its semiconductive electronic 
properties [2]. 

Different kinds of metal oxide mixtures can be 
used for higher photocatalytic efficiency under 
daylight [3]. For example, TiO2, ZnO, MnO have 
been used due to their excellent photochemical 
stability, low cost and non-toxicity. In the 
literature, there are not a lot work about the 
photocatalytic activities of ZnO and MnO. 
Generally the other authors focus on the 
photodegradation of pollutants as catalyst either 
combination of TiO2 and ZnO or  TiO2 and MnO.  

In this work, we synthesized ZnO/MnO by using 
chemical methods. In synthesis procedure, 
H2C2O4.2H2O aqueous solution was added to the 
solution containing  Zn(NO3)2.6H2O and 
MnSO4.H2O under stirring. After adjusting the pH 
value with ammonia to 7, the mixture solution is 
laying at the room temperature for 1 h. The 
precipitate is separated from the solution by 
filtration, washed several times with distilled water 
and absulate ethanol, then dried in air at 80 °C for 
4 h. The result powders were obtained by thermal 
decomposition of the precursors at 450 °C for 2 h 
in air. 

The morphology and spectral analysis were 
characterizated by scanning electron microscopy 
(SEM), FTIR spectra (FT-IR), UV–vis 
spectroscopy (UV–vis) analysis. In addition, the 
photocatalytical activities of the ZnO/MnO 
composite catalysts were characterized by 
monitoring the degradation of malachite green 
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(MG) (1x10-5 M) dye under both UV light 

irradiation and natural sun light irradation. 

The photocatalytical activity of ZnO/MnO 

composite was performed using MG dye as 

degraded materials in quartz tubes under UV light 

and natural sunlight irradiation. The UV-C tube 

lamp (15 W, length 41 cm, diameter 2.5 cm), 

model G15T8 (Philips, Holland) was used as the 

irradiation source (λ= 254 nm) located in a light 

infiltrated chamber. 2.5 mL dye solution (MG) 

was mixed with desired amount catalysts. Before 

irradiation, suspension was stirred magnetically 

for 30 min in dark conditions until adsorption–

desorption equilibrium was established. And then, 

the suspensions were irradiated by light sources 

without stirring. Under natural sunlight 

investigations, all experiments were done inside 

laboratory in an open atmosphere.  

The photocatalytic activity of the ZnO/MnO 

composite was evaluated by liquid phase 

decolorization of aqueous malachite green dye 

under the irradiation of UV light and natural sun 

light. Blank experiments (i.e., without catalyst or 

light source) indicate negligible photocatalytic 

activities, thus corroborating the degradation 

reaction is truly driven by a photocatalytic process. 

As can be seen in Fig. 1, it has been stated that the 

concentration decrease of malachite green dye 

under the irradiation of both UV light and natural 

sun light. As can be seen clearly from Fig 1. MG 

dye decolorizated suddenly under natural sun light 

ZnO/MnO used as photocatalyst, also after 210 

min, MG dye completely decolorizated. On the 

other hand, when used UV light as light source the 

decolorization rate increased gradually. The MG 

dye decolorizated nearly 89% under UV light 

irradation. 

0 30 60 90 120 150 180 210
0

20

40

60

80

100

%
  
D

 e
 g

 r
 a

 d
 a

 t
 i
 o

 n

I r r a d i a t i o n   T i m e   ( m i n )

 ZnO/MnO (Natural sun light)

 ZnO/MnO (UV light)

 ZnO/MnO (Dark)

 Fig. 1. Extend of decomposition of the MG dyes with 

respect to time intervals over ZnO/MnO composite 
photocatalyst under UV light or natural sun light 

irradation or dark condition. 

 

Acknowledgements 

We gratefully acknowledge The Administrative Units of The Research Projects of Selçuk University and 

The Scientific and Technological Research Council of Turkey for financial support. 

 

References 

[1] V. Eskizeybek, F. Sarı, H. Gülce, A. Gülce, A. Avcı, Applied Catalysis B: Environmental, 119–

120, 30(2012), 197. 

[2] Q. Zhang, X. Cheng, C. Zheng, X. Feng, G. Qiu, W. Tan, F. Liu, Journal of Environmental Sciences, 

23 (2011) 1904–1910 

[3] A.Avcı,  V. Eskizeybek, H. Gülce, B. Haspulat, Ö. S. Şahin, Applied Physics A, 116, 3 (2014), 1119. 

  

http://link.springer.com/search?facet-author=%22Ahmet+Avc%C4%B1%22
http://link.springer.com/search?facet-author=%22Volkan+Eskizeybek%22
http://link.springer.com/search?facet-author=%22Handan+G%C3%BClce%22
http://link.springer.com/search?facet-author=%22Bircan+Haspulat%22
http://link.springer.com/search?facet-author=%22%C3%96mer+Sinan+%C5%9Eahin%22
http://link.springer.com/journal/339


1 

Advanced Oxidation Processes Based on Pre-magnetization Iron for 
Highly Efficient Environmental Remediation 

M. Zhou1, Y. Pan1, X. Li1, L. Xu1

 (1) Key Laboratory of Pollution Process and Environmental Criteria, Ministry of Education, College of 
Environmental Science and Engineering, Nankai University, Tianjin 300071, China, zhoumh@nankai.edu.cn

 

 
Advanced oxidation processes (AOPs) have shown promising for
toxic and persistent organic pollutants abatement, however, they
are still not widely used for practical application due to high
treatment cost or limited application scope. In this work, we 
reported some novel AOPs based on pre-magnetization of cheap 
iron by a weak magnetic field, for example, pre-magnetization 
Fe0/H2O2 and Fe0/persulfate, which not only enhanced the 
pollutants degradation rate even more than 10 times, but also
extended the suitable applied scope (e.g., pH). Therefore, these
processes would provide a promising alternative for environmental 
remediation due to its high efficiency, low cost and high
compatibility without modification on present apparatus. 

 
 

Advanced oxidation process (AOPs) is a 
potential technology to degrade toxic and 
persistent contaminants such as phenols and dyes, 
based on the generation of powerful hydroxyl 
radicals [1]. Fenton and persulfate oxidation are 
more frequently applied because their relatively 
simple and efficient process. However, these 
processes also have some problems limited their 
wide application, for example, Fenton process 
would produce large amounts of iron sludge and 
perform well under a narrow pH range (2-3).  

To overcome these drawbacks, many combined 
processes such as photo-Fenton, electro-Fenton 
and sono-Fenton processes have been developed 
[2]. Though the pollutants degradation efficiency 
was greatly improved, they required more 
extensive energy including UV light, electricity 
and sound energy. On the other hand, Fenton-like 
processes using different heterogeneous catalysts 
(e.g., goethite, magnetite) have been widely 
investigated, among which zero-valent iron (ZVI, 
Fe0) have drawn considerable interests because it 
is non-toxic, cheap, naturally abundant, and 
relatively high activity.  

Many investigations have shown ZVI/H2O2 
Fenton-like process can be used to decompose 
various organic pollutants [3], and it has been 
confirmed that the release of Fe2+ from iron played 
an important role in the degradation rate. Account 
for this, in this work, Fe0 after pre-magnetization 
was used to active H2O2 and persulfate oxidation. 
Therefore, a novel pre-magnetized ZVI AOPs was 
proposed to degrade pollutants, using tartrazine as 

a model dye. The objects of this study were to (1) 
explore the feasibility of pre-magnetization AOPs; 
(2) investigate the important operating parameters 
of the process; (3) explore possible mechanism for 
pollutant degradation. 

Batch experiments were conducted to explore 
the influences of initial pH (2-6.5), H2O2 or 
persulfate dosage (0.25-2 mol), and Fe0 dosage 
(0.5- 3 mmol) on the performance of tartrazine 
degradation. Fe0 magnetized by a weak magnetic 
field and suitable amount of reagent were mixed 
by a mechanical stirrer at 350 rpm, after pH 
adjustment. At the given intervals, about 5 mL 
solution was sampled for analysis. The 
concentration of tartrazine was monitored by UV-
Vis spectrophotometer at 428 nm (UV759, 
Shanghai Instrument Analysis Instrument Co., 
LTD.). 

Fig. 1 shows the comparison of different 
processes. Only 4.2% of tartrazine could be 
degraded by 2 mmol Fe0 alone and 15.3% of 
tartrazine could be degraded by 1mmol H2O2 alone 
at pH 4 in 3 h. Pre-magnetization Fe0 slightly 
enhanced tartrazine degradation to 14.6%, possibly 
due to the enhanced Fe0 corrosion with magnetic 
memory. However, the addition of 1mmol H2O2 to 
the Fe0 solution resulted in rapid and dramatically 
degradation of tartrazine, with 78.3% removal in 
3h, indicating that H2O2 can activate Fe0 to initiate 
tartraine oxidation. Surprisingly, when added 
1mmol H2O2 to the pre-magnetization Fe0 solution, 
88.7% of tartrazine removal was achieved in 30 
min under the same condition, implying the 
feasibility of pre-magnetization Fe0/ H2O2 process. 
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The degradation behaviour was found obeyed 
pseudo first-order kinetics, and the rate constants 
of tattrazine degradation was confirmed enhanced 
more than 10 times after iron pre-magnetization. 
Therefore, pre-magnetization AOPs would have a 
more promising application for environmental 
remediation.  
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Figure 1. Different processes comparison.  

Reaction conditions: Fe0 2mmol, pH 4, Tartrazine 200 
mg/L, H2O2 0. 5mmol 
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 The photocatalytic efficiency of bimetallic Fe3O4–Pd NPs 
decorated on commercial TiO2 (P25), synthesized NT-WO3 and 
P25-WO3 catalyst has been investigated in the oxidative removal 
of Ibuprofen (IBP) by photocatalysis and PhotoFenton-like 
process through “in-situ” generated H2O2 from formic acid and 
oxygen under UV/Visible light. This work aims to investigate the 
enhancement in Fenton-like process with introduction of light. 
Magnetically separable and improved activity under UV/Visible   
with addition of little amount of Pd and WO3 on semiconducting 
TiO2 material could be a promising catalyst in photocatalytic 
application. 
 
  

Background and objective:
In recent years, concern regarding the presence of 
environmental xenobiotics such as 
pharmaceuticals and personal care products 
(PPCPs)in surface and groundwater has been 
growing on due to their adverse effects on aquatic 
life and potential impact on human health[1,2]. 
Effluents from wastewater treatment plants 
(WWTPs) are considered a major source of 
pharmaceutically active compounds (PhACs), 
since the efficient removal of numerous PhACs is 
difficult to accomplish by conventional wastewater 
techniques. This has led to their occurrence in 
wastewater effluents, surface water, and more 
rarely in groundwater[3].2-[3-(2-methylpropyl) 
phenyl propanoic acid, commercially available as 
Ibuprofen (IBP), a Non-Steroidal Anti-
Inflammatory Drug (NSAID) is one of the most 
consumed drug against muscular pain and 
inflammatory disorders and has been detected in 
effluents from wastewater treatment plants 
(WWTPs). Several recent studies have reported 
the presence of the NSAID (IBP), in effluents of 
wastewater treatment plants. Although the removal 
rate by biological oxidation in some cases has 
been reported upto 70%, the ecological risk still 
remains high, due to the generation of byproducts 
like hydroxyl-IBP and carboxy- IBP during the 
biological oxidation [4]. Thus an efficient 
destruction of IBP and its degradation by-products 
needs to be carried out for achieving its complete 
removal from wastewaters. Currently most of the 
research work is focused on development of 
innovative and efficient technologies which can be 
applicable in complete removal of such type of 
emerging organic pollutants. Advanced oxidation 

processes (AOPs) are considered as a promising 
technology for the treatment of wastewaters 
containing PPCPs. With high oxidation potential 
they are considered capable of oxidizing and 
mineralizing almost every organic molecule into 
CO2 and inorganic ions. In this context, 
application of heterogeneous photocatalyst with 
the use of semiconducting materials is an efficient 
method for the purification of wastewater. 
Research studies states that use of nanoscale TiO2 
in treatment of waste water limits its widespread 
application as it involves additional separation step 
for its efficient recovery [5]. Magnetic separation 
provides a convenient approach for removing and 
recycling of magnetic particles/composites by 
applying an appropriate magnetic field. On other 
hand, the photo efficiency of TiO2 is substantially 
limited as it usually shows fast electron-hole 
recombination and presence of large band-gap 
exhibiting photo efficiency in ultraviolet region 
[6]. Also TiO2–WO3 coupled semi-conductors 
have been successfully applied to the degradation 
of different organic contaminants in water through 
photocatalytic ozonation under visible light 
radiation. WO3 and TiO2 semi-conductors can 
extend the absorption of radiation to the visible 
region as a result of the lower band gap energy of 
WO3 and also allow a wide electron–hole 
separation avoiding recombination to some extent 
[7]. Towards this prospective, development of 
photocatalyst with enhanced activity in visible 
light region and efficient recovery is desired. 
Bimetallic Fe3O4–Pd supported TiO2 could act as a 
promising material in the removal of 
pharmaceutical contaminant. This work investigate 

IBP

H2O + CO2

Pd

Fe3O4

TiO2 support

light

A2- 1



2 

the efficiency of bimetallic NPs (Fe3O4-Pd) 

supported TiO2-based photocatalysts in 

photocatalytic decomposition of IBP. Similarly, 

the combined approach in photoFenton–like was 

applied in which degradation of IBP is carried 

through in-situ generated H2O2 in presence of 

formic acid as H2 source and oxygen in 

combination with UVA light. 

  

Method: 
Catalyst synthesis: Fe3O4 nanoparticles were 

synthesized by co-precipitation method using PVP 

as stabilizer at 70°C in water. Further palladium 

with molar ratio of 50:1(Fe: Pd) was impregnated  

on synthesized Fe3O4 NPs and reduced using 

hydrazine hydrate. Bimetallic NPs thus obtained 

were further supported on commercial TiO2 (P25), 

NT-WO3 and P25-WO3. Synthesis of NT-WO3 

and P25-WO3 was carried out as reported [7]. All 

synthesized catalysts were characterized by XRD, 

TEM and physisorption. 

 

Catalytic test: Reactions were performed at 

ambient conditions with the use of 4 W black light 

lamps (Philips) emitting wavelength at 365nm. 

Photocatalytic decomposition of IBP (30mg/L) 

with catalyst concentration of 250 mg/L was 

carried out in aqueous solution using 1L of glass 

reactor equipped with quartz reactor holding lamp 

in middle of the reactor. Photon flux calculated 

was 6.7.10-7 Einstein sec-1. PhotoFenton-like 

reaction through in-situ generated H2O2 was 

performed by using same conditions but with the 

addition of formic acid (10mM) and oxygen 

(20ml/min). 

 

Results and discussion 

Figure 1 shows the IBP removal with all 

synthesized catalyst. Among all catalysts tested, 

commercial TiO2 shows best activity with almost 

90% removal in 6h. Synthesized 5% Fe3O4-

Pd/TiO2 and P25-WO3 also show 80% removal, 

which is almost similar to the commercial TiO2 

catalyst. This suggests that the activity of catalyst 

was practically retained and efficiency for 

recovery of catalyst was increased due to magnetic 

property in case of 5% Fe3O4-Pd/TiO2 catalyst.  

Decrease in mineralization was though observed 

with supported catalyst as shown in Figure 2. 

Addition of Fe3O4-Pd NPs on WO3 based catalyst 

does not help in improvement of activity in UVA 

light. NT-WO3 and P25-WO3 catalysts shows 

similar activity in photocatalytic oxidation with 

UVA light as reported earlier, [7] where, when 

compared with photocatalytic ozonation in 

presence of visible light IBP removal was high. 

The beneficial effect of W and bimetallic NPs is 

not noticeable in UVA light. Although with 

incorporation of Fe3O4-Pd NPs on NT-W03, little 

enhancement in IBP removal was observed. 

 

 
         Figure 1. IBP removal by photocatalysis 
 

Effect of Pd addition was also studied in 

photocatalytic removal of IBP. Efficiency of 

synthesized 1% Fe3O4/TiO2 catalyst with and 

without Pd was tested in photocatalytic oxidation 

of IBP and it was observed that presence of very 

small amount of Pd enhances the removal rate of 

IBP.  

 

Figure 2. % Mineralization at 6h by 

photocatalysis 

 

     In case of IBP degradation with Fenton-like 

process no removal of IBP was observed with all 

catalyst tested. Also, in case of photo Fenton-like 

process, low removal of IBP was obtained 

(Table1). Although, high adsorption of IBP was 

observed on bimetallic NPs supported catalyst at 

decreased pH with the addition of formic acid. 

These results suggest that IBP shows high 

adsorption on catalyst at acidic pH and forms 

stable complexes with Fe, which lowers the 

removal rate. 
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Table 1. % IBP removal by PhotoFenton-like process 
with in-situ generated H2O2 at 6h. 

 

Catalyst                          % IBP removal  
5%Fe3O4-Pd/TiO2                                       61 

5%Fe3O4-Pd/NT- WO3                            35 

5%Fe3O4-Pd/P25- WO3                    38 

 

 Thus from above result it could be concluded that 

5% Fe3O4-Pd/TiO2 and P25-WO3 shows high 

activity in photocatalytic oxidation by UVA light, 

which is near to the acivity of commercial TiO2. 

Removal rate and mineralization of IBP by 

photocatalysis is faster as compared to photo 

Fenton-like process with in-situ generated H2O2. 

Feasible recovery due to magnetic property and 

efficiency in IBP removal was achieved with 

bimetallic NPs supported TiO2 catalysts.  
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Magnetic Semiconductor Photocatalysts For The Degradation  
Of Recalcitrant Chemicals From Flow Back Water
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In the present study treatability of persistent organic 
compounds from the flow back water after hydrauling 
fracturing was investigated. The combination of TiO2
photocatalyst and magnetic oxide nanoparticles 
enhance the separation and recoverable property of 
nanosized TiO2 photocatalyst. Fe3O4@SiO2/TiO2
nanocomposites were prepared by 
heteroagglomeration. All prepared samples were 
characterized by XRD, VSM, SEM/EDS, DR/UV-Vis 
and BET analysis. The prepared composites contained 
TiO2 and Fe3O4 crystal phases. The magnetization 
hysteresis loop for Fe3O4/TiO2 indicated that the 
hybrid photocatalyst showed superparamagnetic 
characteristics. 

Introduction
An innovative approach to the degradation 

possibility of organic compounds in the flow back 
water using titanium dioxide photocatalysis was 
investigated. The flow back fluid contains 
chemicals added to the fracturing fluid, part of 
which return gradually via the wellhead to the 
surface when stimulation is complete. In order to 
reuse it or return into the environment, it requires 
appropriate treatment.  

Heterogeneous photocatalytic oxidation of 
organic pollutants occurred to be a promising 
process for water purification since many 
recalcitrant organic compounds at low 
concentration can be oxidized at a room 
temperature in the presence of a semiconductor 
photocatalyst. However, the application of 
photocatalysts for wastewater treatment still needs 
to tackle a variety of technical problems. The 
recovery and cyclic utilization of the nano-
semiconductor photocatalysts is still a major 
problem hindering practical application in 
industrial processes. In this regard the aim of 
present study was preparation and characterization 
of Fe3O4/SiO2/TiO2 photocatalysts modified with 
Pt, Cu and Au. The effect of TiO2 matrix, metal 
loading and molar ratio of TiO2 to Fe3O4 on 
photocatalytic activity and magnetic properties 
were investigated.  

Results 

Sample labeling, molar ratio of Fe3O4 to TiO2
and TEOS to Fe3O4 used during the preparation 
procedure, as well as photocatalysts activities in 
reactions of phenol, pyridine and 4-heptanon 
degradation are given in Table 1. 

Table 1. Characteristics of obtained Fe3O4/TiO2  
and Fe3O4@SiO2/TiO2 nanocomposites

Among Fe3O4/TiO2 nanocomposites the best 
photocatalytic activity in reaction of phenol 
degradation revealed samples with 1:2 and 1:4 
molar ratio of Fe3O4 to TiO2. These samples 
revealed also the highest degradation rates in 
reactions of pyridine and 4-heptanone degradation. 

To improve the photocatalytic activity of the 
Fe3O4/TiO2 nanocomposites modification with 
copper nanoparticles was also applied. It was 
found that the degradation constant rate in reaction 
of phenol degradation for Fe3O4@SiO2/TiO2_Cu 
nanocomposite was about 3-times higher 
compared to the most active sample Fe3O4/TiO2_3.
The present study shows that organic pollutants 
can be effectively degraded by a photocatalytic 
oxidation process using titanium (IV) oxide with 
magnetic properties, thus, the separation problem 
can be successfully solved. 

Sample no. 

Molar 
ratio 

Fe3O4
/TiO2

Molar 
ratio 

TEOS 
/Fe3O4

Degradation constant rate 
[min−1]�10-2

Phenol Pyridine 4-
Heptanone 

Fe3O4/TiO2_
1 

1:1 - 1.01 0.18 1.36 

Fe3O4/TiO2_
2 

1:2 - 1.34 0.94 1.21 

Fe3O4/TiO2_
3 

1:4 - 3.02 0.26 2.10 

Fe3O4/TiO2_
4 

2:1 - 0.85 0.15 1.46 

Fe3O4@SiO2
/TiO2_5 

1:2 2:1 0.68 0.04 1.40 

Fe3O4@SiO2
/TiO2_6 

1:2 8:1 0.76 0.18 1.72 

Fe3O4@SiO2
/TiO2_7 

1:2 16:1 0.43 0.03 1.63 

A2- 2



1 

Effect of Sintering Temperature And Time On Anatase and Rutile 
Phases of TiO2 Prepared By Sol-Gel Method. 

 

J. Morales-Mejía, Y. M. Vargas-Rodríguez, R. Almanza. Universidad Nacional Autónoma de México, Av. 
Universidad 3000, Universidad Nacional Autónoma de México CU, 04510, Coyoacán, D.F., México, 
jmoralesm@iingen.unam.mx. 
 

 

 A set of thick TiO2 films were prepared by conventional Sol-gel 
process. Precursors were based on Titanium Isopropoxide, 
organic solvents, at acidic conditions. Sintering temperature and 
time were modified in order to find a suitable set of sintering 
conditions that produce a catalyst with crystalline phases having 
the higher ratio of anatase to rutile. Sintering time varied from 
0.5 to 24 hours and sintering temperature ranged from 500°C to 
675°C. The results indicate that the temperature effect on 
anatase/rutile ratio is small in the range of 500-600°C with 2 
hours of sintering. For higher temperatures, anatase content 
decreased fast. Sintering time of 60 minutes resulted on films 
with high anatase content. Longer sintering periods did not 
increase anatase content. On the other hand, particle size was 
proportional to sintering temperature. 
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Significant Enhancement of Photocatalytic Activity 
over Pt-TiO2 Photocatalysts For Phenol Degradation 

A.Zieli�ska-Jurek1, M. Janczarek1, Zhishun Wei2, Ewa Kowalska2 (1) Gdansk University of Technology, 
Department of Chemical Technology, Narutowicza 11/12, Gdansk, Poland, annjurek@pg.gda.pl  (2) Hokkaido 
University, Catalysis Research Center, 21-10 Kita-ku, Sapporo, Japan  

A considerable increase of the photocatalytic activity was 
reported with respect to platinum deposited on TiO2 particles. 
Platinum nanoparticles were deposited on different TiO2 matrix 
such as decahedral anatase NPs, mesoporous spheres, titania 
nanotubes and commercial ST-01 (Ishikara), P-25 (Evonik) by 
sol-gel or microemulsion method. The effect of platinum 
nanoparticles size and TiO2 template on photocatalytic activity 
was investigated. Obtained nanoparticles were characterized 
using XRD, STEM, XPS, DR/UV-Vis absorption spectroscopy 
and BET surface area analysis. It was found that size of platinum 
was decisive for the photocatalytic activity under visible light 
irradiation, i.e., the smaller Pt NPs were the higher was 
photocatalytic activity.  

Introduction

Photocatalytic properties of TiO2-based 
nanomaterial’s greatly depend on their 
morphology, chemical composition and surface 
modification. Nanotubes, hollow spheres and 
mesoporous NPs possess large surface. Both 
surface adsorption as well as photocatalytic 
reactions can be enhanced by development surface 
area of the photocatalyst as more reactive sites for 
degradation of organic compounds is available.
Nevertheless, due to large band gap of pure TiO2
(from 3.0 to 3.2 eV depending on the crystal 
structure) it could be activated only by UV 
irradiation. The necessity to use UV irradiation, 
may be overcome since modified titania often 
possesses higher activity and ability of working 
under visible-light irradiation.  

A considerable increase of the photocatalytic 
activity was reported with respect to platinum 
deposited on TiO2 particles. Platinum is one of the 
most active metals for photocatalytic enhancement 
which can produce the highest Schottky barrier 
among metals that facilitate electron capture and, 
therefore, hinders the recombination rate between 
electrons and holes. 

In this study the effect of platinum 
nanoparticles size, amount and TiO2 template on 
photocatalytic activity were evaluated by 
measuring the decomposition rate of phenol in 
0.2 mM aqueous solution under UV and visible 
light irradiation. Obtained nanoparticles were 
characterized using XRD, STEM, XPS, UV-Vis 

absorption spectroscopy and BET surface area 
analysis.  

Experimental 

 Platinum nanoparticles were deposited on 
different TiO2 matrix such as decahedral anatase 
NPs, mesoporous spheres and titania nanotubes by 
sol-gel or microemulsion method.  

Microemulsion offers a unique 
microenvironment in which monodispersed, 
ultrafine nanoparticles with a narrow size 
distribution can be obtained. This method has 
obvious advantages to obtain nanoparticles with 
specific diameter and morphology. The water 
microdroplets surrounded by a monolayer of 
surfactant in a continuous hydrocarbon phase act 
as microreactors to synthesize nanoparticles whose 
growing is controlled inside the water droplet 
giving rise to a narrow size distribution.  

Sol-gel method is a simple and inexpensive 
process for the preparation of nanoparticles and 
nanocomposites with a high degree of purity of the 
obtained products. As so far the impact of sol-gel 
method on preparation of fine Pt NPs with desired 
properties has not been investigated.  

In the first method of preparation K2PtCl4 was 
added into 2g of TiO2 in ethanol. The suspension 
was stirred for 30 min. and reducing agent 
(NaBH4) was added for 10 min and obtained NPs 
were aging 1 hour. The molar ratio of NaBH4 to 
platinum ions equaled 3:1. The particles were 
dried at 80°C for 48 h and were then calcinated at 
400°C for 2h. 
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In microemulsion method Pt/TiO2 
nanoparticles were prepared in a system of water-
TX100-cyclohexane by adding TiO2 into the 
microemulsion containing platinum precursor in 
water cores. The average particle size of the 
platinum and Pt/TiO2 photocatalysts obtained in 
w/o microemulsion was controlled through the 
molar ratio (R) of metal salt and water. Mixing 
was carried out 2h and then the platinum ions 
adsorbed on titanium dioxide were reduced to 
elemental platinum by dropwise addition 
microemulsion containing reducing agent 
(NaBH4). During the precipitation nitrogen was 
bubbled continuously through the solution. The 
Pt/TiO2 particles precipitated were separated in a 
centrifuge at 2000 rpm for 10 min and were then 
washed with ethanol and deionized water several 
times to remove the organic contaminants and 
surfactant. The particles were dried at 80°C for 48 
h and were then calcinated at 400°C for 2h. 

The optimal amount of noble metal and effect of 
nanoparticles size of deposited plasmonic 
nanoparticles on fine anatase (~10-12 nm) TiO2 
nanoparticles on  the photocatalytic activity were 
evaluated by measuring the decomposition rate of 
phenol in 0.2 mM aqueous solution under UV-Vis 
and visible light irradiation (λ>420nm). Obtained 
nanoparticles were characterized using XRD, 
STEM, XPS, DR/UV-Vis absorption spectroscopy 
and BET surface area analysis. 

Results 

Characteristics of the obtained photocatalysts are 
shown in Table 1. Platinum nanoparticles 
possesses high affinity for the TiO2 surface, 
therefore, the size of titania determines the size of 
platinum.  

Table 1. Characteristic of Pt-TiO2 photocatalysts  

Sample no. 
Amount 

of Pt 
[mol%] 

Crystallite 
size [nm] 

Phenol 
degradation 

rate 
[µmol·dm−3·

min−1] 

TiO2 Pt 
under Vis 
λ> 420nm 

Pt/TiO2_TIP_0.05 0.05 7 4 4.13 

Pt/TiO2_TIP_0.1 0.1 8 2 4.36 

Pt/TiO2_TIP_0.5 0.5 8 2 5.34 

Pt/TiO2_P25_0.1 0.1 21 8 3.95 

Pt/TiO2_P25_0.1_R 0.1 25 - 3.10 

Pt/TiO2_ST01_0.1 0.1 8 3 6.62 

Pt/TiO2_DAP_0.1 0.1 72 9 3.14 

Pt/TiO2_DAP_0.1R 0.1 66 17 0.90 

 
STEM images of selected Pt/TiO2 samples are 
presented in Figure 1. 

 
Figure 1. STEM images of Pt nanoparticles 
deposited on decahedral anatase (a), commercial 
titania ST-01 (Ishikara) (c) and TiO2 obtained 
from titanium isopropoxide (TIP) hydrolysis (d) 

For Pt/TiO2 nanoparticles it should be pointed out 
that depending on TiO2 source (ST-01, P25 or 
TiO2 from TIP hydrolysis) the obtained 
photocatalysts revealed different optical and 
photocatalytic properties. The size of platinum 
was decisive for the photocatalytic activity under 
visible light irradiation, i.e., the smaller Pt NPs 
were the higher was photocatalytic activity. 

The apparent degradation rate of phenol 
increased from 0.1 µmol·dm−3·min−1 to 4.36 
µmol·dm−3·min−1 and 6.62 µmol·dm−3·min−1 for 
pure TiO2, Pt-TiO2_TIP_0.1 (from titanium 
isopropoxide hydrolysis)  and Pt-TiO2_ST01_0.1 
obtained by deposition of Pt NPs on commercial 
TiO2 (ST-01, Ishikara), respectively. 

On the other hand, under UV-Vis light 
irradiation it was found that the best photocatalytic 
performance revealed Pt-TiO2_DAP67_0.1 and Pt-
TiO2_P25_0.1 nanoparticles, as shown in Figure 2.  

 
Figure 2. The effect of platinum particles size 

and the type of TiO2 matrix used during 
preparation of Pt/TiO2 on photocatalytic activity 
under UV-Vis light. 
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After 60 min. of irradiation about 100% of 
phenol was degraded. 

The difference between samples with deposited 
larger and smaller metallic NPs than size of titania 
was also easy noticed by broader and narrower 
LSPR peaks, respectively, as shown in Figure 3. 
For example, Pt/TiO2_TIP_0.1 revealed a 
relatively narrower absorption band, which 
indicates formation of smaller nanoparticles of 
noble metals compared to Pt/TiO2_P25_0.1. This 
was proved by XRD data of 3- and 8-nm platinum 
NPs for Pt/TiO2_TIP_0.1 and Pt/TiO2_P25_0.1, 
respectively. 

The effect of reducing agent used during 
preparation procedure was also investigated.  

The samples obtained by thermal reduction of 
metal ions on TiO2 surface Pt/TiO2_DAP_0.1 and 
Pt/TiO2_P25_0.1 possessed smaller platinum 
nanoparticles and revealed higher photocatalytic 
activity compared to samples Pt/TiO2_DAP_0.1R 
and Pt/TiO2_P25_0.1_R obtained by chemical 
reduction of metal ions using sodium borohydride 
(see Table 1).    

 

Figure 3. UV-Vis/DR spectra of Pt/TiO2 
nanoparticles  

Conclusions 

The effect of platinum nanoparticles size and 
TiO2 template on photocatalytic activity was 
investigated.  

Pt-modified photocatalysts exhibited either 
enhanced or reduced UV-Vis and visible light 
activity, depending on properties of platinum NPs, 
sequence of their deposition on titania, and 
properties of host titania. The smaller size of 
platinum is the higher is efficiency of phenol 
degradation. 

The DRS, XRD, TEM and BET measurements 
corroborate that the most active photocatalyst 
under visible light contains fine Pt NPs (~3 nm) 
deposited on the surface of commercial TiO2 
(ST01, Ishikara) and TiO2 obtained from titanium 
isopropoxide hydrolysis. Platinum possesses high 
affinity for the TiO2 and therefore, the size of 
titania can determines the size of platinum 
nanoparticles. 

Our results have shown that smaller (1-3 nm) 
platinum were formed on TiO2 surface by thermal 
treatment method. Platinum ions interact stronger 
with TiO2 matrix with small anatase nanoparticles 
which protects them from agglomeration during 
thermal process. 
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Morphosynthesis of TiO2/Metal Oxide Nanostructures for 
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In the present work, synthesis of anatase nanostructures 
with dominant {101}, {001} or {010} facets in different 
shapes and scales is presented. Hydrothermal treatment in 
various solvents, experimental conditions as well as in 
presence of metal salts was employed. Ag nanoparticles 
were selectively deposited on chosen crystal facets. 
Furthermore the crystal structure, the morphology and the 
photocatalytic activity of Ag-, Mg-, Mn-, Zn-containing 
TiO2 powders in NOx and acetaldehyde oxidation were 
examined. Selectivity towards the two oxidation processes 
was observed depending on the dominant crystal facets in 
the synthesized anatase and the level of the metal loading. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

Morphosynthesis of anatase TiO2 crystallites, as 
well as coupling of titania with various metal/metal 
oxides are two powerful strategies widely applied 
for enhancing the photocatalytic performance of the 
semiconductor [1, 2].  

In the present work, synthesis of anatase 
nanocrystals with dominant {101}, {001} or {010} 
facets in different shapes and scales is presented. 
Hydrothermal treatment of inorganic/ organic 
titanium precursor applying various solvents and 
experimental conditions yielded anatase with 
different dominant crystal facets. The addition of 
metal salts of Mg, Mn and Zn in the solution system 
resulted in preparation of metal-doped TiO2 or 
metal oxide-TiO2 composites.  

Ag nanoparticles were also deposited on selected 
crystallographic facets in order enhanced e- - h+ 
separation and utilization to be achieved. The size 
of the TiO2 crystallites, the shape of the micro-, 
nano-structures were tuned [3].   

The produced crystal morphologies were studied 
as for to their structure and photocatalytic activity. 
The structure of the nanocrystals was investigated 
using XRD, SEM, TEM, Raman. The BET SSA 
and porosity were investigated by liquid N2 
adsorption/desorption. The energy gap was 
determined with DRS measurements and Kubelka-
Munk function. The chemical composition, i.e. 
doping with metal ions and photodeposition of 
silver nanoparticles on selected facets of the 

nanocrystals was examined by XPS. Photocurrent 
measurements in vacuum and air were performed in 
order the photocatalytic activity to be enlightened. 
The photocatalytic activity was evaluated by 
oxidizing inorganic nitrogen oxide (NO) and 
organic acetaldehyde (CH3CHO) air pollutants 
under UVA irradiation. 

It was demonstrated that the oxidation of NO is 
higher when {101} crystal facets are dominating 
whereas the decomposition of acetaldehyde is 
enhanced when the {001} crystal facets are 
dominating in the anatase nanocrystals. As a 
consequence all the anatase crystals that had 
dominant {101} facets exhibited a high photonic 
efficiency regarding the NO oxidation whereas 
those crystals with dominant {001} facets showed 
a high photonic efficiency for the decomposition of 
the acetaldehyde gas.  

Doping the anatase crystals with magnesium ions 
or/and photodeposing silver nanoparticles on the 
{101} facets of the anatase crystals enhanced 
significantly the photocatalytic activity of the 
samples under UVA irradiation in comparison to 
the pure anatase. The nanocystals doped with 
manganese ions exhibited photocatalytic activity 
under visible light.  

The Zn (2, 4, 8, 10, 20, 50 and 70 %)-modified 
TiO2 with dominating {001} facets were in the form 
of spheres with the size to depend on the acidity of 
the initial solution. Among them, the one 
containing 8 % Zn exhibited the highest 
photocurrent values and the best photocatalytic 

Ag on anatase {001} facet 

Ag Nanoparticles 
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activity in NOx oxidation/removal from ambient 

air.    
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Anatase-TiO2 versus Rutile-TiO2 – to Understand the Difference in 
Photocatalytic Activity 
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 The rutile form of TiO2 is usually considered as 
photocatalytically inactive. A number of studies proves that this 
hypothesis is incorrect. Superoxide radicals are photogenerated 
with a higher efficiency at the surface of rutile due to a better 
oxygen adsorption at the surface. The anatase form of titania 
can be used as a photocatalyst in the degradation processes of 
various organic pollutants to inorganic products (a complete 
mineralization, leading to CO2, H2O). On the other hand, rutile 
is more efficient in a partial oxidation of organic compounds 
when mild reaction conditions are required. 

 
The differences between rutile (r-TiO2) and 

anatase (a-TiO2) structures of titanium dioxide 
have a strong influence on their physicochemical 
properties. Rutile-TiO2 is a more stable and 
usually less photoactive (or even non-active) form 
of titanium dioxide [1]. The adsorption of O2 at the 
surface of the material is associated with an 
interfacial electron transfer from the surface 
defects (i.e. oxygen vacancies, TiIII centers) and 
results in formation of superoxide anion [2,3]. O2 
adsorption at r-TiO2 is usually much better than at 
a-TiO2. Unusually high photocatalytic activities of 
TiO2 have been reported for anatase/rutile 
composites. A good example is P25 (Evonik) 
offering a very high activity in photocatalytic 
degradation of organic pollutants [4]. The 
influence of the anatase/rutile ratio on the 
photocatalytic activity of the mixed phase TiO2 
materials was confirmed in numerous studies. 
Photocatalysts calcined at various temperatures 
were photoactive until both a-TiO2 and r-TiO2 
were present in the sample. The optimal 
composition of the photocatalyst depend on the 
substrate that is oxidized in the photocatalytic 
process [5]. 

Interestingly, the addition of H2O2 to the system 
can dramatically influence generation of OH• and 
O2
•–, differently at r-TiO2 and a-TiO2. In the case 

of r-TiO2 hydroxyl radicals can be formed more 
efficiently than in the presence of a-TiO2 [6]. This 
is the consequence of H2O2 reduction at r-TiO2 
(OH• and OH– are formed), while at a-TiO2 
hydrogen peroxide is easily oxidized. 

Cathodic photocurrents, generated when 
electrons reduce an electron acceptor (e.g. 
molecular oxygen) are strongly influenced by O2 
in the case of r-TiO2. When the electrode is 
covered with a-TiO2 the influence of oxygen is 

negligible. This observation points at a 
significantly more efficient oxygen reduction 
taking place at r-TiO2 than at a-TiO2. This 
observation is consistent with the higher oxygen 
availability at the surface of rutile. 

The measurements of redox properties of r-TiO2 
and a-TiO2 made using a spectroelectrochemical 
method [7] revealed significantly better reduction 
properties of r-TiO2 than a-TiO2 (Figure). These 
measurements, described in detail during the 
conference, confirm a better photoactivity of r-
TiO2 in the reduction processes (here reduction of 
oxygen), while a-TiO2 appears a significantly 
stronger oxidant (here oxidation of water to 
hydroxyl radicals). This difference has serious 
consequences observed in the photocatalytic 
activities of both crystalline forms of titanium 
dioxide. 
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Degradation of flame retardant Tris (1-chloro-2-propyl) phosphate 
(TCPP) by TiO2 photocatalysis: Kinetic and mechanistic study 

 

M. Antonopoulou1, P. Karagianni1, I.K. Konstantinou1 
(1)Department of Environmental and Natural Resources Management, University of Patras, 30100, Agrinio, 
Greece. E-mail:  mantonop@upatras.gr; iokonst@upatras.gr 

  The application of heterogeneous photocatalysis for the oxidation 
of aqueous Tris (1-chloro-2-propyl) phosphate (TCPP), a widely 
used flame retardant, under simulated solar irradiation has been 
investigated. Complete degradation of TCPP (C=25-500 μg L -1, 
CTiO2=50 mg L-1 and I=250 W/m2) takes place in 20-180 min. 
Liquid chromatography time-of-flight mass spectrometry (LC/MS-
TOF) was used for the elucidation of the main transformation 
products (TPs) and following a photocatalytic degradation pathway 
is proposed including mainly dechlorination, demethylation and 
hydroxylation reactions. The roles of reactive oxygen species and 
h+ were completely investigated by adding appropriate scavengers 
to the reaction medium. Toxicity assessment revealed the 
efficiency of the photocatalytic treatment. 

 

 

 

 

 
 
 

1. Introduction 
The global use of Tris (1-chloro-2-propyl) 
phosphate (TCPP), an effective halogenated flame 
retardant, and its incomplete removal by 
conventional wastewater treatment plants has led 
to its accumulation throughout the environment 
[1]. As a consequence, there is a growing interest 
in developing effective methods for removing it 
from aqueous phase. Heterogeneous photo-
catalysis, represents an example of advanced 
oxidation processes, capable of achieving 
complete mineralization of various organic 
pollutants [2-3]. The present study focuses for the 
first time on the detailed kinetic and mechanistic 
investigation of the TiO2 photocatalytic 
degradation of TCPP under simulated solar light. 

2. Irradiation procedure- Analytical methods 
Photocatalytic experiments were carried out in a 
solar simulator Atlas Suntest XLS+ (Heraeus, 
Germany). TCPP concentration and the 
identification of TPs, were determined by a LC-
MS/ TOF instrument. 

3. Results 
Complete degradation of TCPP (C=100 μg L -1, 
CTiO2=50 mg L-1 and I=250 W/m2) takes place in 
20-180 min. Cl- and PO4

3- ions reach about 88% 
and 55% of the expected stoichiometric Cl and P 
amount respectively. According to scavenging 
study, oxidative species, in particular HO•, formed 
at TiO2 valence band were predominantly 
responsible for TCPP degradation in water. A 
smaller contribution was associated with O2•− and 
1O2 and h+. The parent compound was easily 
degraded under photocatalytic treatment and 
transformed into numerous species. All the 

identified TPs showed a maximum concentration 
within 15-60 min and they completely disappear 
quickly after 90-120 min. Α photocatalytic 
degradation pathway was proposed, including 
mainly dechlorination, demethylation and 
hydroxylation reactions. Based on the 
luminescence of Vibrio Fischeri bacteria, complete 
detoxification of the solution was achieved at 120 
min of irradiation. 

4. Conclusions 
Results of the present study clearly point out that 
TiO2 photocatalytic treatment is suitable for the 
elimination of TCPP from the aqueous phase. The 
photocatalytic oxidation is mainly explained by 
the participation of HO•. On the basis of identified 
products and radicals, a proposed pathway of 
photocatalytic degradation of TCPP is presented.  
Toxicity assessment revealed also the efficiency of 
the photocatalytic treatment to achieve almost 
complete detoxification of the irradiated solution. 
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Introduction 
Formaldehyde is a volatile organic compound with high 
emission in indoor environments due to its origin in 
building materials, furniture and cleaning products. It is 
directly associated with sick building syndrome (SBS). 
The use of advanced oxidation process (AOP), in 
particular heterogeneous photocatalysis, is used to 
address the incidence of this and other pollutants 
characteristic from SBS. The heterogeneous 
photocatalysis works under room temperature and 
pressure, and converts organic pollutants to CO2 and 
H2O. 
This work aims to build a catalytic device to degrade 
formaldehyde gas by heterogeneous photocatalysis. It 
is made with TiO2 supported on polypropylene (PP) 
coated by organosilicon. The organosilicon film 
deposited by plasma enhanced chemical vapor 
deposition (PECVD), is located between PP and TiO2 
and has the function of protecting the polymer from the 
radicals formed during photodegradation by TiO2.  

Materials and Methods 
TiO2 sol gel was synthesized according to Xu and 
Anderson (1994) [1]. The deposition of organosilicon 
on the PP film was made by PECVD with 
hexamethyldisiloxane (HMDSO) in 50:50 ratio with O2, 
with 80 W of power for 30, 45 or 60 minutes. The 
impregnation process of TiO2 on organosilicon coated 
PP was performed by "dip-coating" with 0.01% Triton 
X-100 surfactant to the TiO2 suspension. 
The devices were characterized by scanning electron 
microscopy - SEM (FEI Quanta 650 FEG), contact 
angle (Ramé Hart model 100-00), profilometer (Veeco 
Dektak 150), FTIR-ATR spectroscopy (Jasco FT / IR-
410) and UV-Vis (Varian - Cary 50 Bio). 
The photocatalytic tests were performed in a 
rectangular stainless steel reactor, with a glass window 
through which passed the UV-A radiation. The initial 
concentration of formaldehyde gas was 125 ± 25 ppbv. 
All testing was monitored by GC-FID coupled with a 6-
way valve for automatic gas injection. 

Results and discussion 
Characterization 

FTIR-ATR spectra of the organosilicon films presented 
absorption bands of chemical groups Si-O (1050 cm-1), 
Si-CH2 (1281 cm-1) and Si-CH3 (790, 1450, 1370 cm-1), 
which are characteristics of this type of film. [2] PP 
absorbs in the ultraviolet region at approximately 

250 nm, while TiO2 and the organosilicon film absorbs 
at 350 and 450 nm, respectively. 
SEM micrographs of the organosilicon films show the 
evolution of morphology as a function of deposition 
time, from acicular formations (30 min) to spherical 
aggregates (60 min). Organosilicon films thickness 
also increased as a function of deposition time. 
The organosilicon film makes the device surface more 
hydrophilic, increasing its wettability and facilitating the 
formation of the TiO2 film. The presence of surfactant 
allowed the formation of homogeneous films of TiO2. 
The organosilicon film was efficient in protecting PP 
against UV radiation and the radicals generated by the 
TiO2 film. Films at higher deposition times showed 
greater photoprotection. 

Photocatalytic Tests 
Initial tests of formaldehyde photodegradation in the 
gas phase showed that the presence of the surfactant 
impairs the photocatalytic activity of the material. 
Because of that, photocatalysts were subjected to a 
pretreatment with UV-A radiation under continuous 
flow of synthetic air for 1 h to remove the surfactant. 
After this pretreatment the photocatalysts showed a 
satisfactory photocatalytic activity, showing no 
deactivation during the whole period (Figure 1). The 
results also showed that the organosilicon film does 
not negatively interfere with the photocatalytic activity 
of the material. 
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Figure 1. Photocatalytic activity of TiO2 photocatalysts deposited on 
PP (TiO2.PP), and also on the PP organosilicon film deposited for 30 

min (TiO2.OSPP30), 45 min (TiO2.OSPP45) and 60 min 
(TiO2.OSPP60). 

Conclusions  
Organosilicon film efficiently acted as a 
photoprotective layer. Formaldehyde gas phase 
degradation occurred efficiently with no deactivation 
and no interference of organosilicon film on 
photocatalytic activity. 
 
[1] Xu, Q.; Anderson, M. A. J Amer Ceram Soc, 77(1994), 1939-
1945. 
[2] M.S.Curcio, M.P. Oliveira, W.R. Waldman, M.C. Canela, Environ 
Sci Pollut Res. 22(2015) 800. 
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 New method of photocatalytic assessment based on smart 
inks was applied on several paints – exterior, interior and 
laboratory acrylic formulation with TiO2 photocatalyst. 
Attention was paid to the influence of accelerated 
weathering on paint photocatalytic activity and stability. 
Smart inks were proved to be suitable and rapid indicators 
of paint photoactivity. Resazurin ink is convenient only for 
unexposed paint with low photocatalytic activity while 
Acid Violet 7 ink for most of the paints, especially those 
exposed to weathering test. Furthermore it has been shown 
that self-cleaning paints need some time of weathering to 
develop full photocatalytic activity.  

 

Self-cleaning paint contain besides usual pigments 
and fillers also particle of photocatalytic material 
mostly TiO2 of anatase modification. The current 
commercial photocatalytic paints are manly with 
regard to exterior facade paint which, via the 
photocatalytic processes are not susceptible to 
soiling and so help to keep the exterior of building 
clean. 

This work is a continuation of a previous report [1] 
from this group which focused on the effect of 
weathering of acrylic photocatalytic paints, 
containing TiO2 and ZnO on their photocatalytic 
activities, as assessed using a test based on the 
bleaching of Acid Orange 7 (AO7) in solution. 
The objective of this work is an application of a 
new method of photocatalytic activity assessment 
based on smart inks. This method recently 
published in papers [2.3] is based on irreversible 
colour change of the dye in ink on photocatalytic 
surface. Excited positive holes are trapped by 
sacrificial electron donor mostly glycerol which is 
than oxidized to glyceric acid and excited 
electrons reduce dye in ink which is then 
connected with colour change. Compared to 
oxidative bleaching of dyes this process is due to 
good charge separation very quick and the colour 
change take few seconds. The result of this test is 
the calculation of time in which 90% of overall 
colour change occurs (Ttb90). The aim of this work 
is the determination of photocatalytic activity of 
various paints using Resazurin (Rz) and Acid 
Violet 7 (AV7) ink. Results of photocatalytic 
activity of two commercial paints – exterior and 
interior are compared with laboratory acrylic 
formulation containing 8% of TiO2 P25. 

Ttb90 values for each ink are summarized in Table 
1. Exterior paint shows the lowest photocatalytic 
activity. The Ttb90 for Rz ink was about 4000 s (66 
min), and for AV7 no measurable photocatalytic 
activity (no colour change) was observed even 
after 70 minutes of UV irradiation. In the case of 
exterior paint the situation is opposite and paint 
exhibits very high activity. The reduction of 
Resazurin to Resorufin is very quick and 
Resorufin is than reduced to another form which is 
colourless. For determination of photocatalytic 
activity we had to use AV7 ink and the Ttb90 was 
about 360 s. The possible explanation of high 
activity could be in the higher amount of the 
photocatalyst but this is only speculation because 
the composition of the paint was not provided. For 
laboratory acrylic paint it was possible to obtain 
Ttb90 values for both inks. For Resazurin ink the 
Ttb90 value was about 80 s while for Acid Violet 7 
Ttb90 was about 2770 s (46 min). It means that 
Ttb90 values for AV7 ink are about 35 times higher 
than Ttb90 values for Rz ink 

Table 1. Photocatalytic activity – unexposed paints 

Paint 
Resazurin Acid Violet 7 

Ttb90/s Ttb90/s 

Interior too fast 360±40 

Exterior 4000±600 too slow 
Laboratory 80±15 2770±200 

 

 The next objective was to evaluate the influence 
of accelerated weathering on paint photocatalytic 
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activity and stability. The testing cycle include UV 

irradiation (8 hrs), condensation at 60 °C (4 hrs) 

and spraying of water (4 min). Our previous 

evaluation of photoactivity after weathering of 

paints with TiO2 photocatalyst (using dye Acid 

Orange 7 as a model compound) show an increase 

of photocatalytic activity during weathering [1]. 

From this reason photocatalytic activity was 

evaluated using AV7 ink. For clarity 

photocatalytic activity was expressed as a 

reciprocal Ttb90 value. In the case of laboratory 

acrylic formulation with 8 % of photocatalyst P25 

(Fig 1) photocatalytic activity during weathering 

increases, this is caused by the degradation of 

polymer film resulting in an increase of surface-

exposed concentration of TiO2 particles. It was 

found that after 600 hours of weathering surface 

concentration of Ti increases from 42 to 55%. This 

increase of Ti concentration is connected with an 

increase of photocatalytic activity. 

 

Figure 1: Reciprocal Ttb90 values for AV7 ink as a 

function of weathering time of acrylic paint 

 

Figure 2: Reciprocal Ttb90 values for AV7 ink as a 

function of weathering time of exterior paint 

 

Photocatalytic activity of exterior paint as a 

function of weathering time is shown in Fig. 2. 

Unexposed exterior paint exhibits the lowest 

photocatalytic activity from all three investigated 

paints. Its photo activity is negligible as there is no 

change of colour for AV7 ink even after 70 min of 

irradiation. After 250 hours of weathering 

measurable photocatalytic activity was observed 

(Fig 2), with further exposition photocatalytic 

activity increases but this paint exhibits poor 

stability against weathering test. As we can see in 

Fig. 3, after 350 hours of weathering the whole 

paint almost disappeared.  

 

 

Figure 3: Exterior paint after 350 hours of weathering 

 

Similarly as in the case of other paints Fig. 4 

shows that photocatalytic activity of interior paint 

increases with weathering time. Interesting is the 

fact, that the interior paint after 500 hr of 

weathering test show one order of magnitude 

higher photocatalytic activity than silicate exterior 

paint, but it seems to be stable and no destruction 

of binder was observed. 

 

 

Figure 4: Reciprocal Ttb90 values for AV7 ink as a 

function of weathering time of interior paint 
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 Non-metal doping was used to enhance the photocatalytic 
properties of TiO2. Optical and physicochemical properties of 
NF-TiO2 films were improved by adding P25-TiO2 
nanoparticles.  

Industrial wastewater contaminated with 1,4-Dioxane was 
successfully treated by solar light applied to immobilized films 
of NF-TiO2 composite with monodisperse TiO2.  

The main reaction pathways for the degradation of 1,4-dioxane 
by oxidation were elucitated. 

 
TiO2-based nanotechnology for photocatalytic 

water remediation offers various benefits due to its 
high decomposition efficiency and green 
characteristics of TiO2, e.g., low toxicity, inert 
nature, and relatively low cost [1]. Using sunlight 
instead of UV radiation allows decreasing the 
treatment cost by minimizing the electricity 
expenses [2]. The immobilization of the 
photocatalyst would greatly enhance the process 
engineering by straight-forward separation and 
recovery of the catalyst [3] even though it could 
restrict the reactant mass transfer [4], which is the 
main obstacle in the ongoing research in 
immobilized photocatalysis. Among the different 
techniques to enhance the photocatalytic properties 
of TiO2, non-metal doping is an advantageous 
technique for environmental applications since 
there is no possible toxicity emission associated to 
metal leaching. Successful water remediation was 
obtained by N and F doped titania (NF-TiO2) [5], 
and the immobilization of this catalyst resulted in 

active and mechanically stable photocatalytic films 
[3]. Moreover, the optical and physicochemical 
properties of NF-TiO2 films were improved by 
adding P25-TiO2 nanoparticles into the sol-gel [6]. 
The incorporation of lab-made monodisperse 
titania nanoparticles [7] layer-by-layer on NF-
TiO2, instead of the direct addition of P25-TiO2, 
further improved its photocatalytic performance 
[8]. However, the immobilized NF-TiO2 
composite with monodisperse TiO2 (NF-TiO2-
monodisp.TiO2) has not been tested on industrial 
effluents. Therefore, in the current research, the 
treatment of industrial wastewaters containing 1,4-
dioxane by solar photocatalysis was studied using 
immobilized NF-TiO2-monodisp.TiO2. The 
complete removal of 1,4-dioxane from the 
industrial wastewater was achieved along with a 
65% and 50% of COD and TOC, respectively. 
Furthermore, identification of the major reaction 
intermediates of 1,4-dioxane was carried out and 
the main reaction pathways were elucidated. 
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 Solar driven photocatalysis defined very competetive for bacterial 
inactivation among many disinfection methods. Thin-film structure 
is important for an effective disinfection system. This study attempts 
to determine the photocatalytic efficiency of immobilized thin-films 
produced by TTIP (Titanium Tetra isopropoxide) based sol-gel 
methodologies for removal of methylen blue azo dye and for 
inactivation of E.coli bacteria under UV-A irradiation following 
ISO-27447 & ISO methods. Process efficiency and thin-film 
regeneration capacity were followed by TOC, UV-vis absorbance, 
SEM, EDX, AFM and FTIR analyses. Bacteria inactivation was also 
attempted by Cu and Mn doped thin-films in comparison with the 
pure thin-films both under UV-A and UV-visible spectrum. Both 
bacteria inactivation and color removal results urge that surface 
modifications on thin-films and the need for regeneration during the 
photocatalysis process should be addressed particularly to better 
represent a real system consisting of both microbial and chemical 
constituents. 
Keywords: Ampicilline, E.coli, bacteria inactivation, color removal, 
photocatalysis, thin film, regeneration 

   
Background 

Advanced oxidation processes (AOPs) are described 
with the mechanism able to produce oxidant species with 
high oxidation potentials. Photocatalysis, as a potent 
AOP, is also able to provide acceptable levels of bacteria 
inactivation under both artifical and solar irradiation 
conditions. In photocatalysis, surface interactions and 
attractive/impulsive forces are predominating factors on 
direct hole+ mechanisms mainly promoting formation of 
oxidation species. The main advantage of a fixed bed or 
immobilized-thin film (TF) surface application is the 
non-requirement for recovery of the catalyst following 
treatment, but the longevity of the photocatalyst activity 
should be revelaed with standart tests and the target 
pollutant removal studies [1,2,3,4]. 

In this study TTIP based TFs were produced and tested 
for their photocatalytic activity and bacteria inactivation 
potentials. Deactivation of TF surface during the 
continous flow circulating system, methylene blue (MB) 
color removal was examined in parallel to surface 
characterisation of TF by means SEM, EDX, AFM, 
FTIR analyses. Regeneration requirement is determined 
after a certain cycle of photocatalytic treatment. 

Materials/Methods 

Chemicals 

Ampiciline (AMP) (CAS #  7177-48-2), were 
purchased from and used as obtained. TTIP solution 
(CAS# 546-68-9), Titanium dioxide (TiO2) ( # CAS 
1317-70-0) was kindly provided by Aldrich. Nuve ND12 
distilled water system was used for the preparation of the 
fresh solutions. Nitric acid(%70 reagent grade), acetic 
acid(%99 reagent grade), isopropanol(%99,7  grade), 
polyethylene glycol(PEG 600 – CAS # 25322-68-3), 

copper nitrate (CAS # 10031-43-3, and manganese 
nitrate (CAS # 15710-66-4) were purchased from 
Aldrich. 

Preparation of thin films 

3 different sol-gel methodologies were implemented 
[10]. The TTIP based sol-gels with acetic acid1 (A1) and 
with PEG+TiO2 additive (A3),  TTIP sol-gel with HNO3 
(B1) and with PEG+TiO2 (B3) were coated on glass 
substrates. PEG+TiO2 addition were carried out 
following the hydrolysis step (with 1 hour intervals 
between each, at continious mixing in the dark 
conditions). TFs were exposed to PC activity assessment 
tests (ISO 10678:2010). The amount of TiO2 deposited 
on TFs was estimated via gravimetric analysis and 
correlated to the results of suspended photocatalytic 
system to remove AMP (data not shown). A total number 
of 6 TFs coated glass substrates (representing 0-30-60-
120-180 minutes of photocatalysis and 180 min 
adsorption conditions) were prepared for each set of the 
experiments.  Regeneration of TF surfaces was carried 
out with H2O2/UV process according to methodology 
described elsewhere [5]. To increase the bacteria 
inactivation capacity of TF, MnNO3 and CuNO3 were 
added into the sol-gel following the hydrolysis step and 
PEG+TiO2 addition. Molar ratios of Mn and Cu were set 
as %0,5-1-2 dopant/TiO2 on w/w basis [6]  Isopropanol 
was used as solvent for the nitrate solution. 3 times of 
coating was selected to achieve optimum TF thickness 
on the basis of yielding better photocatalytic  activity [7]. 

Photocatalytic and Bacteria Inactivation Assesment 

Photocatalytic activity tests of TFs coated glass 
substrates were made according to ISO 10678: 2010 for 
an initial MB concentration of 10 umol/L at pH 10. ISO 
27447:2009 method was followed to determine 
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antibacterial activity of TiO2 TF coated glass substrates 

using E. coli ATCC 25922 starins with an initial 

concentration of  3~6 x 106 CFU/mL.  

Analysis 

The spectrophotometer used in the absorbance was 

measured using UV-vis spectrophotometer (Schimadzu 
1800 lamda). pH (MRC Multiparameter Device) was 

used. Surface contact angle measurements were made 

with a PG X Digital Goniometer. Surface structure of 
TFs was monitored by SEM and EDX (FEI – Quanta 

FEG250), FTIR (BRUKER, Vertex 70 model) and AFM. 

AMP degradation was monitored via LC-MS/MS 
analysis. 

Results and Discussion 

 
Water Contact Angle Measurements 

Superhydrophilicity of a surface is reported to be 

related with photocatalytic activity in many other studies. 
As seen in Fig 1., the hydrophobic to hydrophilic 

conversion observed under UV-A illumination in 

accordance with the literature findings [8]. B3-A3 TF 
displayed superhydrophilic behaviour while B3 showed 

relatively more hydrophilic properties. 

 

Fig.1. The UV light dependent change of water 

contact angle of different TFs 

SEM observations showed uniform surface coating in 

non agglomerating form. EDX represented oxygen 
enriched properties on B3 TFs subjected to aging 

procedure. However, no observed effect was found to be 
significant of aging procedure to affect TF  

photocatalytic activity (data not shown)[9]. Initial 

surface nanotopography of produced TFs are supported 
with AFM images and estimated coefficients and average 

values are found to be related with photocatalytic but 

mainly correlated with bacteria inactivation potential of a 

catalyst surface.  

Effect of Different Sol-gel Methodologies 

A1-A3 TFs achieved no photocatalytic activity without 
additional O2 supplement in the process. A1-A3 and B1-

B3 TFs were compared by oxygen conditions (Fig. 2). 

Hydrophobic to hydrophilic conversion and the average 
roughness properties (before and after photocatalysis) of 

the surface under UV irradiation is apparent. In view of 

these results, comparing B1-B3 TFs, TFs with 
PEG+TiO2 additive exhibit higher PC activities in 

accordance with literature findings [10]. 
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Fig.2. Photocatalytic activities of different sol-gel 
based TFs (MBinitial: 10 umol, pH: 10, UV-A 8,12 

w/m2) 

 

Doped Thin-Films 

As seen in Fig.3, photocatalytic activity of doped B3 

TFs indicated that the limit value for quantity of dopant 

is exceeded at the %2@TF conditions for both Cu and 
Mn dopants.  
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Fig. 3. Effect of dopant concentrations on 

photactalytic activity of B3 TF  

Photocatalytic activity and regenartion 

Photocatalytic activities of B3 TFs are  given in Fig. 4. 

Accounding to EDX characterization  the increases in % 

C level on photocatalyst surface is compatible with the 
ongoing process mechanism in accordance with MB 

degradation/mineralization given elsewhere[4,11].  FTIR 

analysis of B3 TFs surfaces, 1725 ve 1630 cm-1 band 
peaks before and after 180 min photocatalytic treatment 

may be referred to C=O bond of formed carboxylic acid. 

1600 cm-1 band peaks are also to be referred to NH2 
groups formation on B3 TF surface (Data not shown). 
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Fig.4.  Methylen blue colour removal using the same 

TFs for consecutive runs of photocatalysis (MBinitial: 10 

umol, pH: 10, UV-A 8,12 w/m2) 
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Surface characterization of B3 TFs by SEM, EDX is 

given in Table 1a while AFM characterization is given in 

Table 1b.  Within 60-120 min, both number and width of 
the pores on photocatalyst surface increased as it was 

reported on PEG enriched TF  catalyst surface at both 

inital and after photocatalysis conditions [10]. 

Table 1a. EDX(a) and AFM (b) surface elemental 
analysis on B3 TFs of photocatalytic methylen blue 

degradation, [MB]initial: 10 umol/L, pH: 10, UV-A 8,12 

w/m2 

EDX, Surface Chemical Analysis, % Elemental composition 

  C Ti O Na Mg Al Si Ca 

B3 Initial - 8,14  17,82 5,36 2,07 1,25 65,36 - 

B3 30 min  3,93 10,25 16,78 4,93 2,02 - 62,1 - 

B3 60 min  4,65 9,87 15,96 4,46 2,2 1,28 61,61 - 

 

B3 120 min  4,72 9,23 15,77 5,17 2,44 1,25 61,47 - 

B3 180 min  7,23 9,03 14,99 4,79 1,88 - 62,08  

B3 180 min 

 ads. 

- 10,35 17,44 5,04 1,91 1,24 64,02  

 

 

 

AFM Surface Analysis 

 Ra 

nm 

R1 

nm 

Rmax 

nm 

Skew 

Coef 

Kurt 

coef 

Avg # of 

pores 

Avg. pore 

width-um 

   B3 TF 0,43 0,80 5,15 0,030 3,253 2410 0,42 

 B3-30 min  0,55 0,71 5,79 0,624 4,988 2313 0,41 

B3-60 min  0,74 0,94 4,96 0,078 3,057 2070 0,40 

B3-120min  0,47 0,62 4,42 0,541 3,966 4350 0,49 

B3-180min 0,68 0,85 4,34 0,424 2,935 3150 0,48 

B3-180min ads. 0,70 0,90 5,29 0,314 3,525 3250 0,45 

 

Bacteria Inactivation 

Bacteria inactivation potentials of the TFs were also 
estimated as seen in Fig. 6. A1-A3 films displayed low, 

non-comparable inactivation performances (data not 

shown). However, B1 and B3 TFs could evidently 
inactivated E. coli bacteria.  

Conclusion 

Surface properties of a photocatalyst must be determined 
and/or modified in accordance with the target pollutant 

which could be it bacteria, antibiotics or both. 

Photocatalyst subjected to physical and chemical surface 
modifications must be examined in the sense of 

variations on physical and chemical stability issues. 

Regeneration of TF surface and the methodology and 
frequency to apply woud be specific for the each case. 
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Fig.6. Photocatalytic bacteria inactivation efficiencies 

of B1 – B3 TF and reference conditions (8,12 W/m2) 
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Photocatalytic degradation of the two pesticides active ingredients 
(methomyl and carbofuran) and their commercial products 
(Lannate-90 and Furadan 35-ST) in aqueous suspension of ZnO 
and TiO2 were investigated. The objective of the investigation was 
to study and compare the rate of photochemical degradation of 
pure active ingredients and commercial products with them in 
order to find out the impact of inert ingredients and type of 
formulations on the degradations process. It was found out that the 
photochemical degradation of pure methomyl was slower than the 
degradation of commercial product Lannate-90, otherwise the 
photochemical degradation of pure carbofuran was faster than the 
degradation of product Furadan 35-ST.  

 
 

Methomyl and carbofuran belong to the 
chemical group of the carbamate insecticides and 
they have been in use for many years [1]. Before 
application those active ingredients are formulated 
and come on the market as different products. The 
products contain beside methomyl and carbofuran 
techical variety of inert ingredients which could 
have different impact on photochemical 
degradations of active ingredients. It is a very 
important to investigate the degradation of 
products and compare it with the degradation of 
pure active ingredient in order to find out the role 
of inerts in this complex process [2,3]. 

The photocatalytic degradations of carbofuran 
and methomyl in aqueous suspension of ZnO and 
TiO2 were investigated. In addition, two 
commercial pesticides Furadan 35-ST (carbofuran, 
350 g/L) and Lannate-90 (methomyl, 900 g/kg) 
were chosen for the photodegradation at the same 
conditions as active ingredients.  
  A 300 W Osram ultra-vitalux lamp (315-400 nm) 
was used as a source of radiation. Reactions were 
followed by UV spectroscopy as well as HPLC, 
IC, TOC and GC-MS. With 2 g/L of ZnO or TiO2 
complete degradation of pure active ingredients 
occurred in 120 minutes for carbofuran and in 60 
minutes for methomyl under the same 
experimental setup. 
  As a result of the investigations it was found that    
82% of methomyl had been decomposed after 30 
minutes and more than 97% of methomyl from 
Lannate-90 was degraded at the same time. 
Carbofuran was shown the degradation of more 

99% after one hour, but only 70% of carbofuran 
from Furadane 35-ST was degraded at the same 
time. It should be pointed out that first indication 
of decomposition of the product Furadan 35-ST 
was disappearing of red colour which is inert 
ingredient in the formulation. This phenomenon 
was registered after one hour.  
  On the basis of those results it can be concluded 
that inert ingredients from commercial products 
and probably the type of applied formulations can 
influence the rate of photodegradation of active 
ingredient. The influence can be different (faster 
or slower photodegradation) and this could be very 
important for the pesticide industry in the way that 
appropriate selection of inerts for certain pesticide 
formulation can help in faster removing the 
residues of pesticide products from the 
contaminated water.  
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Photocatalytic oxidation of sweeteners Saccharin and Acesulfame K. 
Effect of initial pH and persulfate concentration. 
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Saccharin photocatalytic oxidation 

at different initial pH values 

  
Two synthetic organic sweeteners have been oxidized by TiO2 
photocatalysis inside a solar simulator that provided UVA 
irradiance. Each sweetener has been treated separately from the 
other. We have modified initial pH and persulfate concentration 
in order to find an optimal set of conditions for the pollutant 
removal under sunlight. Results for each organic molecule 
indicate that there is a suitable range of pH and oxidant 
concentration that can produce removal with efficiencies of 
90% or higher. Kinetics is also analysed and it fits properly the 
conventional L-H reaction model. Best conditions we have 
found are: acidic pH and low persulfate initial concentration 
(lower than the conventionally adopted value of 1x10-3M. 
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A new supported TiO2 film deposited on stainless steel for the 
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A new supported catalyst based on TiO2 film deposited on a 
stainless steel net by Metal Organic Chemical Vapour 
Deposition technique was developed for UV photocatalytic 
treatments of a  mixture of emerging organic pollutants in 
water. Consecutive cycles of organic pollutants degradation 
demonstrated that the catalyst can be conveniently re-used for 
several photocatalytic treatment batches. Treatments were also 
performed in a real secondary municipal effluent to evaluate the 
possible application of the developed catalyst for the removal of 
emerging organic contaminants from wastewater. Toxicity 
investigation on treated water was performed by Microtox 
analysis to evaluate the toxic nature of transformation products 
and their chemical structures were investigated employing 
liquid chromatography coupled to high-resolution mass 
spectrometry (LC-HRMS).  
 
  

Conventional wastewater treatment processes do 
not generally efficiently remove a wide variety of 
pharmaceuticals and personal care products 
(PPCPs), which consequently end up in receiving 
water bodies. Such organic pollutants, classified as 
“emerging contaminants”, have been found in the 
aquatic environments with concentrations ranging 
from ng L-1 to µg L-1 and their adverse effects on 
aquatic organisms have been demonstrated [1,2]. 

Advanced oxidation processes (AOPs), 
including heterogeneous photocatalysis assisted by 
TiO2, have been proposed as promising methods 
for the degradation of organic pollutants in water 
[3,4]. The use of titania powders dispersed into 
aqueous media has been shown to efficiently 
remove PPCPs but technological and economical 
problems related to catalyst recovery and reuse are 
currently limiting its applications in large scale 
water treatment. The present study aims at 
addressing these limitations by developing novel 
immobilized catalysts based on TiO2 [5]. 

Photolytic and photocatalytic removal of 
investigated compounds (warfarin, carbamazepine, 
triclosan, metoprolol, gemfibrozil, iopromide, 
terbutaline, naproxen, ibuprofen, trimethoprim, 
sulfamethoxazole, amoxicillin) were performed in 
a 2-L cylindrical pyrex batch photoreactor 
equipped with a Hg-Ar (Germicidal UV-C, 4W) 
lamp (� = 254 nm). A supported catalyst based on 
TiO2 film deposited on stainless steel by Metal 

Organic Chemical Vapour Deposition technique 
was employed in photocatalytic experiments. In 
addition, the photocatalytic performance was 
compared to the conventional Degussa P25, 
employed as a suspension (50 mg/L). 

The structural characterisation of the supported 
catalyst was carried out by X-ray diffraction. The 
film thickness was determined by using a surface 
profilometer to analyze the step height of the films 
on partially masked samples. The mask created a 
step between the film and the substrate, and this 
step allowed to evaluate the film thickness. The 
measured TiO2 thickness was 1550 nm. XRD 
pattern of the stainless steel net (35 µm holes) 
shown in Figure 1 displays the anatase structure of 
TiO2 (red stars). 

 
Figure 1. XRD pattern of the stainless steel net 
(35 µm holes) coated with TiO2.  
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Experiments were carried out in ultrapure water, 

as well as in a secondary wastewater effluent in 

order to investigate the effect of wastewater matrix 

on catalytic activity. The removal of contaminants 

by photolysis and photocatalysis was also 

compared to ozonation in terms of energy used to 

remove 30% of each compound. The ozone setup 

was composed of a bubble reactor with 500 mL 

volume receiving oxygen/ozone gas from an 

OZOMAX 4VTT (180 W) ozone generator using 

air as oxygen source. The inlet flow rate to the 

reactor was 0.9 L/min with 7.8 g Nm-3 of ozone. 

The transferred ozone dose into the liquid was 

calculated to be 1.4 mg L-1 min-1.  

The residual concentration of the investigated 

organic pollutants was monitored using a HPLC 

system equipped with a Zorbax Eclipse Plus C-18 

interfaced to an Obitrap XL spectrometer equipped 

with a TurboIon spray (i.e. ESI) ionization source. 

Several replicates photolytic experiments in 

presence of the only UV light revealed that the 

more recalcitrant organic pollutants among those 

investigated were trimethoprim, metoprolol, 

carbamazepine, warfarin and gemfibrozil (k<0.01 

min-1) while sulfamethoxazole, iopromide, 

diatrizoic acid, diclofenac and triclosan were 

removed efficiently by direct photolysis in about 

5-10 minutes.  

Results in Figure 2 demonstrated that in distilled 

water, TiO2 supported catalyst on stainless steel 

displayed a good efficiency in degrading all the 

target pollutants.  

 

Figure 2. First order kinetic constants (k) of UV 

photolytic and photocatalytic treatments for the 

investigated organic pollutants employing TiO2 

supported catalyst on stainless steel in distilled 

water.  

 

The efficiency of the new prepared catalyst was 

compared with the conventional suspended 

catalyst showing a lower efficiency (k 0.05-0.1 

min-1) than TiO2 Degussa P25 (k 0.1-0.3 min-1).  

The lower efficiency of new prepared TiO2 

supported on stainless steel is indeed compensated 

by the advantage of being easy to be removed 

from the aqueous solution and to be reusable for 

further photocatalytic treatment batches. 

The photocatalytic activity of the supported 

catalyst on stainless steel was evaluated in 

different subsequent cycles of organic pollutants 

degradation in distilled water and results depicted 

in Figure 3 demonstrated the stability of the new 

prepared catalyst. 

 

Figure 3. First order kinetic constants measured 

during subsequent cycles (Cycle 1, Cycle 2, Cycle 

3) of photocatalytic treatments for the investigated 

organic pollutants, employing supported TiO2 

under UV irradiation, in ultrapure water. 

 

Experiments were also performed in a secondary 

municipal real effluent to evaluate the 

performance of the new supported catalyst in 

comparison to the conventional suspended 

Degussa P25. Results showed that the two 

catalysts have comparable degradation rate for all 

investigated emerging contaminants in wastewater 

being all kinetic constants lower than those found 

when using distilled water (Figure 4). 

 

 

Figure 4. Photocatalytic performance of TiO2 

supported catalyst on stainless steel net as 

compared to conventional Degussa P25 for 

removal of selected target emerging pollutants in 

secondary effluent wastewater. 
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Degradation of same mixture of emerging 

pollutants was also performed by ozonation in 

order to compare the energy consumption for the 

three investigated treatments, namely photolysis, 

photocatalysis and ozonation. 

Based on the results presented in Figure 5, 

photolysis generally requires significantly higher 

energy for removal of compounds whereas 

photocatalysis performs better or equivalent in 

terms of energy to ozonation.  

.  

Figure 5. Comparison of oxidative methods in 

terms of energy used to obtain 30% removal of 

each compound. 

 

Initial Total Organic Carbon analysis revealed 

that the level of mineralization reached during the 

UV treatments in presence of the tested catalyst is 

about 60% (%TOCFinal/TOCInitial), suggesting the 

presence of transformation products. 

Microtox analysis was performed to evaluate the 

toxic nature of transformation products and 

identify potential differences between the 

oxidative treatments. Particularly, employing this 

test it was determined the acute toxicity of on 

treated water by measuring the changes of light 

produced naturally in samples exposed to 

bioluminescent bacteria (V. fischeri NRRL B-

11177) under standard conditions.  

In this perspective, the chemical structures for 

the by-products formed under these oxidative 

conditions were also investigated based on the data 

from liquid chromatography coupled to high-

resolution mass spectrometry (LC-HRMS) 

analyses.  
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 A light emitting diode (LED) was compared with a black 
light fluorescent lamp (BL) as illumination source for the 
TiO2 photocatalytic degradation of bisphenol A (BPA). 
LED-photocatalysis was able to remove up to 99.9% of the 
initial BPA while the highest removal rate was 66.8 % when 
the BL lamp was used for the photo-excitation of TiO2. The 
effects of BPA (2.5-10 mg/L) and TiO2 concentration (100-
500 mg/L) on the performance of LED driven 
photocatalysis were also assessed. 250 mg/L TiO2 was 
proved to be the optimal dosage of catalyst being able to 
breakdown 98.9% of BPA in 45 minutes. Increase of BPA, 
from 2.5 to 10 mg/L, resulted in removal decrease from 99.9 
to 79.7% due to depletion of TiO2 active sites for the BPA 
adsorption. 
 
 
 

 
 

1. Introduction  

     Endocrine disrupting compounds (EDCs) 
regenerate considerable academic and public 
attention due to their widespread occurrence and 
potential impact on human health and wildlife. 
Various chemical substances have been identified 
as potential EDCs including pharmaceuticals and 
personal care products (PPCPs), pesticides, 
industrial chemicals, heavy metals and recently 
artificial sweeteners (ASs) [1, 2]. Bisphenol-A 
(BPA), a listed EDC, is used extensively in the 
plastic industry for the manufacture of polymers 
(polycarbonates and epoxy resins), flame 
retardants and rubber chemicals [1, 3], and 
receives considerable attention as it is highly 
abundant in water environment [3]. 

     Advanced oxidation processes (AOPs) are 
attractive technologies for EDCs and PPCPs 
treatment due to their ability of mineralizing them 
completely [1, 4]. Additionally, AOPs feature key 
advantages from the economic point of view and 
the safe disposal of the effluents [4]. The 
processes of this category follow the same 
reaction way; highly reactive species, mainly free 
hydroxyl radicals (•OH), are formed and attack 
non-selectively refractory organic pollutants by 
their subsequent conversion to CO2 and inorganic 
ions [1]. Heterogeneous TiO2 photocatalysis 
holds a unique position between other AOPs due 
to its demonstrated efficiency in degrading and 
finally mineralizing bio-recalcitrant organic 
compounds [5, 6]. Furthermore, it is chemical 
stable, inexpensive, operates in ambient 

temperature and pressure and catalyst itself 
features outstanding properties such as long-term 
photostability, chemical inertness, low cost and 
environmentally friendly nature [7]. To increase 
process sustainability, solar or light emitting 
diodes (LED)-based photocatalysis can be 
employed. In this direction, considerable 
attention has been drawn to optimize process 
efficiency for water treatment applications [8]. 
Sunlight driven photocatalysis makes use of the 
UV band of solar spectrum for the photo-
excitation of catalysts in an economic and 
ecological way without the high operating cost of 
the artificial photon generation [8]. LEDs in 
contrast to low pressure mercury-vapour UV 
lamps present significant advantages such as 
narrower emission spectra, higher output light 
efficiency, lower energy consumption, extended 
life time, smaller environmental footprint and are 
free of the toxic mercury [9]. 

     In light of this, LED photocatalysis for the 
BPA removal from aqueous solutions was 
investigated in this study. Experimental series 
were conducted comparing the efficacy of LED 
and BL lamp as illumination sources and the 
effect of key operational parameters, namely 
catalyst load, initial BPA concentration and 
treatment time, on the photocatalytic performance 
was assessed. 

2. Materials and methods 

2.1 Chemicals 

     BPA (CAS No: 80-05-7) was obtained from 
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Sigma Aldrich in purity ≥99% and used without 

further modification. BPA solution, 25 mg/L, was 

prepared in deionized water (18.2 ΩΜ, Elga 

Labwater). Working solutions of BPA, 2.5-10 

mg/L, were prepared by further diluting the stock 

solution in deionized water. Aeroxide® TiO2 P25 

(P25), supplied by Evonic, was used as the 

photocatalyst. 

2.2 Photocatalytic experiments 

     The photocatalytic experiments were carried 

out in a batch reactor, applying a working volume 

of 150 mL. For LED-photocatalysis a quartz plate 

was placed above the reactor where the LED was 

fixed on it emitting at 365 nm (UV-A) and at light 

intensity of 11W. The second irradiation source 

was a black light fluorescent lamp (BL), housed 

in a quartz sleeve and placed above the 

photoreactor. BL emitted at 365 nm (UV-A) and 

at light intensity of 11W. 

     BPA solution was loaded in the photoreactor 

and the accurate pre-weighted amount of P25 was 

added. The slurry solution in the reactor was 

continuously stirred with a magnetic stirrer to 

achieve uniform mixing and to promote 

dispersion of the photocatalyst. The solution was 

stirred for thirty minutes in the dark allowing for 

an adsorption-desorption equilibrium of BPA on 

TiO2 surface at the beginning of each experiment 

(adsorption phase). During this time, the reactor 

was covered with aluminum foil to prevent 

irradiation losses. Then the lamp was switched on 

and the suspension was irradiated for 45 minutes. 

During the experimental procedure samples were 

withdrawn at scheduled times and filtered 

through 0.45 μm syringe filters (CM Scientific) to 

separate catalyst’s particles. The filtrate was 

analysed for BPA residuals by applying 

chromatographic and spectrophotometric 

analysis. All the experiments were conducted in 

room temperature. The effect of key operational 

parameters on treatment performance was 

assessed and evaluated in terms of BPA removal.  

2.3 Analysis  

     BPA concentration was measured by HPLC 

method obtained by Frontistis (2011) [10]. HPLC 

(C18 Luna 5u, 250 x 4.6 mm, Phenomenex) with 

a UV-DAD detector at a wavelength of 225 nm 

was used. The mobile phase was a mixture of 

water (35 vol. %) and acetonitrile (65 vol. %) at a 

flow rate of 1mL∙min-1. The solvents were eluted 

isocratically and the injection volume was at 40 

μL. Additionally, calibration curve for the 

determination of BPA, based on the Beer-

Lambert’s law, was established for the UV-

Visible spectrophotometer (Varian, Cary 100 

Scan) at λmax=193 nm. 

3. Results and discussion 

3.1 Effect of catalyst concentration 

     In order to assess the effect of TiO2 dosage and 

obtain the optimal one for the photocatalytic 

degradation of BPA, various photocatalyst 

dosages (100, 125, and 250 mg/L) were applied. 

The optimal dosage was found to be 250 mg/L 

P25 that removed 98.9% of the BPA. Increase of 

the TiO2 load resulted in higher removal of BPA 

as more active sites were available for the 

photocatalytic reactions. Although the removal 

rates for 100, 125 and 250 mg/L P25 did not differ 

a lot after 45 minutes of irradiation (97.9, 95.9 

and 98.9% respectively), 250 mg/L P25 led to 

shorter irradiation time of 30 minutes to achieve 

97.9% BPA removal (Figure 1). It is evident from 

Figure 1 that 250 mg/L P25 allowed higher BPA 

uptake on catalyst’s surface during the adsorption 

phase. When the BPA was irradiated without 

catalyst addition (UV photolysis), removal was 

negligible (11.8%), fact that necessitates the 

presence of catalyst. 

 

 

Figure 1. Removal rate of BPA versus time for 

different catalyst dosages. Photocatalytic 

conditions: [BPA]0=5 mg/L, [P25]=0-250 mg/L, 

irradiation source: LED, light intensity: 11W, 

irradiation time=45 min. and room temperature ≈ 

25°C 

 

3.2 Effect of initial BPA concentration 

     Figure 2 depicts the removal profiles of BPA for 

four different initial concentrations of BPA, 

[BPA]0. The efficiency of the photocatalytic 

treatment decreased, from 99.9 to 79.7%, when the 

initial BPA concentration increased from 2.5 to 10 

mg/L as shown in Figure 2. 20 minutes proved 

adequate for the 99.9% degradation of 2.5 mg/L 

BPA. However, when concentration of 10 mg/L 

BPA applied, 45 minutes of irradiation were not 
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sufficient to remove more than 79.7% of the BPA 

due to absence of free TiO2 active sites for the BPA 

uptake. 

 

 

Figure 2. Removal rate of BPA versus time for 

different initial BPA concentrations. Photocatalytic 

conditions: [BPA]0=2.5-10 mg/L, [P25]=125 mg/L, 

irradiation source: LED, light intensity: 11W, 

irradiation time= 45 min. and room temperature ≈ 

25°C  

 

3.3 Effect of the irradiation source 

 

Table 1. Photocatalytic removal, R, of BPA under 

LED and BL illumination. Photocatalytic 

conditions: [BPA]0=2.5-10 mg/L, [P25]=0-250 

mg/L, irradiation source: LED, BL lamp, light 

intensity: 11W, irradiation time= 45 min. and room 

temperature ≈ 25°C 

Run 

No. 
[TiO2], 

mg/L 

[BPA]0, 

mg/L 

RLED, 

% 

RHg, 

% 

1 0 5 11.8 0 

2 125 2.5 99.9 66.8 

3 125 5 95.9 62.8 

4 125 7.5 90.6 36.02 

5 125 10 79.7 29.5 

6 250 5 98.9 57.5 

 

     Table 1 shows the ability of LED and BL source 

to photoexcite the P25 and subsequently to remove 

the BPA from the aqueous solution. The irradiation 

sources were tested under identical conditions that 

are described in Table 1. In all the experiments, 

LED demonstrated superior performance to BL 

lamps even in the absence of catalyst, under LED 

irradiation BPA was degraded to 11.8% compared 

to negligible adsorption percentage with BL source. 

Although, both lamps emitted at the same 

wavelength, 365 nm, and at the same light intensity, 

11W, LED achieved the greatest performance by 

far due to its pure spectrum in contrary to broader 

emission spectra of black light fluorescent lamps. 

4. Conclusions 

     LED and black light fluorescent lamp were 

employed in the TiO2 photocatalytic treatment of 

BPA. Under LED irradiation the BPA was 

degraded up to 99.9%, whilst the respective 

removal rate for BL source was 66.8%. The effect 

of initial BPA and P25 concentration on LED-

photocatalytic performance was also investigated. 

The optimal P25 dosage was found to be 250 mg/L 

being able to remove 98.9 % of the BPA in 45 

minutes. Increase in the initial BPA concentration 

up to 10 mg/L led to the absence of active sites 

available for BPA adsorption resulting in a 

relatively decreased removal of 79.7%. 
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 Flat sheet ultrafiltration (UF) membranes with photocatalytic 
properties were prepared with lab-made TiO2 and graphene 
oxide-TiO2 (GOT). These membranes were tested in continuous 
operation mode for the degradation of water pollutants under 
both near-UV/Vis and visible light irradiation. The effect of 
NaCl was also investigated considering simulated brackish 
water  and seawater. A hierarchically ordered membrane was 
also prepared by intercalating a freestanding GO membrane in 
the structure of the M-GOT membrane (M-GO/GOT). The 
results showed considerably higher pollutant removal in 
darkness and good photocatalytic activity under near-UV/Vis 
and visible light irradiation in continuous mode experiments. 

 
Water shortage is a critical issue, as clean and 
consumable fresh water is becoming a scarce 
resource. Hence, efficient purification methods are 
required for producing clean water and also for 
reclaiming wastewaters aiming at subsequent 
usage. In recent years, membranes prepared with 
photocatalytic nanoparticles have attracted a great 
deal of attention due to their superior characteristics 
(e.g., anti-fouling and photocatalytic properties) 
when compared to conventional membranes [1]. 
Hereby, the preparation of graphene oxide 
(GO) TiO2 composite photocatalysts for solar 
applications is described. For instance, by using 
the liquid phase deposition method and subsequent 
thermal treatment in inert atmosphere, a GO TiO2 
composite (with optimized GO loading of 4.0 
wt.%) significantly outperformed the reference 
TiO2 photocatalyst (Degussa P25) for the 
degradation of water pollutants, overcoming the 
main limitations of bare TiO2 (recombination of 
photo-generated charge carriers and poor light-
harvesting ability). The optimal assembly and 
interfacial coupling achieved between the GO 
sheets and the TiO2 nanoparticles explain this 
finding [2]. 

This GO TiO2 composite was then assembled 
onto flat sheet filtration cellulose membranes, M-
GOT (Figure 1a). In addition, an innovative 
hierarchically membrane referred as M-GO/GOT 
was prepared by intercalating a GO membrane in 
the structure of M-GOT (Figure 1b). This 
communication describes the results obtained for 
the degradation and mineralization of a 
pharmaceutical compound, diphenhydramine 
(DP), and an organic dye, methyl orange (MO), 
the membranes being tested in continuous 
operation mode under both near-UV/Vis and 

visible light irradiation. The effect of salinity was 
investigated considering simulated brackish water 
(SBW, 0.5 g L–1 NaCl) and simulated seawater 
(SSW, 35 g L–1 NaCl). 

 

 

 
 

Figure 1. SEM micrographs of (a) M-GOT and (b) 
M-GO/GOT membranes (adapted from [3]). 

(a) 

 (b) 
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The photocatalysts were homogeneously 
deposited without appreciable presence of cracks, 
holes or another defects (Figure 1).  

The results indicated that the M-GOT membrane 
exhibited the highest photocatalytic activity, 
outperforming those prepared with bare TiO2 (M-
TiO2) and P25 (M-P25), both inactive under 
visible light illumination. In general, the permeate 
flux was also higher for M-GOT probably due to a 
combined effect of its highest photocatalytic 
activity, highest hydrophilicity and higher 
porosity. The presence of NaCl had a substantially 
detrimental effect on the photocatalytic 
performance, which may be due to the chloride 
anions acting as hole and hydroxyl radical 
scavengers. In general, the M-GOT membrane 
showed significantly higher photocatalytic activity 
for the pollutants abatement than the other 
membranes tested.  

The M-GO/GOT membrane was evaluated for 
the degradation of DP, first in darkness and then 
under visible and near-UV/Vis irradiation (Figure 
2). The M-GO/GOT membrane exhibited a 
significantly higher DP removal under dark 
conditions in DW when compared to M-GOT (i.e, 
12 and 42% for M-GOT and M-GO/GOT, 
respectively). The DP concentration increased 
after the initial fast DP removal and before turning 
on the lamp, but a long dark period (up to 48 
hours) was needed for the saturation of the M-GO-
GOT membrane with the DP pollutant while only 
180 min where required in the case of the M-GOT 
membrane. These results indicate that the 
adsorption and/or exclusion of pollutants of the M-
GOT membrane was increased by the introduction 
of the free-standing GO membrane, the M-
GO/GOT membrane presenting a higher DP 
adsorption capacity in the filtration process. This 
membrane also showed good performance under 
visible and near-UV/Vis irradiations. However, the 
M-GOT membrane performed better, probably due 
to the higher compactness in the case of 

M-GO/GOT as a consequence of the synthesis 
conditions required for its preparation. 

 

 

 
Figure 2. (a) DP removal and (b) variation of the 
permeate flux in DW and SSW (35 g L–1) with the 
M-GO/GOT membrane under dark conditions, 
near-UV/Vis and visible light irradiation (adapted and 
reprinted from [3]). 
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Cortisol heterogeneous photocatalytic degradation on 
immobilised TiO2 and homogenous photocalytic degradation 
with Fe as the catalyst was investigated. The rate constant in 
heterogeneous photocatalytic reaction was 0.020 min-1, in 
homogenous degradation with just  traces of the metal present 
in the reaction system (less than 1*10-7mol/l) the rate constant 
was  0.046 min-1; addition of ferric ions accelerated the reaction 
enormously – with metal ions at the concentration 1*10-5mol/l 
the degradation was completed in less than two minutes. 
Quantum yield of the homogeneous reaction is 6.839*10-3. 
 

 
 

Background 

Cortisol is a steroid hormon of the family of 
glucorticoids produced by adrenal cortex of the 
adrenal gland. Cortisol stimulates 
gluconeogenesis, i.e. the formation of glucose, and 
activates anti-stress and anti-inflamatory pathways 
in organisms.  

Hydrocortisone is the name of cortisol when 
used as medication for skin irritation, allergic 
reactions and other pharmaceutical applications. 

Runnals et al.1 analyzed  a comprehensive U.K. 
database covering all prescriptions of 
pharmaceuticals to determine the annual usage of 
all steroid and anti-steroid pharmaceuticals. They 
found that glucocorticoids are used in much 
greater amounts than estrogens. All these 
pharmaceuticals are likely to be constantly 
entering the aquatic environment via effluents 
from sewage treatment plants. River 
concentrations of these pharmaceuticals are  very 
low, probably in the ng or sub-ng/l range (no 
precise data are available). However, even such 
low concentrations may still pose a threat to 
aquatic organisms. 

Advanced oxidation procedures have been 
investigated for possible degradation of xenotiotics 
in the aquatic environment; among those 
techniques, heterogeneous photocatalysis on 
semiconductors has attracted much attention2,3,4,5,6. 

 

Objectives 

The aim of our study was to determine the 
kinetics of cortisol photocatalysed degradation on 
immobilised TiO2 and compare it with the 
degradation in the homogeneous phase in the 
presence of ferric ions as the catalyst in the 
concentrations common in natural waters. 

 

Methods 

The light source Phillips TLD 15 W 08 lamp 
(light with the wavelength range of 350 – 410 nm) 
was used for irradiation of reaction mixtures with 
TiO2. Homogeneous mixtures were irradiated in 
the Rayonet reactor with lamps RPR 3000Å 
(emitted light 254 – 350 nm), light below 300 nm 
was filtered out to imitate short-wavelength sun 
radiation.  

Actinometric measurements was performed 
according to Murov7. 

HPLC, HPLC-MS and ICP-MS was used for 
reaction mixtures analyses. 

 

Results and Discussion 

The spectrophotometric analysis of degradation 
progress used e.g. in plasma degradation of 
cortisol8  does not provide sufficiently precise 
results, the comparison of spectrophotometric and 
HPLC analyses is visualised in Fig. 1. 
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Fig. 1: Comparison of spectrophotometric and 

HPLC measurement of TiO2 

photocatalysed degradation of cortisol. 

Blue triangles  and blue line – 

spectrophotometric measurement, red 

squares and red line – HPLC 

measurement of cortisol decrease. 

First-order reaction rate constant determined by 

means of HPLC analysis for photocatalysed 

degradation on TiO2 is 0,020 min-1 . 

Cortisol itself when entering natural water bodies 

cannot undergo a photoinitiated transformation 

since it does not absorb sun light reaching the 

earth surface (i.e. light above 300 nm). After 

addition of ferric ions, a complex is formed with 

absorbance in the short-wavelength sun radiation 

range as shown in Fig.2. 

 

Fig.2: UV absorbance of cortisol (brown line) and 

Fe(III)-cortisol complex (green line). 

Since  ferric ions are present in European surface 

waters in concentrations as high as tens and even 

hundreds of milligrams per litre9, the complexation 

may induce photoinitiated transformation of 

cortisol in aquatic environment. 

The photochemical degradation in the presence of 

ferric ions in concentration of millligrams per liter 

(and molar ratio cortisol : Fe = 1:1) was completed 

in less than two minutes. Ten fold decrease of 

ferric ions concentration still led to the similarly 

quick reaction. Without addition of ferric ions, the 

reaction proceeds as first-order reaction  with the 

reaction rate k = 0.046 min-1, as presented in Fig. 

3. 

 

 

Fig. 3: Photoinitiated degradation of cortisol in 

homogeneous reaction without addition of 

Fe(III) ions (brown squares + brown line) 

and in the presence of Fe (III) in the 

concentration 1*10-5 mol/l (green 

diamonds  + green line) . 

To verify the hypothesis, that traces of metal ions 

are responsible for the reactivity in the 

homogeneous solution, ICP-MS determination of 

iron was performed. The value of 3g/l of Fe was 

determined in the stock solution of cortisol, which 

supports the hypothesis of trace  photocatalysis. 

Actinometric measurement provided the quantum 

yield value of 6.839*10-3 which is a similar value 

as reported for other pollutants under similar 

conditions10. 

 

 

 

 

 

Fig.4: HPLC elution pattern and relative abundace 

of  fragments in HPLC-MS for non –

irradiated sample of cortisol. 
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In HPLC analyses of the reaction mixtures after 

degradation, both heterogeneous and 

homogeneous, only insignificant signals of 

products can be seen on the elution profile. The 

chromatogram and HPLC-MS profile of the 

cortisol stock solution is presented in Fig. 4, the 

chromatogram of irradiated sample is seen in the 

upper part of Fig. 5. 

 

 

 

 

 

Fig.5: HPLC elution pattern and relative abundace 

of  fragments in HPLC-MS for cortisol 

after 15 minutes of irradiation in 

homogeneous solution (B). 

 

HPLC-MS analysis revealed a series of products 

in the reaction mixture after homogenous reaction 

– Fig. 5, the lower part. Identification of these 

products is out of the scope of the present study. 

 

Conclusion 

Photochemical degradation in both 

heterogeneous photocatalytic reaction on TiO2 and 

in homogeneous photocatalytic reaction with Fe as 

the photocatalyst proceeds as a  first-order reaction 

with the rate constants 0.020 min-1 and 0.046 min.-

1, resp.  

Homogeneous degradation is significantly 

accelerated with the increase of ferric ions in the 

reaction mixture. 

Quantum yield of the homogeneous reaction is 

6.839*10-3. 

Photocatalytic degradation on TiO2 may be a 

useful method for cortisol (hydrocortison) 

desintegration in the case of contaminated waters. 

Photoinitiated reaction with iron as photocatalyst 

may represent the pathway of transformation of 

cortisol (hydrocortisone) entering the surface 

water bodies as pharmacopollutant. 
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 The thin film photocatalytic spinning disc reactor (pSDR) is a 
new process intensification reactor for supported photocatalysts. 
This work investigates the use of a range of different 
photocatalyst macro-structures (meshes and grooves in the 
photocatalyst disc) in order to increase the micromixing to 
increase the overall degradation rate in the pSDR.  
Results have shown that degradation rate can be optimised 
through identification of the optimal rotating speed, disc surface 
structure (meshes/grooves/smooth), oxidant input and 
volumetric flowrate. The optimal was found to be at 300 rpm 
and 20 mL/s for a disc with square grooves. Overall, this work 
shows that reactor and photocatalyst surface macrostructure and 
design also plays an important role in increasing photocatalytic 
treatment efficiency. 
  

Introduction. Process intensification can be 
described as any chemical engineering 
development that leads to a substantially smaller, 
cleaner and more energy efficient technology. The 
spinning disc reactor (SDR) has been shown to be 
a process intensification technology that can 
increase reaction rate and photonic efficiency 
compared to conventional reactors [1]. The 
principle of SDR technology is based upon the 
formation of a thin liquid film (20−300 μm) on a 
rotating disc induced by centrifugal and shear 
forces. This creates a high surface-to-volume-ratio. 
These properties allow for the use of an SDR in a 
wide range of reactions [2]. For instance, the 
suitability of the spinning disc reactor for 
polymerization reactions, organic synthesis, 
photocatalysis, or precipitation reactions was 
investigated. 

The SDR has been investigated for application 
as a thin film photocatalytic system within the 
Patterson research group [3], producing a new 
process intensification technology: the 
photocatalytic spinning disc reactor (pSDR). The 
pSDR  overcomes many of the aforementioned 
problems with chemical catalysts. The catalyst is 
immobilised, so does not need to be recycled 
and/or separated. Like the SDR, the pSDR  should 
overcome the mass transfer limitations of these 
catalysts, but can also protect them from 
mechanical and hydraulic forces related to 
deactivation[1, 3, 4].  Different flow regimes can 
form across the surface of the disc depending on 
the flow rate, rotational speed, and liquid 

properties. Boiarkina et al. [3] found that the 
photocatalytic surface rate of reaction was 
independent of these flow regimes. However, this 
pSDR thin film photocatalytic system has 
disadvantages if a thin film catalyst is coated 
directly onto the disc [3], then the catalyst amount 
and surface area is largely limited to the surface 
area of the disc. This past work on the pSDR also 
found that with the smooth disc used, oxygen mass 
transfer is the rate limiting step at higher initial 
concentrations [5].  

To address these limitations, this paper 
continues the development and optimisation of the 
pSDR by introducing textured discs (meshes and 
grooves as a macrostructure) to both increase the 
potential photocatalyst surface area on the disc as 
well as improve mixing. Textured discs in 
particular increase mixing through enhancing 
micro-mixing in the thin liquid film on the disc 
and changing the wave patterns compared to the 
smooth disc [6]. More photocatalyst can be coated 
on the increased disc area also. Together, this 
should increase reaction rate: since there may be a 
complex interaction between the various factors, 
the type of grooved pattern, as well as spinning 
speed and flow rate all need to be optimised to 
maximise reaction rate [3, 7, 8]. 

In doing this, this work therefore significantly 
extends the previous work on the pSDR through 
investigating the use of a range of different 
photocatalyst textured macrostructures (meshes 
and grooves in the photocatalyst disc) in order to 
increase the micromixing and photocatalyst 
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surface area, to increase the overall degradation 
rate in the pSDR. The effect of  rotating speed, 
disc surface structure (meshes/grooves/smooth), 
oxidant input amount (oxygen added or not) and 
volumetric flowrate are investigated in order to 
determine the set of parameters that maximises the 
overall photocatalytic degradation rate. Methylene 
blue (MB) was used as the benchmarking 
compound. MB was chosen since it has well 
established kinetics and reaction mechanisms in 
conventional photocatalytic reactors that can be 
used to benchmark the structured disc pSDR 
performance against and was used in previous 
investigations of the pSDR [1,3,4]. A titanium 
dioxide (TiO2) sol gel coated glass disc with 
coated additional macrostructures were used as the 
photocatalyst. 

Methods. Sol-gel coating was undertaken as in 
[9] and used to immobilised the TiO2 photocatalyst 
on the surface of the smooth, meshes and grooved 
glass discs to obtain a mechanically stable film. 
Heat treatment was carried out in a furnace at 
550C in air (which maximising the anatase). A 
schematic of the pSDR experimental set up is 
given in Figure 1 – further details are in [1]. All 
experiments were run with complete 
recycle.

 
Figure 1. Schematic diagram of experimental 
setup of the pSDR. 

 

Experiments were carried out with three 
different disc macrostructures: (1) coated smooth 
glass disc; (2) 2 sizes of wire mesh (6 Mesh and 14 
Mesh) on top of a coated smooth disc; and two 
patterns of grooved (square and mesh) glass disc. 
The pSDR was investigated with these at spinning 
speeds of 100, 200 and 300 rpm and feed flowrates 
of 15 and 20 mL/s. The 15 mg/L (40.05 µmol/L) 
of MB was used as feed.  

UV-Vis (Cary 100 UV Vis) and HPLC (Gilson 
Model 321-H2) was used to quantify the 
concentration of azo dye compounds present in the 
reactant reserviour during the reaction. The 
hydrodynamics on the disc were photographed 
using a high shutter speed DSLR camera (Canon 
EOS 600D). Reaction rates (on a surface area 
basis) in the reactor (rather than for depletion in 

the reservoir) were calculated via a mass balance 
and reactor modelling of the system (further 
details in [3]). 

Results. Effect of mesh on process 
intensification. In theory, the high surface area 
stainless steel meshes studied should both increase 
the surface area of photocatalyst present, as well as 
increase mixing due to interrupting the flow on the 
disc, which may result in an increased reaction rate 
compared to a smooth disc. A smaller mesh size 
would increase the photocatalyst surface area 
further, enhancing these gains. 

However, as shown in Figure 2, there were no 
significant differences in MB degradation between 
different mesh sizes. Compared to the smooth disc, 
with a lower photocatalytic surface area, it can be 
seen that the meshes did not produce any process 
intensification. It is hypothesised that this is due to 
two factors: firstly there is a shadowing on glass 
disc by the meshes, reducing the light exposed 
surface area and therefore reducing the effective 
surface area of the photocatalyst. High speed 
camera analysis of the flow on the top of the disc 
(results not presented) also show that the mesh 
disrupts the liquid film to a greater extent than 
expected, producing dry patches across the mesh 
surface, further reducing the effective surface area 
of the photocatalyst. This all results in a less 
effective spinning disc photocatalyst surface and 
drove the development of grooves on the surface 
of the discs instead to overcome these issues.  
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Figure 2. Relative concentration of MB 
degradation. 

 

Hydrodynamics of the Fluid Film. The 
hydrodynamics of the fluid film on the disc can be 
described by the synchronized Nusselt flow model, 
which was originally developed to describe the 
properties of a liquid flowing down a vertical wall. 
In this model, the local film thickness is defined 
by the following equation: 

                δ = ((3νQ)/(2πω2r2))(1/3)                   (1) 

It can be easily deduced from the formula that 
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the film thickness decreases with increasing radial 
distance and with rising rotational speed. 
However, the correlation above cannot predict the 
hydrodynamics of a disc with different wettability 
nor with meshes or grooves on the disc. Therefore 
high speed camera images were used to analyse 
this. Figure 3 illustrates the hydrodynamics of the 
liquid film at different rotational speeds and at a 
constant volume flow of Q = 20 mL/s. The mesh 
discs have been omitted from the presented 
analysis. It can be seen that for all types of discs, 
the area of dry spots and the amount of rivulets are 
reduced with increasing rotational speed. 
Furthermore, the formation of waves can be 
observed at higher rotational speed. The amount 
and the frequency of the ripples increase with 
increasing rotational speed. This results in an 
improvement of mass transfer properties due to the 
increasing mixing, as described in the literature 
[2]. Using a patterned disc appears to also even out 
the flow across the surface of the disc, which 
would both increase local UV penetration onto the 
disc surface (less scattering) and provide more 
uniform volumetric utilisation of the catalyst. This 
is corroborated by results on related systems [6]. 

100rpm 200rpm 300rpm 

 

 Figure 3. Photographs of the liquid film on the rotating 
disc, taken at different numbers of revolutions (Q = 20 
mL/s) with 3 different surface textured.  
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Figure 4. Effect of flow rate and rotational speed on the 
surface rate constants of the degradation of MB.  

 

Effect of grooved discs on process 
intensification. As shown in Figure 4, the square 

grooved disc surface used in this work provides an 
improved in reaction rate compared to the smooth 
disc and mesh grooved disc. The increased mixing 
due to grooves induces instabilities in the liquid 
film, resulting in an improved mass transfer in 
addition to the increased volumetric efficiency.  

Investigating the effect of the two main pSDR 
control parameters (spinning speed and inlet 
flowrate), it was found that the optimal (highest 
reaction rate) was at 300 rpm and 20 mL/s for the 
square grooved disc without added oxygen, 
indicating that the self-aeration of oxygen by the 
pSDR spinning liquid film contacting air produces 
sufficient and more optimal oxidant input. 

Conclusions. Results have shown that degradation 
rate can be optimised through identification of the 
optimal rotating speed, disc surface structure 
(meshes/grooves/smooth), oxidant input and 
volumetric flowrate. The optimal was found to be 
at 300 rpm and 20 mL/s for square grooved disc. 
Overall this work shows that reactor and 
photocatalyst surface macrostructure and design 
plays an important role in increasing 
photocatalytic treatment efficiency. Moreover, the 
process intensification (higher reaction rates and 
photonic efficiency) and self-aeration 
demonstrated here and in previous work [1,3,4], 
further demonstrates the significant advantages of 
the pSDR over other photocatalytic reactors. 
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Air pollution by nitrogen oxides represents a serious 
environmental problem in urban areas where numerous sources 
of these pollutants are concentrated. One approach to reduce the 
concentration of these air pollutants is their light-induced 
oxidation in the presence of molecular oxygen and a 
photocatalytically active building material using titanium 
dioxide as the photocatalyst. Possible mechanisms of the 
photocatalytic transformations of nitrogen oxides will be 
discussed. It will be shown that the observed transformation of 
NO in the presence of visible-light irradiated titanium dioxide 
might be due to a ligand-to-metal charge-transfer process.  
 

 
 

Air pollution by nitrogen oxides represents a 
serious environmental problem in urban areas 
where numerous sources of these pollutants are 
concentrated. One approach to reduce the 
concentration of these air pollutants is their light-
induced oxidation in the presence of molecular 
oxygen and a photocatalytically active building 
material using titanium dioxide as the 
photocatalyst. Based on own experimental results 
[1] possible mechanisms will be discussed 
involving both, the photocatalytically generated 
holes as well as the respective electrons as 
initiators of the process. It will be shown that the 
observed transformation of NO in the presence of 
visible-light irradiated titanium dioxide might be 
due to a ligand-to-metal charge-transfer process. 
Moreover, results of an investigation concerning 
the influence of the photon flux, the humidity and 
the pollutant concentration on the rate of the 
photocatalytic oxidation of nitrogen(II) oxide in 
the presence of molecular oxygen and UV(A) 
irradiated titanium dioxide powder will be 
presented [2-6].  
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To destroy the biorefractory organics laden in 
acrylic fibre manufacturing wastewater, a 
series of UV based advanced oxidation 
processes were attempted. Excellent 
TOC/COD reduction was observed for the 
UV + TiO2 + Persulfate process. Instead of 
the typical TiO2 nanoparticles, a novel 
photocatalyst with hedgehog-like Fe2O3 @ 
SiO2 @ TiO2 microparticle morphology and 
magnetically separable property has been 
developed used in this work.  

 
Background 
 
Acrylic fibres are synthetic fibres mainly used in 
textile industry and carbon fibre manufacturing 
made from polymerization of acrylonitrile (AN) 
mainly. Depending on the manufacturing 
technology, solvent used in the polymerization and 
spinning processes can be sodium thiocyanate 
(NaSCN), dimethylacetamide (DMAc) or 
dimethylformamide (DMF). Large amount of 
wastewater (> 10 tons per ton acrylic fibre) is 
generated from various washing and the solvent 
recovery operations.[1] This kind of wastewater is 
laden with organics and other oxygen demanding 
pollutants, therefore it must be properly treated 
before it can be discharged under current’s 
stringent regulation. Monomers and solvents are 
inherent part of the pollutants that present in the 
acrylic fibre manufacturing wastewater.[2, 
3]Actually, AN[4], NaSCN[5], DMAc[6] and 
DMF[7] were independently found to be 
biodegradable and biological processes can 
considerably reduce (20 - 50%) the chemical 
oxygen demand (COD)[8]  of the this wastewater. 
Nevertheless, this extent of COD removal is far 
from being satisfactory and this suggests the 
presence of other biorefractory compounds. Li et 
al.[3] reported that their acrylic fibre 
manufacturing wastewater sample contained 208 
mg/L of oligomers. Yang et al.[2] reported that the 
most of the COD in acrylic fibre manufacturing 
wastewater was originated from colloids with MW 
< 6kD and nanosized particles. Hence, oligomers 
should be the main biorefractory organic pollutant 
in this kind of wastewater. Advanced oxidation 
processes (AOP), including UV/TiO2, 

UV/Persulfate and their combination are 
promising technologies of destroying the residual 
non-biodegradable organic matters laden in the 
acrylic fibre manufacturing wastewater. A novel 
photocatalyst with hedgehog-like Fe2O3 @ SiO2 @ 
TiO2 microparticle morphology and magnetically 
separable property, namely magnetically separable 
spiny TiO2 (MSST) has been developed and used 
in this work instead of the typical TiO2 
nanoparticles. 
 
Objectives 
 
To effectively mineralize the residual total organic 
carbon (TOC) and removal of COD in acrylic fibre 
manufacturing wastewater already treated with 
biological process. 
 
Methods 
 
The AOPs attempted included UV only, UV / TiO2, 
UV / Sodium persulfate and UV / TiO2 + Sodium 
persulfate. 
Acrylic fibre manufacturing wastewater previously 
treated with biological process was obtained from 
an acrylic fibre plant. Sodium persulfate (NaPS) 
was purchased from Aladdin reagents (Shanghai) 
Co. Ltd. Magnetically separable spiny TiO2 
(MSST) shown in figure 1 was synthesized with 
our previously published[9] method. 
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Figure 1. Transmission electron microscopy 

image of MSST 

 

In a typical test, 0.250 g of MSST was dispersed 

ultrasonically in 160 ml of wastewater. 

Considering that the TiO2 loading of MSST was 

64%, the actual TiO2 dosage was 1 g/L. The initial 

TOC and COD were 43 and 102 mg/L, 

respectively. The mixture was transferred to a 

cylindrical glass photoreactor shown in figure 2 

with height of 220 mm, inner diameter of 42 mm 

and effective volume of 160 mL. A lamp with 

waterproof quartz sleeve was placed coaxially 

inside the photoreactor. Continuous air purging at 

0.3 L/min was applied to provide oxygen and 

agitation. Before switching on the lamp, air 

purging was applied for 3 minutes and 0.0715 g of 

NaPS, equivalent of 30 mg/L active oxygen, was 

added into the wastewater. The duration of 

illumination was 4 hours and the lamp used was a 

hot cathode low pressure mercury vapor lamp with 

185 nm VUV and 254 nm UVC output (10 W, U-

VIX brand, ZW10D15Y). 4 ml of samples were 

withdrawn from the reaction mixture at certain 

time intervals. The suspended photocatalyst was 

removed from the samples by applying a magnetic 

field. The TOC and COD of water samples were 

monitored by Shimadzu TOC-VCPH and Hach 

method 8000 with low range digestion vials, 

respectively. Samples for TOC analysis were first 

filtered with Jin Teng 0.45 micron PSF syringe 

filters. 

 

 
Figure 2. The cylindrical glass photoreactor with 

light source 

 
Results 

 

As shown in figure 3, both the efficiencies in 

mineralizing the TOC and removing the COD in 

the wastewater of various AOPs were followed the 

order of UV + MSST + NaPS > UV + NaPS > UV 

+ MSST > UV only. Mineralization in the UV 

only experiment was very slow and only 43% and 

19% of TOC and COD were removed after 4 hours. 

This would be attributed to the well-known 

sunlight resistant to deterioration of acrylic fibres. 

It is not surprising that the polymeric colloids 

laden in acrylic fibre manufacturing wastewater 

also possess good UV stability. The presence of 

TiO2 enhanced the removals of both TOC and 

COD to 69% and 65%. This was because of the 

well-known ability of TiO2 to utilize UV photons 

and generate highly reactive electron holes and 

hydroxyl radicals. Compared to TiO2, the addition 

of sacrificing oxidant NaPS was a more effective 

way to improve mineralization efficiency. Under 

UV illumination, the persulfate anion can absorb a 

UV light quantum and undergo homolysis which 

generates 2 highly reactive persulfate radicals 

(SO4
⋅-)[10] and this scheme of reactive oxygen 

species generation should be more efficient that 

the UV/TiO2 system since 1. in UV/TiO2 system, 

only 1 hydroxyl radical can be generated from 

each light quantum[11], 2. active sites on TiO2 

surface can be blocked by various interfering 

species present in industrial wastewater[12], 3. the 

oxygen transfer to excited TiO2 particles can be a 

rate limiting factor and 4. photogenerated holes 

and electrons were confined in the TiO2 particles 

and they may be recombined[11]. The 
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combination of UV and NaPS removed 93% and 

96% of TOC and COD after 4 hours. Combining 

the UV, TiO2 and NaPS resulted in synergy and 

93% of TOC was removed after just 1 hour. This 

could be explained by the ability of persulfate 

radicals in breaking the organic colloids down into 

smaller pieces rapidly and making it easier to be 

further degraded by the UV/TiO2 AOP system. As 

shown in figure 4, the TiO2 based photocatalyst 

used in this work, namely MSST, can be rapidly 

separated from water after use. 

 

 

 
Figure 3. (a) Residual TOC concentrations of 

various experiments with different durations of 

illumination; (b) COD removal % after 4 hours of 

various experiments 

 

 
Figure 4. Magnetic separation of MSST 

 
Conclusion 

 

The biorefractory organic matters present in 

acrylic fibre manufacturing wastewater can be 

efficiently destroyed by the UV + MSST(TiO2) + 

NaPS AOP. Unlike the typical TiO2 nanoparticles, 

the hedgehog-like Fe2O3 @ SiO2 @ TiO2 

photocatalyst used in this work can be rapidly 

separated from water after use. 
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Fluidized-Bed Photocatalytic Reactor: Influence of Operating Conditions 
on the Elimination of Persistent Emerging Micropollutants 
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The implementation of TiO2 sol-gel-coated expanded clay 
granules for aqueous photocatalytic degradation of four 
persistent pharmaceuticals and their mixture in larger lab-scale 
fluidized-bed reactor was evaluated. The proneness of drug 
molecules to photocatalytic oxidation is increasing with the 
increase in their adsorption affinity towards TiO2 coatings. The 
optimization of operating parameters, such as air superficial 
velocity and catalyst bed loading, allowed performing the 
photocatalytic degradation with higher removal rate at lower 
mechanical stress put on the coated granules. The photocatalytic 
oxidation was accompanied by the significant decrease in the 
toxicity to several bacterial strains allowing the process 
application as a pre-treatment prior to biodegradation.  
  

Among the photocatalytic reactors’ designs,
recent advances in environmental chemistry have 
focused on the implementation of fluidized-bed 
concept for the oxidation of pollutants benefitting 
from the high light utilization and reactant-catalyst 
contact. However, despite all the advantages, bed 
material is subjected to high levels of mechanical 
stress causing photocatalyst detachment. This is the 
fluidized-bed conceptʼs main limitation that should 
be overcome by the appropriate choice of support 
material and attachment method as well as reactor 
operating conditions. 

The aim of this study is to optimize the fluidized-
bed reactor operating conditions having the highest 
impact on photocatalyst coating abrasion 
resistance, i.e. air superficial velocity, bed loading 
and photocatalyst coating modifications. The 
reactor performance was evaluated by 
photocatalytic degradation of pharmaceuticals 
doxycycline, amoxicillin, prednisolone and 
sulfamethizole on TiO2 sol-gel-coated lightweight 
expanded clay granules under UV-A irradiation. 

Photocatalytic fluidized-bed reactor (see 
Graphical Illustration) of 2 L volume was operated 
in semi-batch mode, where pre-humidified air 
superficial velocities were varied between 0.04 and 
0.08 m s-1. Titania sol-gel-coated expanded clay 
granules were prepared using dip coating 
technique. 

The study of reactor performance demonstrated 
that the increase in air velocity led to the increase in 
doxycycline photocatalytic oxidation rate followed 
by its decrease, accompanied by the constant 

growth of the solutions’ turbidity. Within the 
studied bed loadings range the higher loadings 
resulted in the significant increase in the turbidity 
of the treated solutions with the marginal increase 
in photocatalytic oxidation rate. The mechanical 
stress placed on coatings even at optimized 
operating conditions caused up to 40 % decrease in 
coating’s photocatalytic activity after 3 cycles of 
use due to the detachment of catalyst. 

The photocatalytic degradation of the individual 
compounds in a mixture proceeded as follows: 
doxycycline > prednisolone > sulfamethizole > 
amoxicillin. At the optimized reactor operating 
conditions at least 70 % decrease in initial 
doxycycline concentration (25 mg L-1, 3 h) was 
achieved due to adsorption on coated expanded clay 
and photocatalytic oxidation. 

The toxicity of doxycycline solution to the model 
and environmental bacterial strains has noticeably 
decreased during the experimental runs in the 
following order: E. coli (80 %) > P. putida > 
bacterium isolated from active sludge > S. aureus 
(33 %). The toxicity reduction profile in 
experimental runs indicated the absence of toxic by-
products. The photocatalytic oxidation in fluidized-
bed reactor with TiO2 sol-gel-coated expanded clay 
granules as a bed material could be suggested as a 
pre-treatment stage prior to pharmaceuticals’ 
biodegradation. 
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M.J. López-Muñoz, A. Arencibia, Y. Segura, J.M. Arsuaga, J.M. Raez. Environmental and Chemical Engineering 
Group, Universidad Rey Juan Carlos, C/ Tulipán s/n, Móstoles, Madrid, Spain, mariajose.lopez@urjc.es.

0 15 30 45 60 75 90 105 120 135 150 165 180
0,0

0,1

0,2

0,3

0,4

0,5

0,6

0,7

0,8

0,9

1,0

fifl������fi fifl����fi
fifl������fi fifl�����fi�����fi�fi���fi���
fifl������fi fifl�����fi������fi�fi���fi���

fi

fi

�fl
��
��
fl�

� �

����fi�����

2

The removal of arsenic from aqueous solutions has been 
studied by using photocatalysis with TiO2, zero valent iron 
(ZVI) and a mixed process combining both systems. The 
influence of pH and the concentration and particle size of 
ZVI was investigated. The presence of ZVI in the coupled 
system, improved not only the oxidation of As(III) to As 
(V) but also the further uptake of the latter. The removal 
of As(V) was enhanced by increasing the concentration of 
ZVI, up to 0.1 g L-1, being favored in acidic conditions 
most likely due to the formation of iron oxide/hydroxides 
on the surface of the metallic iron. Moreover, the addition 
of nanoparticles ZVI in the coupled system enhanced the 
oxidation rate and led to the total removal of As(V) from 
the aqueous solution even in alkaline conditions.  

Arsenic is a toxic and carcinogen element widely 
distributed in the aquatic systems by a combination 
of natural processes and anthropogenic activities. 
The World Health Organization (WHO) has 
classified this element as one of the ten chemical 
species of greatest concern to public health, setting 
a limit value of 10 µg L-1 in drinking water [1]. 
Inorganic arsenic in water mainly exists as arsenite, 
As(III), and arsenate, As(V), being the former 
species more toxic, mobile and less efficiently 
removed than arsenate.  

Methods conventionally used for treatment of 
water polluted with arsenic involve the oxidation of 
As(III) to As(V), followed by removal of arsenate 
species by adsorption, co-precipitation, anion 
exchange, reverse osmosis or chemical 
precipitation [2,3]. Recently, the photocatalytic 
oxidation of As(III) to As(V) in irradiated TiO2
suspensions has been reported for the treatment of 
aqueous arsenic [4].  On the other hand, zero-valent 
iron (ZVI) has been also successfully applied for 
the removal of arsenic from water through a 
mechanism consisting in the adsorption and co-
precipitation of arsenic on the iron oxides/ 
hydroxides formed on the surface of the ZVI during 
corrosion [5]. In particular, nanoscale zero-valent 
iron (nZVI) has received increasing attention due to 
its higher reactivity and larger surface area 
compared to ZVI [3, 6].  However, to the best of 
our knowledge, there are only a few studies 
reporting the combination of both, photocatalysis 
with TiO2 and ZVI, for the removal of arsenic in 
contaminated aqueous systems. 

In this context, the oxidation of As(III) to As(V) 
in aqueous solutions and the  subsequent uptake of 
the later, has been evaluated in the present work by 
three approaches: photocatalysis with TiO2, ZVI 
and the coupled system. The aim has been to 
optimize the removal of arsenic from aqueous 
solutions using the coupled system by studying the 
influence of i) the concentration of ZVI in the 
solution, ii) the initial pH of the solution and iii) the 
size of the iron particles.  

The photocatalytic reactions were performed in a 
discontinuous reactor irradiated by a medium-
pressure mercury lamp (Heraeus TQ-150), under 
continuous oxygen flow and magnetic stirring. The 
solutions of arsenic, prepared from NaAsO2 (90%, 
Aldrich), were stirred in the presence of TiO2 P25 
(Evonik) and/or commercial ZVI (97%, Aldrich, 
particle size of ca. 45µm) or synthesized 
nanoparticles of ZVI (n-ZVI). The concentration of 
iron ranged from 0.025 to 0.15 g L-1 and the initial 
pH was set at 9 (natural pH) or 3. The quantification 
of arsenic was performed by a colorimetric method 
based on the formation of a molybdate-arsenic 
complex, using an UV–visible spectrometer 
(JASCO V-630). 

The ZVI nanoparticles were synthesized 
preparing a solution of FeSO4·7H2O 0.4 M in water 
and ethanol (70:30 v/v), adjusting the pH to 6.8 with 
NaOH 3.8 M. Then, NaBH4 was added to the 
mixture to reduce ferrous ions to Fe(0). The 
solution was well homogenized and finally the 
metallic iron was recovered by filtration and dried 
under vacuum [8] prior characterization.  
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Initially, the study of the influence of pH on the 
photocatalytic oxidation of arsenite was carried out 
for a 10 mg L-1 As(III) solution with 0.25 g L-1 of 
TiO2. As shown in Figures 1 and 2, the process is 
favored in acidic conditions. In both cases As(V) 
was detected as the resulting product, even though 
mass balance for arsenic was not completely 
achieved thus indicating some adsorption on the 
catalyst surface. The performance of just zero-
valent iron was evaluated by irradiating a 10 mg L-1 
As(III) solution in the presence of commercial ZVI 
(0.1 g L-1). Significantly different results were 
obtained depending on the pH. At pH 9, only 20% 
of As(III) was oxidized to As(V) after 3 h. By 
contrast, at pH 3, in 30 minutes As(III) was 
completely transformed to As(V) which in turn was 
nearly removed from the aqueous solution (these 
results are not included in Figures 1 and 2 for the 
sake of clarity).  
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Figure 1. Effect of the presence of 0.1 g L-1 ZVI or 
nZVI in the photocatalytic removal of arsenic from 
water with 0.25 g L-1 TiO2 P25 at initial pH 9. 
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Figure 2. Effect of the presence of 0.1 g L-1 ZVI or 
nZVI in the photocatalytic removal of arsenic from 
water with 0.25 g L-1 TiO2 P25 at initial pH 3. 

The photocatalytic reactions carried out with 
TiO2 and increasing concentrations of ZVI, 
revealed that the presence of ZVI enhances the rate 
of photooxidation of As(III) to As(V) at pH 9, 
therefore showing a synergic effect. As an example, 
Figure 1 displays the kinetics for the combination 
of 0.25 g L-1 of TiO2 and 0.1 g L-1 of ZVI. 
Interestingly, in these conditions the concentration 
of As(V) remaining at the end of the reaction was 
lower than in the individual TiO2 system. The 
improvement in the rate of arsenite oxidation was 
not observed when the reaction was carried out at 
pH 3 (Figure 2) although in both cases, the 
concentration of As(V) in solution was depleted 
along the irradiation time, as in the treatment with 
only ZVI.  

Figure 3 displays the removal percentage of total 
arsenic [As(III)+As(V)] in solution achieved after 
180 minutes of photocatalytic reaction with TiO2 
and different concentrations of ZVI. As it can be 
observed, at pH 9 removal efficiencies of 18, 22 and 
30% were achieved with 0.025, 0.05 and 0.1 g L-1 
ZVI, respectively, with no further improvement 
when increasing the concentration of ZVI up to     
0.15 g L-1. This is probably due to the reduced 
availability of the paramagnetic ZVI stuck on the 
edges of the magnetic stirrer during the reaction. In 
acid medium the removal of As(V) from the 
solution was also enhanced by increasing the 
concentration of ZVI added although in a more 
significant extent. This can be ascribed to the 
corrosion of iron which is favored in aired 
conditions at pH 3, being the resulting oxide and 
hydroxide products excellent adsorbents for As(V) 
[7]. 
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Figure 3. Percentage of total arsenic removed after 
photocatalytic reaction with 0.25 g L-1 TiO2 and 
different concentrations of ZVI (0-0.15 g L-1). 

 

In order to evaluate the influence of the particle 
size of the ZVI, synthesized nanoscale iron particles 
were tested in the combined photocatalytic system.  
The results obtained are included in Figures 1 and 
2. As can be observed, the presence of nZVI 
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increased the rate of As(III) photo-oxidation at pH 
9 compared with ZVI and TiO2 system. Moreover, 
it is noticeable the fast depletion of produced As(V) 
from the aqueous solution.  This improvement in 
the rate of arsenite oxidation was not detected when 
the reaction was carried out at pH 3 (Figure 2). 
Nevertheless, the removal of As(V) was also 
achieved within a significantly lesser time than 
needed with commercial ZVI. The better results 
obtained with nZVI in comparison with commercial 
ZVI particles can be related to their B.E.T. surface 
area (10 and 90 m2g-1 for ZVI and n-ZVI, 
respectively) in agreement with their particle size. 

The total iron dissolved was analyzed along the 
reactions carried out with ZVI or nZVI. Whereas an 
iron concentration of 20 mg L-1 was leached out to 
the solution at the end of the reaction performed at 
pH 3, which is indicative of ZVI corrosion, 
negligible values were determined at pH 9. 
Therefore, in basic conditions, the enhancement of 
As(III) oxidation induced by the addition of iron 
might not be attributed to an homogeneous reaction. 

The complete removal of arsenic species from the 
solution would be highly desirable in order to avoid 
a second step in the treatment of polluted water. The 
results presented here show that this objective can 
be achieved by the photocatalytic treatment with 
TiO2 in presence of ZVI, enhanced by using nZVI.   
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 Glass fiber-supported TiO2 photocatalyst was synthesized by a 
novel preparation procedure, thoroughly characterized and 
subsequently applied in a UV-irradiated three-phase batch 
(BR) and continuous stirred-tank reactor (CSTR) for removal 
of toxicity and estrogenicity of water dissolved bisphenols 
(bisphenol A, F and AF). Bioassays of treated aqueous samples 
showed no estrogenic activity and complete removal of 
toxicity. These results were in accordance with high 
mineralization extent of BPs and their derivatives attained after 
4 h of illumination. Photolytic reactions demonstrated that 
BPAF with two CF3 groups attached to the central C atom was 
the most stable under UV light irradiation. Finally, an excellent 
stability of immobilized TiO2 photocatalyst was confirmed 
after 25 h of continuous photocatalytic oxidation. 
 
 

 
 

BACKGROUND 

Bisphenol A (BPA) and its analogues (BPF and 
BPAF) are a class of chemicals that are proven to 
elicit endocrine disrupting effects [1]. Purification 
of water samples containing these endocrine 
disrupting chemicals (EDCs) is necessary, since 
many studies have reported harmful effects of 
bisphenols (BPs) at very low concentrations. 

Heterogeneous photocatalytic oxidation is one of 
the most promising methods for degradation of 
such chemicals, due to its high mineralization 
efficiency, low toxigenicity, ideally producing 
carbon dioxide, water and inorganic mineral ions 
as end products [2]. Among the photocatalysts 
used, titanium dioxide (TiO2) is considered as a 
very efficient one because of its photoactivity, 
physical and chemical stability, low cost and easy 
access. Usually, it is found in a powdered form 
and applied as a slurry catalyst, i.e., titanium 
dioxide powder suspended in the water to be 
treated. However, the post-treatment separation of 
TiO2 powder from the treated water inevitably 
increases the cost of water purification process, 
therefore, immobilized photocatalysts seem to be 
more prosperous in light-assisted water treatment 
technologies 

 

OBJECTIVES 

In the present study, we aimed to synthesize 
immobilized TiO2 photocatalyst by a novel 
preparation procedure, thoroughly characterize and 

subsequently apply it in a UV irradiated three-
phase batch (BR) and continuous stirred-tank 
reactor (CSTR) for removal of toxicity and 
estrogenicity of water dissolved BPs (bisphenol A, 
F and AF). In addition to chemical analysis, 
bioassays were used to assess the estrogenic 
activity and toxicity of stock and treated aqueous 
samples, using yeast estrogen screen (YES) assay, 
and marine bacteria Vibrio fischeri and water fleas 
Daphnia magna, respectively. Finally, we focused 
on the photocatalyst stability in a continous-flow 
UV irradiated reactor for 25 h on stream. 

 

EXPERIMENTAL 

TiO2 was immobilized by impregnating the glass 
fiber (GF) cloth with titanium oxysulfate solution, 
followed by drying and annealing at 500 °C. The 
textural, surface and morphological properties of 
newly developed photocatalyst were investigated 
using SEM-EDX, XRD, UV-Vis-DR, FTIR, etc. 
analytical techniques. Photolytic/photocatalytic 
degradation runs of solutions containing BPs (C0 = 
44 μM) were carried out in a 250 mL reactor under 
irradiation of UV high-pressure mercury lamp. 
The continuously collected particle-free samples 
were further analyzed for residual BPs and total 
organic carbon (TOC) content, using HPLC, UV-
Vis, IC and TOC analyzer, respectively. The 
estrogenic activity (EA) of feed and treated 
samples was determined by yeast estrogen screen 
(YES) assay, which is based on human estrogen 
receptor-transfected yeast strain Saccharomyces 
cerevisiae. The toxicity tests were performed with 
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marine bacteria Vibrio fischeri and water fleas 

Daphnia magna. 

 

RESULTS AND DISCUSSION 

XRD patterns along with UV-Vis-DR spectra 

and SEM-EDX analysis of spent photocatalysts 

coincided with the TiO2 in the form of anatase as 

the predominant crystalline structure of titania 

(Figure 1 a,b). The XRD pattern of fresh 

photocatalyst contains peaks related to impurity 

Na2SO4, which can be easily washed away by 

rinsing with water. SEM micrographs (Figure 1a) 

revealed a uniform distribution of TiO2 particles 

over the surface of GFs (0.93 mg of TiO2 per 1 

cm2 of GFs). 

Figure 1. a) SEM micrograph of TiO2 supported on 

GF. b) XRD patterns of pure GF, fresh and spent 
immobilized TiO2. 

 

Photolytic experiments in batch reactor (BR) 

demonstrated that BPF possessed the least photo-

resistant character among examined BF analogues 

(Figure 2a). BPF differs from BPA only in virtue 

of its lack of two methyl groups on the central 

carbon atom. On the contrary, BPAF with two CF3 

groups attached to the central C atom was the most 

stable under UV light irradiation. However, the 

photocatalytic oxidation runs showed very similar 

behavior; after 3.5 h more than 99 % of initial 

pollutant concentration was degraded. This could 

be attributed to similar adsorption of parent 

molecules on the catalyst surface (occurring 

probably via  electron system of benzene rings), 

thus initiating the same active centre of examined 

BPs. TOC analyses (Figure 2b) demonstrated that 

almost complete mineralization of BPF and BPA 

was achieved after 4 h of irradiation, while 

mineralization of BPAF was less efficient, but still 

almost 70 %. The most plausible explanation, why 

BPAF and its derivatives were less prone to 

photocatalytic degradation, is due to restricted 

cleavage of strong C-F bonds. With prolongation 

of reaction time to 8 h, the mineralization of BPAF 

was increased to 85.5 %. Combining ionic 

chromatography (IC) for determination of released 

fluorine ion (F-) and TOC analyses, it was possible 

to evaluate the percentage of uncleavaged C-F 

bonds. The results showed that 66 % of F- was still 

bound to two C atoms, which in theory 

corresponded to 13.3 % (14.5 % was measured) of 

remaining organic carbon.  

  

Figure 2. Photolytic/photocatalytic degradation of 

bisphenol analogues. d) TOC removal as a function of 

BP analogue and time of photocatalytic oxidation. 

 

Nevertheless, after 4 h of photocatalytic 

treatment of BP solutions, the estrogenic activity 

(EA) of all three analogue solutions dropped to 

zero, considering wide range of concentrations 

(concentration factor from 0.1 to 10). In the same 

way, the toxicity assays with daphnids showed 

complete detoxification of water samples after 6 to 

8 h, while the percentage of immobile daphnids 

dropped below 20 % already after 4h of 

photocatalytic oxidation (Figure 3a). Moreover, 

luminescence inhibition of marine bacteria V. 

fischeri was diminished more than three times 

after 2 h of photocatalytic oxidation and 

completely eliminated in the sample withdrawn 

after 4 h of treatment (Figure 3b). Encouraging 

toxicity results pointed out a striking difference in 

sensitivity of aquatic organisms used in this study 

to evaluate the efficiency of photocatalyst in 

removal of toxicity of BP analogues. Namely, 

daphnids were considerably more sensitive to 

fluorinated organic molecules than bacteria V. 

fischeri., due to the more lipophilic character of 

the molecule and, thus, more facilitated transfer 

across membranes.  

  

Figure 3. Toxicities of fresh and photocatalytically 

treated solution of BPA, BPF and BPAF to a) water fleas 

Daphnia magna and b) bacteria Vibrio fischeri. 
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The glass fiber supported TiO2 photocatalyst 

was examined in series of flow regimes (Table 1), 

starting with the shortest residence time (Øv = 

10.00 mL min-1) and finishing the run after 24 h on 

stream under the longest τ (Øv = 1.66 mL min-1). 
The course of photocatalytic oxidation indicated 

that at least three τ were needed to achieve steady-

state performance of the CSTR within the 

particular flow regime. 

 

Table 1. Operating conditions of a CSTR during 

photocatalytic oxidation of BFs. 

 Øv  

(ml/min) 

τ 

(min) 

ton stream 

(min) 

Regime 1 10.00 25 90 

Regime 2 5.00 50 150 

Regime 3 2.50 100 300 

Regime 4 1.66 150 900 

 

The longer τ, the higher extent of conversion, 

mineralization and detoxification of treated 

solutions was observed. However, conducting the 

reactions in CSTR towards complete removals is 

not reasonable, since excessively long τ and, 

consequently, reactor volume are required. 

Operating under regime 4 resulted in 

approximately 80 % conversions of water 

dissolved BPs. Similar to photoreactions 

performed in batch reactor, the degradation and 

TOC conversion was the least successful for 

BPAF, resulting in higher toxicity of treated BF 

solutions to both luminescence bacteria and water 

fleas. Finally, the stability test, where two different 

liquid flows/residence times were altered, 

demonstrated an excellent stability of immobilized 

photocatalyst within 25 h of continuous operation 

under UV light irradiation. In addition, respectable 

catalyst stability was also proved by XRD and 

UV-Vis-DR spectra of spent catalyst (after 25 h of 

continuous photocatalytic treatment). Namely, 

these spectra fully resemble the spectra taken after 

4 h of continuous operation. 

 

CONCLUSION 

Immobilized TiO2-based photocatalyst was 

synthesized and its physicochemical properties 

were thoroughly investigated. The photocatalyst 

demonstrated excellent conversions of estrogen 

disrupting BPs in both BR and CSTR, resulting in 

complete removal of estrogenicity and toxicity. 

Finally, high catalyst stability ensured 

photocatalytic oxidation of target pollutants over 

long times on stream. 
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Titanium dioxide based materials were used under UV-A 
and visible light and elucidation of the reaction 
mechanism was attempted. In order to identify the main 
reactive oxygen species formed during the process, 
electron paramagnetic resonance (EPR) methodology was 
employed. The approach used was throughspin trapping 
agents. Also, identification and comparison of the 
intermediate products formed during photocatalysis under 
UV-A and visible  light was performed, using LC-MS/MS. 
Results showed that during visible light photocatalysis the 
main reactive oxygen species is superoxide radical, 
whereas during UV light photocatalysis both hydroxyl and 
superoxide radicals were present. It was also found that 
under visible light singlet oxygen is formed.  

Water pollution has become an environmental 
issue of ever increasing importance. In addition to 
conventional technologies used for purification of 
water, another type of treatment processes, 
commonly referred as advanced oxidation 
processes (AOPs) is emerging. Among AOPs, 
TiO2 photocatalysis is considered to be very 
promising. The process efficiency is based on the 
ability of TiO2 to generate highly reactive oxygen 
species (ROS) upon illumination with UV-A light, 
with hydroxyl radicals (HO•) being the main 
oxidative species. The main drawback of TiO2
photocatalysis is the relatively high energy need 
for photocatalytic activation. To overcome this 
limitation, doping of TiO2, to reduce its band gab 
energy requirements, is under investigation. 
Among other procedures non-metal doping with 
carbon (C) gives new materials with good 
photocatalytic performance in the visible light. C-
doping e.g. Kronos vlp-7000, involves substitution 
of oxygen by carbon atoms producing new energy 
states deep in the TiO2 band gap, which are 
responsible for the visible light absorption [1]. Up 
to date, limited studies have been performed for 
the elucidation of the reaction mechanism and 
degradation pathways followed in the process are 
still unclear.  

Cyanobacteria are considered an important water 
quality problem, since several genera can produce 
toxins, called cyanotoxins that are harmful to 
human health. Among cyanotoxins, microcystin-
LR (MC-LR) is the most common and toxic 
variant of the group of microcystins (MCs), while 
cylindrospermopsin (CYN) is an alkaloid 

neurotoxin that has been reported in water 
reservoirs and lakes worldwide. Geosmin (GSM) 
and 2-methylisoborneol (MIB), even though they 
are not considered as toxic, they give unpleasant 
taste and odor in water (structures shown in Figure 
1).  Although the degradation of these compounds 
has already been studied under TiO2/UV-A , the 
studies concerning their degradation under visible 
light photocatalysis are limited. 

Figure 1 Structures of MC-LR, CYN, GSM, MIB 

The main objective of this study was the 
photocatalytic degradation of MC-LR, CYN, GSM 
and MIB using C-doped TiO2 under visible light 
and the elucidation of the mechanism followed. 
For that purpose,  identification of the reaction 
intermediates has been  performed using liquid 
chromatography-tandem mass spectrometry (LC-
MS/MS) . In addition, identification of the main 
ROS formed during the process, was performed 
with electron paramagnetic resonance analysis 
(EPR). The approach employed was through spin 
trapping agents.  
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EXPERIMENTAL  
 

Both doped (C-doped TiO2, Kronos vlp-7000) 
and undoped (Evonik P25) TiO2 materials were 
used under UV-A and visible light.  

Visible light irradiation (400–700 nm) was 
provided by a photolysis apparatus equipped with 
a cut-off filter exhibiting a zero transmittance 
below 410 nm. MC-LR and CYN degradation was 
monitored by HPLC-UV with detection at 238 nm 
and 262 nm, respectively [2, 3]. Determination of 
GSM and MIB in irradiated water samples was 
performed by headspace solid phase 
microextraction (HS-SPME)/ gas chromatography-
mass spectrometry (GC-MS) [3, 4]. 

Identification of reaction intermediates of MC-
LR and CYN was carried out using LC-MS/MS 
analysis in full scan mode [2].  

Spin trapping agents 5,5-Dimethyl-1-pyrroline 
N-oxide (DMPO), 5-tert-Butoxycarbonyl - 5- 
methyl -1- pyrroline- N- oxide (BMPO) and 5 - 
(Diethoxyphosphoryl) -5- methyl -1-pyrroline-N-
oxide (DEPMPO) were used  through the 
determination of their superoxide and  hydroxyl 
adduct. Also, 2,2,6,6-tetramethylpiperidine 
(TEMP) was used for the detection of singlet 
oxygen. 

 
RESULTS  
 

Under UV-A light all target compounds were 
completely degraded  in the presence of both  
photocatalysts. With employment of visible light 
MC-LR and CYN were slowly degraded in the 
presence of Kronos only, whereas for GSM and 
MIB no degradation was observed. 

Intermediate products were identified for both 
MC-LR and CYN under UV-A and visible light, 
and even though the majority of them were the 
same (Tables 1 for MC-LR), differences were 

observed in the ratio between them and the relative 
abundance chromatograms. In the case of UV-A 
light in both cases of MC-LR and CYN, almost all 
products are formed from the begging of the 
reaction, giving similar high peak areas, and their 
decay was in similar irradiation times. Under 
visible light photocatalysis, the dihydroxylation 
product of each compound was the main 
intermediate, presenting the highest peak area. 
Photocatalysis under visible light is a slow 
process, where no decay of the intermediates 
formed was observed despite the prolonged 
irradiation time. 

In relative abundance chromatograms taken 
upon the monitoring of the intermediates, multiple 
peaks for the dihydroxylated products appeared, 
suggesting the presence of geometrical isomers [2, 
5]. The number of the isomers formed under 
visible light was obviously smaller than those 
formed under UV-A irradiation. This was also an 
indication for the different mechanism.  

In order to identify the main ROS formed during 
the process, EPR analysis was employed. EPR 
showed that during UV-A irradiation  both 
hydroxyl and superoxide radical are produced, 
whereas under visible light illumination 
superoxide radicals and singlet oxygen is formed. 
 
CONCLUSIONS 
 

Identification and comparison of intermediates 
under both visible and UV-A light has been 
performed. Also EPR analysis for the 
identification of ROS species was employed with 
spin trapping techniques. Results showed that 
upon visible light photocatalysis the main ROS is 
superoxide radical, whereas  under UV-A  
photocatalysis both hydroxyl and superoxide 
radicals were present.  

 
 

Table 1: Structures of reaction intermediates of MC-LR  with TiO2 (under UV-A and visible light) 
Structure m/z Compound / MW 

H-Arg-NHCH(OH)CH(CH3)CO-Glu-H 389 C15H28N6O6, 388.2 
Arg-MeAsp-Leu-Ala-COOH 515.5 C21H37N7O8, 515.3 

Arg-MeAsp-Leu-Ala-COCHOHCH3 544 C23H41N7O8, 543.3 
Cyclo[-NHCH(CHO)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 795 C34H54N10O12, 794.4 

Cyclo[-NHCH(CHCHCOCH3)CH(CH3)CO-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 835.5 C37H58N10O12, 834.4 
(OH)-Cyclo[-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 

Cyclo[-Adda(O)-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 
1011.5 C49H74N10O13, 1010.5 

(OH)2-Cyclo[-Adda-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 1027.5 C49H74N10O14, 1026.5 
Cyclo[-Adda(OH)2-Glu-Mdha-Ala-Leu-MeAsp-Arg-] 
Cyclo[-Adda-Glu-Mdha(OH)2-Ala-Leu-MeAsp-Arg-] 

1029 C49H76N10O14, 1028.6 
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Aqueous photocatalytic oxidation of three widely used broad 
spectrum antibiotics, doxycycline (DC), sulphamethizole 
(SMZ), and amoxicillin (AMO), was conducted with sol gel-
synthesised anatase Pd-TiO2 under UV-A radiation. 
Photocatalytic activity of the new material was tested in open 
batch slurry reactor, with additional experiments undertaken in 
in semi-continuous fixed and fluidised-bed reactors.  Testing the 
capabilities of the Pd-TiO2 in batch reactor showed results 
significantly surpassing those obtained previously with 
Aeroxide P25 TiO2. Removal and adsorption of doxycycline 
were analysed and mathematically described, with the observed 
differences explained largely by adsorption of the pollutants on 
the photocatalysts’ surface. 

 
 

Currently, micropollutants are among the most 
studied pollutant classes, with specific attention 
paid to antibiotics. The main sources of antibiotics 
in wastewater are household, medical and 
veterinary wastes; as antibiotics are refractory 
substances[1-3], they pass through the biological 
wastewater treatment plants into the environment 
[4, 5]. There, they pose a serious threat to micro-
flora and fauna, accumulate in food chains[6, 7], 
and accelerate the development of resistant micro-
organisms, including pathogens[8-11].  

Photocatalytic oxidation could be a very 
promising solution for the selective removal of 
micropollutants from water. Its performance is 
based on the creation of electron-hole pairs on the 
surface of illuminated semiconductor (mostly 
TiO2), producing numerous reactive oxygen 
species (ROS), including powerful hydroxyl 
radicals [12]; direct decomposition of pre-
adsorbed pollutant molecules can also take place 
on holes, which are the strongest oxidants known 
[13]. 

Presently, successful implementation of 
photocatalytic processes at larger scale is hindered 
by two main factors, connected with mass transfer 
and the photocatalyst performance. 

 Firstly, there are complications arising when 
trying to design a highly efficient and cost-
effective large-scale photoreactor. With fixed 
photocatalyst, providing high surface area coupled 
with efficient mass transfer and light penetration is 
not an easy task, while no photocatalyst separation 

step is required.  At the same time, fluidized-bed 
systems provide highly efficient mass and heat 
transfer, resulting in better contact between 
pollutants and irradiated photocatalyst surface, and 
potentially higher photons transfer efficiency [14-
17]. However, optimal photocatalyst 
immobilisation procedure should be a compromise 
between the coating’s performance and 
mechanical stability [17]. The expected efficiency 
decrease when substituting photocatalyst slurry by 
immobilised photocatalyst may be not too drastic, 
while it is coupled with dramatic decrease in the 
photocatalyst amount [18]. 

Second limitation of photocatalysis is that 
despite its potency, it is relatively slow. This can 
be accelerated by two ways: the decrease of 
electron-hole recombination rate, and the 
broadening of utilisable fraction of the exciting 
radiation. Both of these targets can be  achieved by 
doping titania with metal nanoparticles, which 
serve as charge carrier traps, prolonging electron-
hole recombination, and thus increasing 
photocatalyst performance efficiency [19, 20], and 
at the same time can provide the red shift in the 
excitation spectrum. 

The goal of this research was the synthesis of 
Pd-modified TiO2, testing its performance under 
UV-A in batch slurry reactor (0.2 L, 1 g L-1 
photocatalyst) with three different widely used 
pharmaceuticals (doxycycline, amoxicillin and 
sulphamethizole), and testing its applicability in 
semi-continuous fixed (0.13 L, photocatalyst fixed 
upon glass plate, treated solution circulated at 2 to 
5.3 mL s-1) and fluidised-bed (2 L, expanded clay 
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as bed material, fluidisation provided by 
pressurised air) reactors, more suitable for real-life 
applications. The results obtained were compared 
to those of P25 TiO2. The concentrations of the 
synthetic solutions of the antibiotics were scaled 
up to the range of 1-100 mg L-1 in order to 
facilitate the performance investigation of the new 
photocatalyst; however, the lower is the initial 
concentration of the pollutants to be degraded, the 
more is the reaction rate control pronounced; 
consequently, successful pollutant elimination at 
elevated concentrations suggests its successful and 
fast degradation at lower initial concentrations. 

The Pd-TiO2 photocatalyst, synthesised by sol-
gel method from TiCl3 solution, is, according to 
XRD, anatase material, with palladium present 
mainly as localised crystalline Pd2OCl2. Specific 
surface area of the material was evaluated to be ca. 
145 m2 g-1. 

In the photocatalytic activity tests (batch slurry 
reactor), the performance of Pd-TiO2 was far 
superior to that of P25. With doxycycline, higher 
removal rates were achieved in 15 minutes with 
Pd-TiO2 compared to those in two hours with P25; 
photocatalytic oxidation efficiency values, i.e. the 
amount of substance removed per energy reaching 
the surface of the treated solution, were also 
significantly greater (up to 400 and 160 mg W-1 h-

1, respectively). Pd-TiO2 showed somewhat higher 
adsorption ability in comparison to P25, with 
adsorption taking place relatively fast. With 
sulphamethizole, likewise, higher removal 
efficiency was obtained in 1 h compared to 6 h 
with P25 (up to 125 compared to 22 mg W-1 h-1). 
Finally, in case of amoxicillin, the results achieved 
by Pd-TiO2 in 4 h in comparison with P25 in 6 h 
were higher in terms of removal rates, and slightly 
inferior in terms of PCO efficiency (up to 20 
compared to 22 mg W-1 h-1). 

In fixed-bed reactor, the performance of Pd-TiO2 
in doxycycline (25 mg L-1) degradation was 
slightly lower but comparable to that of P25 (16 
and 21 % in 4 h, respectively). Under the 
experimental conditions, 45 s was found to be the 
best residence time (flow rate 3 mL s-1). The 
amount of adsorbed doxycycline on P25 was twice 
smaller than that adsorbed on Pd-TiO2. In 24-hour 
experiment, overall doxycycline removal was also 
comparable: 69 % by Pd-TiO2 and 74 % by P25. 

With fluidised-bed reactor, the performance of 
Pd-TiO2 and P25 at pre-optimised conditions was 
likewise comparable (25 and 30 % degradation, 
respectively). 

The difference behind the observed capabilities 

of Pd-TiO2, as shown in the batch slurry reactor 
experiments, and its performance in fixed shape 
can be explained by the differences in adsorption: 
significantly smaller amounts were adsorbed at 
lower rates on immobilised photocatalysts, due to 
smaller surface area in comparison with slurry 
(originating from much smaller photocatalyst 
amount). This was more pronounced in case of Pd-
TiO2, and resulted in sharp decrease of its 
performance, bringing it to the level of P25. 
Similarly, the differences in the selected 
micropollutants degradation are also explicable by 
adsorption: higher adsorption capabilities of Pd-
TiO2 ensure the supply of adsorbed 
micropollutants for subsequent surface hole-based 
degradation. However, the intrinsic properties of 
the Pd-TiO2 should be also taken into account, as 
ca. 30 % increase in doxycycline adsorption 
amounts (compared to P25) is accompanied by 
approximately eightfold increase in its removal 
rate. Additionally, it can be seen that the 
comparison of photocatalyst performance under 
“ideal” conditions, while showing the capabilities 
of the materials, does not provide a final answer to 
their comparative applicability in other reaction 
systems. 
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HATR-FTIR online analysis of surface species on P25 and Au 
modified TiO2 during photocatalytic oxidation of nitrogen monoxide 
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 The photocatalytic oxidation of NO on P25 and gold 
modified TiO2 (Au 0.1) under UV, Vis and UV+Vis 
irradiation was studied using Horizontal Attenuated 
Total Reflection (HATR) FTIR. Reaction substrates and 
products adsorbed at photocatalysts surface were 
identified. NO, H2O, NO2 and NO2

- and NO3
- in 

different surface arrangements were present at TiO2 
surface. It was proved that Au 0.1 material possesses 
better sorption properties. It was also proved that Au 0.1 
was more active material and enabled NO 
transformation into HNO3, which was adsorbed at the 
surface finally leading to its deactivation. Au 0.1 higher 
activity was attributed to higher amount of peroxo 
species (Ti(O2) and TiOO-) present at the surface.  
  

The oxidative properties of TiO2 can be used in 
the process aimed at selective NO oxidation into 
NO2. At first this idea might seem unreasonable, 
since NO2 is more toxic than NO. The concept is 
that NO can be oxidized into NO2 and afterwards 
removed from flue gases either by SCR or 
absorption processes. It this approach PCO could 
be a method for the intensification of NOx removal 
from flue gases both by SCR and absorption 
process. Usually flue gases contain up to several 
hundred ppm of NOx. Previous studies [1] 
revealed that in NO PCO of high NO 
concentrations the main problem is maintaining 
activity of the photoactive material. The activity of 
photocatalysts gets diminished due to the 
adsorption of final reaction product HNO3. The 
deactivation problem is still latent. It is important 
to understand the detailed mechanism of the TiO2 
deactivation, but not much effort has been taken in 
this direction up to now. Therefore, present work 
is aimed at the determination of possible causes of 
TiO2 deactivation. Two photoactive materials with 
different properties were chosen for these studies, 
i.e. P25 and Au 0.1. FTIR gas phase analysis was 
used to identify reaction products present in 
reaction gas stream. However, the main focus was 
placed on the HATR/FTIR online analysis of the 
adsorbed species during irradiation. The main 
objective of this work was to identify NxOy surface 
species formed at the TiO2 surface. Au 0.1 
photocatalyts was synthesised by sol-gel technique 
and modified with 0.1 at.% gold. The photoactive 
materials were immobilized on ZnSe crystal 45o 
that is a part of flat plate HATR accessory 
produced by Pike Technologies. 

The obtained results enabled to explain the 
behaviour observed over P25 and Au 0.1 
photocatalysts during photocatalytic NO oxidation, 
i.e. photocatalyst deactivation. The gas phase 
composition during all processes showed no 
difference when P25 and Au 0.1 were used. It was 
determined that addition of water vapour into gas 
stream has a strong influence on the NxOy surface 
species formed at photoactive materials. 
Furthermore, it was showed that even under dark 
conditions the species observed on P25 and Au 0.1 
differ. During irradiation these differences become 
more apparent. Au 0.1 material possesses better 
sorption properties. As a result higher amounts of 
surface species were trapped at Au 0.1 surface, 
namely: water, peroxo Ti(O2) and TiOO- as well 
as free-like NO3

-. It was also proved that Au 0.1 
was more active material and enabled NO 
transformation into HNO3, which was adsorbed at 
the surface. Its higher activity was explained to be 
a result of more peroxo species present at the 
surface. 
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Gas-Phase Photocatalytic Oxidation of Mixtures of Refractory 
Organic Compounds: Through the Net of Process Limitations
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Mixtures of volatile organic compounds of different adsorption 
affinity to TiO2 including toluene, styrene, acrylonitrile and 
acrylic acid were treated photocatalytically in air. The effect of 
low doses of ozone on the pollutants’ conversion was studied. 
The introduction of ozone to the deactivated catalyst 
restoration resulted in the energy and time savings. The 
optimum conditions, providing entire degradation of initial 
substances along with the absence of unfavourable by-products 
in the reactor outlet, could be ascertained for P25 and novel 
nanosized pyrogenic F3 photocatalysts, although F3 shows 
higher photocatalytic activity. 

The photocatalytic indoor air treatment has a 
potential for its implementation in the field of 
environmental engineering surpassing that of 
water treatment if considering the number of 
patents [1]. However, process limitations, such as 
relatively low rate of pollutants oxidation, 
formation of toxic oxidation by-products and 
catalyst deactivation should be overcome by the 
optimization of process parameters and synthesis 
of highly active catalytic materials.

The study of the gas-phase photocatalytic 
oxidation process of mixtures of styrene, 
acrylonitrile, acrylic acid, toluene and ozone was 
undertaken. These volatile organic compounds are 
considered as hazardous air pollutants by 
environmental agencies of OECD countries.  

The mixtures consisting of catalyst-deactivating 
styrene, toluene and acrylonitrile with the content 
of individual component of 10 or 25 ppm were 
photocatalytically treated using the annular reactor 
with the photocatalyst fixed at its walls in absence 
and presence (40-80 µg L-1 or ca. 20-40 ppm) of 
ozone. The regeneration of deactivated Aeroxide 
P25 (Evonik) photocatalyst coating by ozone was 
also studied as an alternative to UVA irradiation 
with or without heating. 

The mixture of acrylonitrile, toluene and acrylic 
acid was chosen to evaluate the activity of 
pyrogenic TiO2 nanopowder F3 [2, 3]. The 
performance of this flame-synthesized titania 
(average particle size of 13 nm, anatase content 97 
wt% and the specific surface area of 102 m2 g-1) 

was compared with that of P25. 

The use of ozone in the catalyst regeneration 
resulted in the energy and time savings: the 
restoration of the photocatalyst activity with 15 
min ozonation at 170 ± 20 µg L-1 of ozone with 
simultaneous UVA was equal in its performance to 
15 h of UVA radiation in humid air or 2 h heating 
at 130 °C combined with the UVA radiation. 

The presence of ozone during the photocatalytic 
degradation of styrene-toluene-acrylonitrile 
mixture did raise the toluene conversion, only 
slightly influencing that of other compounds. The 
outlet content of CO and CO2 significantly 
increased indicating accelerated pollutants’ 
mineralization processes. These levels of ozone, 
however, did not prevent the P25 photocatalyst 
deactivation (11.5 s contact time, 25 ppm content 
of pollutants). 

The contact time exhibited the strongest 
influence to the degradation of toluene, 
acrylonitrile and acrylic acid and the quantities of 
oxidation by-products on P25 TiO2. The contact 
time extension from 11.5 to 23 s enhanced the 
conversion of all pollutants more than an increase 
in reactor temperature from 60 to 130 °C or in air 
relative humidity from 6 to 30 % (Fig. 1). 

The use of the novel material F3 demonstrating a 
better photocatalytic performance [3] in 
degradation of sole air pollutants, shows also 
superior performance oxidising the mixtures. This 
is particularly seen in the formation of hydrogen 
cyanide, the photocatalytic oxidation by-product 
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of acrylonitrile. At the longest contact time (23 s) 
and the lowest initial content (10 ppm), no initial 
pollutants were detected in the outlet air stream 
with either P25 or F3 catalyst coating. However, 
the unfavourable intermediate HCN was observed 
in trace amounts with F3 (see Graphical 
Illustration), whereas ca. 6 ppm were still formed 
with P25. 

 

 

 

Figure 1. Photocatalytic conversion of toluene, 
acrylonitrile and acrylic acid (not shown) mixture at 
different process conditions with the P25 benchmark and 
the newly synthesized photocatalyst F3 

 

The accelerated restoration of deactivated 
photocatalyst coating and enhanced pollutants 
mineralization were observed in the course of 
photocatalytic oxidation with low levels of ozone. 
The performance of newly synthesized nanosized 
pyrogenic photocatalyst F3 exceeded that of the 
P25 also in the oxidation of mixture of volatile 
organic compounds. The optimum conditions, at 
which pollutants are degraded entirely along with 
the absence of their unfavourable intermediate 
products in the reactor outlet, could be ascertained 
for both P25 and F3 photocatalysts, although F3 
shows higher photocatalytic activity. 

       

Acknowledgements 
The financial support from the Estonian Research 
Council (grant G8978, project SF0140022s10) is greatly 
appreciated. The authors express their gratitude to the 
Deutsche Forschungsgesellschaft (DFG) (grant DE 
598/26-1). We thank Allar Leppind, Viktoriya 
Pnevskaya and Marija Gnatjuk for assistance in the 
laboratory. 
 
 
 

References 

[1] Y. Paz, Applied  Catalysis  B-Environmental,  99 
(2010)  448. 
[2] A. Moiseev, M. Krichevskaya, F. Qi, A.P. Weber, J. 
Deubener, Chemical Engineering Journal, 228 (2013) 
614. 
[3] S. Joks, D. Klauson, M. Krichevskaya, S. Preis, F. 
Qi, A. Weber, A. Moiseev, J. Deubener, Applied 
Catalysis B-Environmental, 111 (2012) 1. 
 



1 

Ozonation of p-Hydroxybenzoic Acid in a Multi-Orifice Oscillatory 
Baffled Reactor 
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 A disruptive ozonation technology using a Multi-Orifice 
Oscillatory Baffled Reactor (MOBR) will change the water and 
wastewater treatment field. A reduction of 5-fold to one-order of 
magnitude in volume can be estimated to achieve the same rate of 
ozone mass transfer obtained in conventional ozonation reactors, 
diminishing treatment costs and carbon footprint. The  
p-hydroxybenzoic acid (p-HBA) solution was degraded by ozone 
(O3) in an MOBR, with 100% O3 utilisation (no waste of O3). The 
p-HBA degradation and mineralization was always higher in the 
MOBR comparatively to a bubble column (BC). In fact, the 
MOBR can mineralize the p-HBA 8-fold faster than a BC. These 
features make ozonation economically attractive to be applied 
from small to industrial scale wastewater treatment plants.  

 
Ozonation has been intensively applied as an 

advanced technology in water and wastewater 
treatment due to its high oxidation capacity and 
ability to remove contaminants [1,2]. However, 
ozone and ozone-driven treatment processes 
(ozone/UV; ozone/UV/H2O2; ozone/UV/TiO2) can 
be costly to apply at industrial scale. These costs are 
mainly related with the inherent inefficiency of 
current designs of gas-liquid contacting reactors 
(e.g. bubble columns (BC), packed columns (PC), 
stirred tanks (CSTR), air-lift reactors (ALRs) and 
static mixers or venture ozone injectors systems 
followed by bulky gas-liquid contacting units), 
which usually require large contact time and gas 
aeration rates [3-8] 

Oscillatory Baffled Columns (OBCs) have been 
successfully applied to a wide range of chemical 
and biological processes, including gas-liquid and 
other multiphase systems. The eddy mixing in the 
periodic baffles can deliver intensive radial mixing 
and secondary flow, which is very effective for 
controlling the bubble size and enhancing the 
contact between immiscible phases in the entire 
contacting volume [9,10]. OBCs are very efficient 
in respect to maximizing gas-liquid mass transfer 
and can easily be scaled-up by increasing the 
number of baffles.  

Al-Abduly and co-authors [11] studied the effect 
of OBCs on ozone-water mass transfer and 
described that a single-orifice OBC was more 
efficient for ozone-water mass transfer than a 
standard bubble column. 

A Multi-Orifice Oscillatory Baffled Column 
(MOBC) intends to scale-up the single-orifice OBC 
technology, allowing reproduction of the mixing 
and flow conditions produced at laboratory scale to 

be easily mimicked at pilot and industrial-scale 
processes. The application of OBC and/or MOBC 
in the ozonation of real or synthetic wastewater has 
not been studied. Thus, the aim of this work was to 
evaluate the performance of a novel MOBC in the 
degradation of p-hydroxybenzoic acid solutions 
benchmarking its performance against a 
conventional BC, in continuous flow-through 
mode. This was monitored in terms of p-HBA and 
TOC conversion, as well as their removal 
efficiencies. 

The ozonation experiments were conducted in a 
Multi-Orifice Oscillatory Baffled Column (internal 
diameter 0.150 m and column height of 0.540 m) 
and in a Bubble Column (internal diameter 0.150 m 
and column height of 0.540 m). Experiments were 
performed in continuous mode with an ozone inlet 
concentration of 23 g O3/m3, a p-HBA solution of 
50 mg/L (pH 10 ± 0.1, unbuffered) and varying the 
ozone flow rate (2.1 – 4.7 L/min). The phenolic acid 
aqueous solution inside of the reactor was kept 
always at a constant volume of 9 L. The p-HBA 
concentration and the organic matter mineralization 
(TOC) were followed. p-HBA aqueous solutions 
were supplied to both reactors (BC and MOBC) 
with a water flow rate of 4.0 L/min, corresponding 
to a hydraulic retention time (HRT) of 2.25 min. In 
the MOBC, sinusoidal fluid oscillations were 
imposed on the fluid using a servo-hydraulic system 
that controlled a 125 mm o.d. piston attached to the 
bottom of the column. This moving base piston was 
capable of delivering combinations of values for 
oscillation frequency (f) and oscillation amplitude 
centre to peak (x0) in the ranges of 0-10 Hz and 0-
10 mm, respectively. 

MOBC and BC reactors were equipped with a 
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liquid stream outlet at the bottom and an inlet 

stream at the top, connected to peristaltic pumps to 

deliver the desired water flow rate. The gas stream 

enriched with ozone entered the reactors via a 

porous sparger placed at the bottom. A gas stream 

outlet at the top of the reactor led to a thermal ozone 

destroyer. The ozone content in both gas streams 

(inlet and outlet) was monitored by means of an 

Anseros Ozomat GM-BWA (Germany) ozone 

analyser. All experiments have been carried out at 

atmospheric pressure and room temperature (20oC). 

Samples collected at appropriate time intervals 

were filtered through 0.22 μm, 33 mm Sterile 

Millex® Syringe Driven Filters (Millipore) to high 

performance liquid chromatography (HPLC) and 

total organic carbon (TOC) analysis. The HPLC 

system (Agilent 1100 series) comprised a diode 

array detector, a mobile phase degassing unit and an 

autosampler. The optimization of the analytical 

method resulted in the following operating 

conditions: Gemini C18 (250 × 4.6 mm, 5 μm) 

column supplied by Phenomenex, mobile phase 

constituted by a mixture water/methanol/acetic acid 

(88/10/2), flow rate 1 mL/min, column temperature 

20oC and UV detector λ = 254 nm. TOC analysis 

were performed using a Shimadzu TOC-VCPH. 

Ozonation of p-HBA in a BC and in a MOBC 

under different ozone flow rates (from 2.1 to 4.7 

L/min) shows that each reactor operates under 

different hydrodynamic conditions. MOBC 

oxidizes 58 and 64% of p-HBA and 4 to 7% of TOC 

(with 2.1 and 2.8 L/min of O3, respectively) using 

100% of the ozone supplied (~0 g O3/m3 outlet). In 

contrast, the BC, with the same O3 flow rate, wastes 

around 35-40% of ozone to reach a p-HBA 

degradation of 42 and 52% and a TOC 

mineralization lower than 1%. Increasing the ozone 

flow rate to 4.0 and 4.7 L/min releases ozone from 

the reactor outlet in both BC and MOBC. However, 

the maximum concentration of ozone released is 

significantly lower in the MOBC (3.5 g O3/m3) 

comparatively to the BC (10 g O3/m3). The 

oxidation and mineralization of p-HBA at these 

high ozone flow rates, in the MOBC were 81 and 

87% of p-HBA and 13 and 18% of carbon 

mineralization, for ozone supplies of 4.0 and 4.7 

L/min, respectively. Conversely in the BC, the 

oxidation of p-HBA was of 63 and 66%, for ozone 

supplies of 4.0 and 4.7 L/min, while, the TOC 

removal was minimal with both ozone flow rates, 

around 3%. These results indicates that the 

oxidation of p-HBA is controlled by the rate of 

ozone mass transfer. Increasing the O3 flow rate 

increases the gaseous interfacial area, a, and 

consequently the oxidation rates of p-HBA. The 

higher degradation achieved with the MOBC can be 

explained by the fast chemical reaction between 

ozone and the p-HBA at the gas-liquid interface (as 

observed by Benitez and co-authors [12]), through 

the production of very small ozone bubbles.  

The radial mixing which occurs in the MOBC due 

to the fluid pulsation and baffle reciprocation, 

promotes the generation of ozone microbubbles that 

become trapped within the oscillating gas/liquid 

volume for significantly longer periods of time 

when compared to conventional gas-liquid contact 

reactors (like BC). The outcome is the creation of a 

very large gas-liquid interfacial area, which greatly 

increases the efficiency of ozone mass transfer. 

Moreover, the bubbles confinement within the 

MOBC allows the use up to 100% of ozone 

supplied. In consequence, under optimised 

conditions little or no ozone is wasted at the reactor 

outlet achieving significant saving on operating 

cost. The 100% ozone utilisation achieved presents 

a step forward in ozonation treatment technologies. 

The ozonation performance obtained in the MOBC 

cannot be achieved with other conventional 

ozonation technologies like BC, PC, CSTR and 

ALRs. 

Thus, ozonation and ozone-driven treatment 

processes can be applied to wastewater treatment 

with lower costs, lower HRT and less ozone 

consumption, which can be translated in an overall 

lower carbon footprint. 
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The influence of the most common inorganic ions and natural 
organic matter present in natural water in the catalytic ozonation 
of bezafibrate (BZF) over multi-walled carbon nanotubes was 
evaluated. For that purpose, two different matrices were used in 
the preparation of the BZF solutions: a simulated natural water 
(SNW) and an ultrapure water (UPW). A better performance in 
the mineralization of BZF was obtained when SNW is used as 
matrix, which may be explained by the increase of pH and the 
presence in solution of species that act as initiator/promoters in 
the ozone decomposition The acute toxicity towards V. fischeri 
is lower when SNW is used as matrix. 
 

 
 

Introduction 

Considering the concern about the occurrence of 
endocrine disrupting compounds (EDCs) and 
pharmaceutical and personal care products 
(PPCPs) in surface and ground water, which are 
the two major sources for drinking water, there is a 
need for developing efficient technologies for their 
removal. Catalytic ozonation is among the most 
promising solutions for this application.  

Thus, the aim of this work is to assess the 
suitability of the catalytic ozonation system for the 
treatment of natural water, in order to improve the 
mineralization of organic pollutants, while 
reducing the acute toxicity. In order to evaluate the 
influence in the ozonation process of the most 
common inorganic ions and natural organic matter 
present in natural water, the results were compared 
with those obtained using ultrapure water as 
matrix. Different performances are expected 
because the stability of ozone in water largely 
depends on the properties of the water matrix, 
especially pH, temperature and chemical 
composition (e.g. the presence of natural organic 
matter (NOM) and bicarbonate/carbonate ions) [1, 
2]. 

For that purpose, aqueous solutions of 
bezafibrate (BZF), using simulated natural water 
as matrix, were treated by catalytic ozonation. 
BZF (2-[4-2-[4-chlorobenzamido]ethylphenoxy]-
2-methylpropanoic acid) was selected as a model 
emerging pollutant for this study since it is a 
lipidic regulator extensively used throughout the 

world and consequently has been frequently 
detected in the environment [3, 4]. In Germany, 
BZF has been found in sewage treatment plant 
(STP) effluents in concentrations up to 4.6 µg L-1 
and median values of 2.2 µg L-1 [3, 5]. BZF has 
been found in rivers and water streams of 
Germany at median concentrations of 0.35 µg L-1 
[5], whereas concentrations up to 57.15 µg L-1 
have been found in Italian rivers [6].  In surface 
waters this drug has been identified at median 
concentrations of 3.1 µg L-1 [3]. 

This study is essential since the ozonation 
treatment is influenced by the inorganic and 
organic matter present in natural water. 

 

Experimental 

Commercial multi-walled carbon nanotubes, 
Nanocyl 3100, were tested under semi-batch 
operation in the catalytic ozonation of BZF with a 
concentration of 20 ppm. In each experiment the 
laboratory scale reactor (ca. 1 L) was filled with 
700 mL of the BZF solution using 100 mg of 
catalyst and 150 cm3 min-1 of gas flow with an 
inlet ozone concentration of 50 g m-3. Single 
ozonation (in the absence of catalyst) and 
adsorption experiments of a BZF solution was 
evaluated using two different matrices: simulated 
natural water (SNW) and ultrapure water (UPW). 
The simulated natural water was prepared by 
adding the following species to ultrapure water: 
0.5 ppm humic acid, 180 ppm sodium 
hydrogenocarbonate, 100 ppm calcium fluoride 

Bezafibrate 

O3 + 

CO2 + H2O 

Simulated 
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Water 
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(CaF2), 15 ppm sodium nitrate, 1.5 ppm sodium 

bromate, 0.2 ppm ammonium chloride and 70 ppm 

sodium sulfate. The concentrations used represent 

the typical highest values measured in natural 

water.  

The concentration of BZF, intermediates and by-

products was followed by High Performance 

Liquid Chromatography (HPLC), whereas the 

inorganic ions released were quantified by ion 

chromatography. The degree of mineralization was 

obtained by Total Organic Carbon (TOC) 

measurements. Microtox acute toxicity tests of the 

treated and untreated solutions towards marine 

bacteria Vibrio fischeri were also performed. 

 

Results and discussion 

The ozonation experiments of BZF were carried 

out at the natural pH of the solution. Therefore, the 

solution pH when SNW is used as matrix is about 

8.3 whereas using UPW the pH is approximately 

4.8. Both TOC and BZF decay were followed 

during 300 min and the obtained experimental data 

are depicted in Figure 1. 

  

 

Figure 1. Evolution of the dimensionless (a) TOC and 

(b) BZF concentrations during adsorption, catalytic and 

non-catalytic ozonation, using UPW and SNW as matrix 
(black and white symbols, respectively). 

 

Under the experimental conditions used, the 

mineralization of the BZF solution was improved 

by the simultaneous use of ozone and MWCNT, 

regardless the matrix used in its preparation. 

Comparing the results obtained for the different 

matrices, an increase in the mineralization rate for 

both non-catalytic and catalytic systems was 

observed when simulated natural water was used, 

since mineralization degrees of 77 and 95 % were 

achieved after 5 h of reaction for single and 

catalytic ozonation, respectively; whereas in 

ultrapure water values of only 41 and 59 % were 

obtained instead. 

Concerning BZF decay, ozonation by itself 

enables a fast removal of BZF concentration (in 

less than 25 min) and no significant differences are 

observed between single and catalytic ozonation. 

This is observed because ozone selectively attacks 

activated aromatic rings or double bonds, which 

are present in the BZF molecule [7]. The use of 

simulated natural water as matrix slightly 

accelerated the BZF degradation when compared 

to the experiments performed in ultrapure water.  

Even though the removal rate of BZF is not too 

different in both studied matrices, the 

mineralization results obtained by single and 

catalytic ozonation are severely affected, showing 

better performances in the case of SNW.  

The simulated natural water was prepared by 

adding several species to ultrapure water, 

including bicarbonate ion and humic acid, which 

represents one of the principal constituents of 

NOM in natural water [8]. These species are 

among those that most influence the ozonation 

processes and the former led to a significant 

increase in the solution pH compared to ultrapure 

water [1, 2].  

The mineralization of organic compounds, 

achieved by ozonation, is usually favoured at high 

pH values due to the participation of OH- in the 

formation of HO• radicals [2]. Moreover, at this 

pH (>> pKa), the BZF anion form is the 

predominant specie, slightly promoting the BZF 

reactivity [7]. Therefore, the increase of the 

solution pH may have a strong contribution for the 

improvement observed in the mineralization of the 

BZF solution. 

On the other hand, the presence of bicarbonate 

ion can inhibit the ozone decomposition, acting as 

HO• radical scavenger [9]. Thus, it was expected 

that the presence of the bicarbonate ion in the 

prepared SNW contributes negatively to the 

mineralization of BZF. 
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The humic acid present in SNW can act as 

radical initiator, promoter, or inhibitor during 

ozonation process and could also react directly 

with ozone. Investigations have shown that the 

presence of a small amount of humic substances 

accelerates the degradation of micropollutant by 

ozonation, while higher concentrations decreased 

the degradation rate [10, 11]. Therefore, in order to 

understand the role of humic acid in BZF 

ozonation under selected experimental conditions, 

further experiments should be performed. 

Therefore, analysing the obtained results, it is 

expectable that the bicarbonate ion present in 

SNW may act as hydroxyl radical scavenger, but 

its presence weakly affects the performance of 

single and catalytic ozonation, since the BZF 

degradation slightly increases and the 

mineralization of BZF is higher than that obtained 

using UPW as matrix. Furthermore, the 

improvement of the BZF mineralization using 

SNW may be mainly due to the increase of the 

solution pH.  

Concerning the adsorption results, MWCNT 

adsorbs large amounts of BZF, leading to a higher 

TOC removal than ozonation during the first 4 h of 

reaction (see Figure 1a). This is explained by the 

easier adsorption of the BZF molecule than the 

respective oxidation products. The curve observed 

is similar to that obtained in the experiments 

performed with ultrapure water as matrix, but the 

amount of TOC removal is higher in the former 

case. Actually, the adsorption performed with 

SNW resulted in the removal of 77%, compared to 

68% with the UPW matrix. Thus, it can be 

concluded that the matrix used also influences 

BZF adsorption on MWCNT. 

The results of the acute toxicity towards V. 

fischeri showed a significant increase in the 

inhibition percentage of the bacteria luminescence 

during the initial stages of ozonation experiments 

(at 30 min of reaction), which means that the 

intermediates formed in this period, either in the 

presence or absence of catalyst, have higher acute 

toxicity than the BZF untreated solution. In fact, at 

the reaction time of 30 min, aromatic compounds 

are the major intermediates present in the solution. 

For longer reaction times, the formation of 

intermediates with lower acute toxicity promotes a 

decrease in the inhibition percentage of the 

bacteria luminescence. This fact is explained by 

the main presence of organic acids in the solution 

at higher reaction times. In general, the use of 

SNW as matrix leads to lower values of 

luminescence inhibition than those obtained with 

UPW. 

Conclusions 

A better performance of both single and catalytic 

ozonation in the mineralization of BZF solution 

was obtained when SNW is used as matrix instead 

of UPW. However, the conversion of BZF is not 

severely influenced by the water matrix used. 

The mentioned performance might be explained 

considering the presence of species that act as 

hydroxyl radical scavengers, such as bicarbonate 

ions, and the higher concentration of hydroxyl 

radicals in solution (due to the increase of pH and 

the presence in solution of species that act as 

initiator/promoters in the ozone decomposition). 

In the early stages, the catalytic ozonation of 

BZF leads to formation of intermediates with 

higher acute toxicity towards V. fischeri, whereas 

for longer times the inverse occurs. 
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 Ozonation was effective to degrade 
sulfaquinoxaline: more than 99% of efficiency 
was obtained using an ozone dose of 2.8 mg L-1 
and pH 3. A design of experiments with two 
variables, pH and ozone dose, was used for 
planning. There was no significant interaction 
between these variables and ozone doses played 
the most important role regarding the contaminant 
degradation. However, regarding toxicity ozone 
process at pH 3 did not inhibit the luminescence 
of the bacteria even though different 
intermediates were formed and identified by mass 
spectra. At pH 7 inhibition of luminescence 
remained almost constant (around 30%) 
throughout ozonation time. 

Sulfaquinoxaline is a sulfonamide routinely used 
in prophylactic veterinary treatment to prevent 
coccidiosis and bacterial infections [1]. Its 
presence in both surface (4.5 to 40.4 ng L-1) [2] 
and groundwater (0.01 to 112.1 ng L-1) [3] is an 
issue of great importance for ecosystems and 
human health. Issues such as acute and chronic 
effects of antibiotics on ecosystems and potential 
rise of antibiotic-resistant bacteria are not well 
understood and they are at the root of increasing 
public concern [4]. Ozonation is an effective 
alternative to conventional treatments when this 
type of pollutant is present. Two main oxidants 
(molecular O3 and OH radical) may be acting in 
the ozonation reaction. Lower pH (pH � 4) favors 
the oxidation via molecular ozone. Increase of pH 
favors O3 decomposition into hydroxyl radicals. In 
pH � 10, O3 is instantaneously decomposed into 
hydroxyl radicals. In pH 7 both oxidants can be 
acting. Due the scarcity of scientific research in 
the literature about sulfaquinoxaline degradation 
by ozonation process, the objectives of this study 
were to evaluate the sulfaquinoxaline degradation 
and toxicity reduction in different ozone doses and 
pH values. Moreover, the intermediates formed 
during ozonation were evaluated. 

 

Methods 

Sulfaquinoxaline working solutions (500 µg L-1 
or 1.67 µmol L-1) were prepared in 1 L of 
ultrapure water. A wide range of pH (3-11) was 
used to evaluate the sulfaquinoxaline degradation 
due to molecular ozone (O3) and hydroxyl radical 

(�OH).  

The experimental setup for the study consists of 
an ozone generator (O3R Philozon), a glass 
contact column (50 cm height x 7 cm diameter, 
volume of 1 L) and a reaction vessel for ozone gas 
measurement. One glass diffuser was used to 
sparge ozone gas into the solution at a constant 
flow rate of 4.0 L min-1. The ozone generation was 
5.52 ± 0.32 mg min-1 L-1. The experiments were 
conducted at room temperature (20 ± 1°C), 
varying reaction time from 0 to 15 minutes, i.e., 
ozone dose from 0 to 80 mg L-1. 

Gaseous ozone concentration was determined by 
a potassium iodide method (Method 2350 E) [5]. 
In the control experiment, oxygen gas was 
continuously bubbled into the solution at the same 
flow rate as used for the ozonation experiments 
and results indicated that sulfaquinoxaline was not 
stripped from the aqueous phase. 

Solutions submitted to degradation process were 
concentrated by solid phase extraction using 
Varian C18 (500 mg/6.0 mL) cartridges, 
conditioned with methanol (6.0 mL) and ultrapure 
water (6.0 mL). Analytes were eluted with 
methanol (4.0 mL) and the extract was filtered 
(0.22 µm porous membrane). The concentration of 
residual sulfaquinoxaline was quantified by HPLC 
with a photodiode array detector (Waters, USA). 
The limit of quantification was 0.04 µg L-1. 

Microtox® toxicity analyzer (Vibrio fischeri, 30 
minutes of contact) was used to assess the toxicity 
of the solutions submitted to ozonation. Analyses 
were carried out according to Microtox® test 
procedures standard (81.9% screening test). 
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To identify the intermediates formed during 

ozonation, aqueous solutions (sulfaquinoxaline 

initial concentration of 500 µg L-1) were evaluated 

in a UPLC/MS/MS (Waters, USA). After 

sampling, the samples were flushed with nitrogen 

for 20 min in order to remove residual ozone 

dissolved in the aqueous phase. 

A design of experiments (DOE) was used under 

normalized conditions for modeling the influence 

of pH and ozone doses. These two variables were 

set following a central composite design. This 

study was conducted experimentally, varying 

reaction time from 0 to 2.0 minutes (ozone dose 

from 0 to 11.5 mg L-1) and pH value from 3 to 11. 

Each variable assumes two levels (low and high), 

which correspond to the range of every variable 

specified in Table 1, including three central points 

for statistical validity and star points at -1.41 (-√2)  

to +1.41 (+√2). 

 

Table 1. Design of experiment and variable levels 

studied. 

Assay 

Codified Values Variable levels 

 Ozone 

Doses 

pH  Ozone 

Doses 

pH 

A -1 -1 0.5 3.0 

B 1 -1 11.5 3.0 

C -1 1 0.5 11.0 

D 1 1 11.5 11.0 

E 0 0 6.0 7.0 

F 0 0 6.0 7.0 

G 0 0 6.0 7.0 

H -√2  0 -1.8* 7.0 

I √2  0 13.8 7.0 

J 0 -√2  6.0 1.3 

K 0 √2  6.0 12.6 
*negative values have not sense and experiment was 

carried out at 0 mg L-1 O3. 

 

 Results 

The experimental results indicated that as the 

ozone gas doses increased, the sulfaquinoxaline 

concentration decreased (Graphical Illustration). 

This is expected because an increase in ozonation 

time results in an increase in aqueous ozone 

concentration which either directly reacts with 

sulfaquinoxaline or can decompose to produce 
OH, which reacts with the sulfonamides too [6]. 

Sulfaquinoxaline degradation by ozonation 

presented a pseudo-first order degradation rate:     

k = 6.36 min-1 for pH 3; k = 2.21 min-1 for pH 7 

and k = 0.25 min-1 for pH 11. 

The reactivity of sulfonamides towards ozone is 

strongly related to their pKa values: in acidic 

conditions, protonated species are predominant, 

what decrease the reactivity with ozone [6]. 

However, in this study the effect of pH on 

degradation of sulfaquinoxaline by ozonation 

occurred under this decreasing order: pH 3 > pH 7 

> pH 11 (Figure 1). These results are in 

accordance with the results obtained by Lin et al 

[4] for sulfonamide and macrolide antibiotics. The 

authors concluded that degradation of 

contaminants containing unsaturated C-C bonds, 

which is sulfaquinoxaline’s case, occurred faster at 

low pH, consistent with O3 being the predominant 

oxidant and its aqueous concentration being higher 

at low pH. 

Garoma et al. [6] observed that increasing the 

pH from 2.0 to 10.0 resulted in enhanced removal 

of the sulfadiazine, sulfamethizole, 

sulfamethoxazole and sulfathiazole. However, in 

this study, the opposite happened. 

Sulfaquinoxaline degradation increased in acidic 

conditions and decreased when pH was 11 (or 

higher). To obtain at least 50 % of contaminant 

degradation at pH 11, double amount of ozone 

load was required (12 mg L-1) when compared 

with the experiment carried out at pH 7. 

The Pareto chart reveals the weight of each 

variable in the response factor (Figure 2). The 

main effects are clearly influential variables, since 

they are higher than significant frontier 2.45 

Contrary, the interaction of the two studied 

factories (ozone dosage and pH) may be neglected. 

Regarding the contaminant degradation, pH plays 

a less important role than O3 doses. 

 

 

Figure 1. Results of the DOE experiments (conditions 

are in Table 1. Blue diamond is related to pH 11, green 

triangle to pH 7 and pink square to pH 3. Star points of 
the design are purple star (pH 12.6) and red star (pH 1.3). 
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Figure 2. Pareto chart of the standardized effects, 

response is C/C0, α = 0.05. 

 

Toxicity assays were carried out with samples 

submitted to ozonation process at pH 3, 7, and 11 

(Figure 3). Toxicity for samples submitted to 

ozonation at pH 3 was almost neglected. At pH 7, 

inhibition of luminescence remained almost 

constant (around 30 %) throughout ozonation time. 

However, luminescence inhibition in pH 11 

increased from 0 to 85% when ozonation time 

varied from 0 to 15 minutes, which corresponds to 

an ozone dose from 0 to 80 mg L-1. 

 

 
Figure 3. Toxicity evolution of sulfaquinoxaline samples 

submited to ozonation. 

Intermediates formation was evaluated after 

samples have been submitted to ozonation process 

(Figure 4). The intermediates proposed during 

sulfaquinoxaline (m/z 301) degradation under pH 

3 were m/z 213, m/z 215, and m/z 241. These 

intermediates did not increase toxicity of the 

samples (Figure 3). 

 

 

Figure 4. Mass spectra of sulfaquinoxaline initial 

solution (red line) and sulfaquinoxaline solution 

submitted to ozone dose of 2.7 mg L-1 (30 s) at pH 3 
(green line). 

 

Conclusions 

Molecular ozone was more effective on 

sulfaquinoxaline degradation than hydroxyl 

radical. DOE showed that there was not significant 

interaction between the studied factors (ozone 

dose and pH). Moreover, solutions degraded in pH 

3 presented the lowest toxicity for Vibrio fischeri 

bacteria. Several intermediates were detected by 

the mass spectra assay. 
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 In the present work, a degradation study of naproxen, a 
nonsteroidal anti-inflammatory found in effluents of 
wastewater treatment plants was performed by catalytic 
ozonation using NiO. The effect of organic matter in the 
system was evaluated with mixtures ethanol:water in 
proportions 30:70 and 50:50 which additionally improved 
the solubility of naproxen. It has been found that the samples 
with 50 % of co-solvent interfered in the degradation of 
naproxen and its by-products. On the other hand, the 
presence of NiO on ozonation had an effect on the formation 
of by-products as seen in the UV-Vis spectrums and HPLC. 
The naproxen degradation was achieved by the first 10 
minutes reaching a 98% according to the HPLC analysis. 

 
1. Introduction 

The presence of highly stable compounds in 
wastewater such as pharmaceutical drugs has 
triggered researching on enhancing conventional 
degradation treatments. Pharmaceuticals may be 
able to change the reproduction cycles in aquatic 
species. Moreover, these organics are hardly 
affected by either biological or chemical 
conventional treatments [1,2]. Among these 
compounds, anti-inflammatory drugs are 
frequently found in effluents of wastewater 
treatment plants. Naproxen (NAP) is a non-
steroidal anti-inflammatory drug which is 
prescribed in the treatment of rheumatoid arthritis. 
This compound has shown low degradation rate 
under the effects of different treatments [3]. For 
example, in the study carried out by Quintana in 
2015, a membrane bioreactor was used to remove 
only 70 % of naproxen in a period of 28 days [4]. 
Advanced oxidation processes are considered as 
an effective alternative to reduce degradation 
periods (even few hours) of a large variety of 
compounds. Ozone is the keystone in techniques 
capable of removing different pharmaceutical 
products. The oxidation potential (2.07 eV) of 
ozone enables the direct reaction of this gas with 
the contaminant which is called the molecular 
mechanism. Aside from these facts, the 
decomposition of ozone molecule yields to the free 
radicals formation. In particular, hydroxyl radicals 
(OH˙, 2.80 eV) have a low selectivity and a 
superior oxidation potential. Therefore, an indirect 
mechanism arises in this case. Both mechanisms 
occur simultaneously even when one of them can 
predominate over the other.  
The major setbacks of ozone are the low 
mineralization percentage and the expensiveness 

of this treatment. The application of catalyst has 
overcame such disadvantages. Indeed, the 
increment of OH  ̇ concentration yields to 
enhanced the mineralization effectiveness [5,6]. 
Several catalysts have been evaluated in catalytic 
ozonation (TiO2, SiO2, Al2O3, etc.). Among them, 
NiO has shown a superior mineralization capacity 
over TiO2 [7]. In real wastewater treatment 
systems, the presence of phosphates, organic 
matter, carbonates, sulphates, surfactants and co-
solvents affect the performance of ozonation (O3-
conv) and catalytic ozonation (O3-cat) negatively. 
The inhibition of OH˙ has been associated with the 
small concentrations of some co-solvents (tert-
butanol and methanol for example) in water [8].  
The objective of this work is to study the 
evaluation of O3-cat by NiO in NAP degradation 
when it is dissolved in a mixed ethanol:water 
system. The use of a short chain alcohol increased 
the solubility of NAP. This co-solvent in high 
concentrations imitate the presence of organic 
matter and avoids the formation of intricate 
compounds.  

2. Experimental 
2.1 Materials and reagents 
All reagents were used without further 
purification. Ethanol was obtained from Chemical 
Meyer. Nickel (II) oxide (sigma-aldrich) was used 
in nanoparticles powder (50 nm). The NAP 
(sigma-aldrich, 99.8%) was evaluated at 20 mg/L 
in proportions of 30:70 and 50:50 the 
ethanol:water system. The final volume of mixture 
was 400 mL and the solution was agitated for a 
period of 5 h at room temperature (25 °C). The 
sample was protected from the light before 
treatments.  
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2.2 Ozonation procedure 

Both O3-conv and O3-cat treatments were carry out 

in a reactor of 500 mL. For the O3-cat, 100 mg/L 

of nickel (II) oxide were used which were 

previously dried for 1 h at 100 °C. The production 

of ozone used dry oxygen injected into a corona-

discharge equipment HTU500G - AZCO of 

Industries Limited – Canada. The mixture O2 – O3 

was injected at the bottom of the column and 

distributed through ceramic porous filter. Ozone 

concentration was at 5.5 mg/L with a flow rate of 

0.5 L/min. The ozone measurements at the outlet 

of the reactor were carried out in an Ozone 

analyser BMT 963 with UV detector. The 

experiments were followed during 60 min at room 

temperature without pH control.  

2.3. Analytical methods 

The degradation of NAP was followed by UV-Vis 

spectroscopy (Perkin Elmer Lambda 25 

equipment). The analyses of NAP were performed 

by HPLC using a PerkinElmer Flexar with a Diode 

Array Detector (DAD) equipped with a C18 

“Alltech” 250 x 4.6 mm. The mobile phase was a 

mixture of acetonitrile and water (50:50) adjusted 

to pH 2.5 using orthophosphoric acid with an 

isocratic flow of 0.3 mL/min at room temperature. 

The UV detection was carried out at 240 nm. The 

samples were filtered with an  acrodisc of 0.2µm. 

Results and discussion 

3.1 UV-Vis analysis 

Fig. 1a – d show the UV-Vis spectra of NAP 

decomposition with and without the presence of 

NiO at 50:50 and 30:70 proportion ethanol:water. 

Based on these results, one may state that the 

effect of co-solvent and catalyst changed 

ozonation dynamics yielding to an increment of 

ozonation time. The presence of co-solvent at 30% 

(v/v) diminished the absorbance at 230 nm around 

52% and 43% in the O3-conv and O3-cat, 

respectively, during the first 2 min of treatment, 

(Fig. 1a and c). However, in the range of 200 to 

230 nm with NiO, there is an increment of 

absorbance in comparison with the non-catalyzed 

ozone treatment. The previous result can be a 

consequence of by-products decomposition which 

may absorb UV-Vis radiation in this range of 

wavelength.  

The effect of the increment in co-solvent 

proportion did not modify the O3-conv (Fig. 1b 

and d). However, under the presence of NiO, the 

spectra suffered diverse variations when increasing 

the ozonation time (Fig. 1c and d). It is worth 

noticing that there is an increment in the 

absorbance within the range of 200 and 230 nm at 

15 and 20 min in the systems with 30:70 and 50:50 

ethanol-water, respectively. These facts are 

consequence of diverse by-product formation [7]. 

Besides the degradation of NAP, the production of 

organic acids could be associated to ethanol 

degradation, which reproduces the real effect of 

co-solvent. 
 

  

  

Figure 1. Degradation of NAP in 30:70 and 50:50 

ethanol:water system followed by UV-vis. O3-conv (a) 
30:70 and (b) 50:50. O3-cat  (c) 30:70 and (d) 50:50.  

 

3.2. Naproxen decomposition 

The ozone based treatment in the different 

configurations reached a 98% of degradation 

during the first 10 min of reaction (Fig 2). The 

presence of higher amount of co-solvent resulted 

in different NAP elimination times. The HPLC 

analysis of NAP ozonation showed an elimination 

of 50% after 2 min of treatment in the systems 

50:50 ethanol:water. On the other hand, the 

treatments with 30:70 reached an 80% of removal 

in the same time. The addition of NiO had slight 

difference between the profile NAP elimination in 

comparison with conventional ozonation. 

However, the effect of the catalyst and co-solvent 

in the treatments was observed in the intermediates 

formation and degradation profiles at different 

retention times (some of them unidentified yet) 

(Figs. 3 and 4). In this work, only two peaks were 

chosen to follow the formation-decomposition 

dynamic (the ones at 12.29 and 14.90 min of 

retention time (RT)).  The by-product at 12.29 min 

of RT (Fig 3) presented a fast formation in the first 

10 min of the ozonation treatment after which a 

decline took place. The elimination of this 

intermediate was higher in the treatments with 

30% of co-solvent than 50%. While in the signal 

with RT of 14.90 min (Fig 4.), the catalyst avoid 

the increment of signal during the first min of 



3 

treatment. In the same Fig, the maxim formation 

of by-product was detected in O3-conv but the  

degradation of this by-product was faster with 

50% of co-solvent than 30%.  

 
Figure 2. Degradation of NAP in 30:70 and 50:50 

ethanol:water, system followed by HPLC. 

 

In the present work, the results shown that the 

ozonation treatments with the catalysts exhibited 

low response over the NAP dynamic. Al-Hayek 

and co-workers in phenol degradation using 

ozone-Al2O3 presented similar behaviour. In their 

work, the phenol degradation rate was unaffected 

by the catalyst for model compound, but the 

mineralization degree increased in presence of 

Al2O3 [9]. NAP degradation reported by Rosal in 

2008 using ozone-TiO2 had a similar outcome. 

The pharmaceutical degradation by O3-conv and 

O3–cat did not display an appreciable difference 

although mineralization improved in a 25 %. In 

this work, the analysis UV-Vis allow to infer the 

influence of the catalyst based on the by-products 

degradation [10]. The elimination of by-products 

is a key matter for treatments design considering 

that some of them possess a higher toxicity than 

their parent structure. 

The study of the influence of high 

concentrations of co-solvents in O3-conv and O3–

cat has been scarcely reported. The earliest 

research by Staehelln in 1985 was focused on the 

presence of formic acid, methanol, tert-butanol, 

carbonates and sulphates. In ozonolysis, the 

methanol (a primary alcohol) promotes the 

conversion of hydroxyl radicals to anion 

superoxide, which has a lower oxidation potential 

than his precursor [7]. This conversion has been 

pointed out as one of the causes that justified 

deceleration in the degradation rate of the parent 

compound and its by-products when high 

concentrations of the solvent are present. 

Conclusions  

The catalyst addition in ozonation had no effect 

over the parent compound degradation but 

important differences were determined in the 

formation and disappearance of by-products. NAP 

degradation by O3-conv and O3–cat in the system 

water:ethanol was achieved in 10 minutes. The 

presence of co-solvent affected the rate of NAP 

degradation and its by-products, which were 

present after 60 min of treatment. 

 

  
Figure 3. By-productc at 12.29 min of RT followed by 

HPLC. 

 
Figure 4. By-productc at 14.90  min of RT followed by 

HPLC. 
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 The presence of pharmaceutical residues in fresh water bodies 
is an emerging issue due to their undesirable effects on 
aquatic organisms. The present study is about the elimination 
and mineralization of a common anti-inflammatory 
pharmaceutical-paracetamol in water by ozonation and 
catalytic ozonation using commercial and Pt-supported 
alumina that was prepared in the laboratory as a 
nanocomposite. The data showed that at neutral pH ozonation 
alone was partially effective for the oxidation of the 
compound, while catalytic ozonation particularly with Pt-
supported alumina rendered not only complete destruction, 
but also 33% mineralization in the presence of •OH 
scavengers. The data also showed that •OH radical scavengers 
slowed down the decay and mineralization of PCT only 
during ozonation alone, but acceleerated them in the presence 
of the catalysts, implying the predominance of surface 
reactions over •OH-mediated oxidation in the bulk liquid.   

Pharmaceutical compounds are frequently 
detected in sewage treatment plant effluents, 
surface water and groundwater aquifers [1]. 
Ozonation is a well-known process in water 
treatment, owing to the high oxidation potential of 
O3 that promotes oxidation of recalcitrant organics 
and inactivation of pathogens. However, the 
process has major drawbacks as high stability, 
high production cost, low solubility and high 
selectivity of O3. A promising option to improve 
the efficiency of ozonation is the use of a solid 
catalyst to enhance the decomposition and to 
benefit from the advantages of heterogeneous 
chemistry.   

The most effective catalysts in heterogeneous 
ozonation are metal oxides (MnO2, TiO2, Al2O3) 
and their metal-supported composites, the activity 
of which is based on their potential to accelerate 
the decomposition of ozone to generate reactive 
radicals [2]. In case of metal-supported metal 
oxides, catalytic activity increases via electron 
transfer from the supporting metal to ozone to 
produce ozonide (O3-•) and •OH.  

The aim of this study was to synthesize a Pt-
supported alumina nanocomposite (n-Pt-Al2O3) to 
compare its catalytic activity (in the elimination 
and mineralization of paracetamol (PCT) by 
ozonation) with that of commercial alumina. The 
performance of the catalyst was also compared 
with ZVI, which is commonly used in catalytic 
ozonation. The process was further assessed in 
terms of the impact of surface reactions, the rate of 

O3 decomposition, the production of OH radicals 
and the effect of solution matrix.   

The results showed that ozonation alone 
provided appreciable elimination of PCT (k=0.42 
min-1), but with only 18% C-mineralization. Al2O3 
was ineffective in catalyzing the mineralization 
process, but n-Pt-Al2O3 was very effective. 
Comparison of catalytic activities in terms of the 
fraction of O3 decomposed, the quantity  •OH 
formed and % mineralization showed that  
maximum O3 decomposition, mineralization and 
•OH formation were accomplished with nPt-
alumina, which was also more effective than ZVI.  

The impact of solution matrix as tested by 
adding humic acid and bicarbonate was such that 
while both reagents slowed down the reactions in 
the absence of the catalyst, they accelerated them 
in its presence. The results were explained by the 
contribution of HA• and CO32-•, and the 
dominance of surface - mediated reactions over 
•OH- mediated oxidation.   
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In the present work, the decomposition of phenol and 4-chlorophenol 
by the catalytic ozonation with the CeO2 suspension and film in 
comparison with the conventional ozonation was studied. The CeO2 
film was synthesized using the technique of ultrasonic spray pyrolysis. 
The comparison of three treatment systems of the phenol and the 4-
chlorophenol (conventional and catalytic ozonation in the presence of 
both CeO2) observed that the effect of a catalyst on the initial 
compound decomposition is not significant, but the mechanism of the 
reaction was different in the absence and in the presence of the 
catalyst. Probably the formation of OH radicals was carried out with 
CeO2. In particular, the profiles of the intermediates and the oxalic 
acid, as the final product, demonstrated the effect of the presence of a 
catalyst in the system. 
 

 
1. INTRODUCTION 
 
Phenolic compounds are common pollutants in 
wastewater of oil refinery, petrochemical, coke, 
and grease, due, steel and textile industries [1]. 
They can be formed indirectly during chlorination 
of municipal or industrial wastewater, bleaching in 
paper industry, or during bioconversion of low 
molecular weight compounds. Phenol and its 
chlorinated derivatives like 4-chlorophenol and 
2,4-dichlorophenol are difficult to remove from 
wastewater by conventional biological treatments 
due to their highly toxic to microorganisms. The 
efficiency of the conventional biological treatment 
is usually not satisfactory due to long reaction time 
required and limited initial concentration of 
pollutants [2]. The reported concentrations of these 
compounds in the wastewater range from 35 mg/L 
to 35 g/L (e.g. in the tanning Production plants 
[3]). In the case of the high phenol and 
chlorophenols concentration in residual water, 
ozonation may be suggested as a good and an 
attractive method for removing chlorinated 
pollutants [4]. On the other hand, the catalytic 
ozonation, as Advanced Oxidation Process, 
increases the amount of hydroxyl radicals, which 
possess an oxidation potential (2.7eV) superior to 
ozone. Catalytic ozonation can achieve the total 
mineralization of organic compounds, so how this 
process is not selective.  The advantage of the use 
of heterogeneous catalysts is that enables the 
recovery of the catalyst, using techniques such as 
precipitation or filtration.  However, in some 
cases, for instance TiO2, the recover totally the 

catalyst is difficult. For this reason, the catalyst in 
film diminished the previous disadvantage. The 
metal oxides (MnO2, TiO2, Al2O3, and CeO2), 
doped metal oxides (Pt/Al2O3, Co/Al2O3, 
Cu/Al2O3, TiO2/Al2O3), granular activated carbon 
or metal modified zeolites are used as catalysts in 
ozonation [5, 6]. The cerium oxide (CeO2) 
possesses an excellent optical and electrical 
properties and high mechanical resistance that 
makes it suitable for catalytic ozonation. CeO2 is 
by far the most studied lanthanide oxide. Most of 
the useful properties of CeO2 are derived from the 
energetic tradeoff between lower redox potential 
of Ce3

+/Ce4
+ and the thermal stability of its 

fluorite-type structure [7, 8].  
The objective of this work is the degradation of 
phenol (Ph) and 4-chlorophenol (4-CPh) by the 
catalytic ozonation using CeO2 supported as a film 
in the comparison with the CeO2 suspension. 
 
2. Experimental methodology 
 
2.1 Studied compounds 
 
The phenol (Alyt 98%) and the 4-Chlorophenol 
(Sigma - Aldrich 99%). All reagents were of 
analytical grade. 
 
2.2. Synthesis of the CeO2 film 
 
The solution of the cerium nitrate in deionized 
water with the concentration of 6 g/L was used as 
a precursor. The CeO2 deposits were made over 
clean glass slides (LAUKA, 26.4 x 76.2 mm) 
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using the technique of ultrasonic spray pyrolysis in 

an Ultrasonic Humidifier, Mca. Sunshine RUH 

101-HUM002 at 500 °C for 30 min (Fig.1) [9]. 

 

2.3 Ozonation procedure 

 

The solutions of Ph or 4-CPh in distilled water at 

the concentration 100 mg L-1 was ozonated in a 

semi-batch type reactor (0.5 L) at 21 °C with the 

initial ozone concentration of 25 mg L-1, using the 

ozone–oxygen mixture flow of 0.5 L min-1  and the 

catalyst concentration of 0.1 g L-1 (Fig. 2).  

 

 

 

 

 

 

 
Figure 1. Experimental scheme of ultrasonic spray 

pyrolysis in an Ultrasonic Humidifier, Mca. Sunshine 

RUH 101-HUM002. 

 

 

 

 

 

 

 
Figure 2. Experimental scheme of the ozonation 

apparatus. 

 

2.4 Ozone generation 

Ozone was generated from oxygen by the ozone 

generator HTU500G (AZCO Industries Limited-

Canada). The ozone analyzer BMT 964 BT (BMT 

Messtechnik, Berlin) provides the ozone 

measurement in the gas phase. Ozone 

measurements in the reactor outlet allow 

determining the ozonation degree and the ozone 

consumption. 

 

3. Analytical methods 

To study the degradation kinetics the 

chromatograph Perkin Elmer series 200 equipped 

with an auto - sampler isocratic pump and a UV-

visible detector 190 - 460 nm with a C-18 column 

(Nova Pack C-18) of 300 mm in length and 3.9 

mm in diameter was used. The mobile phase was 

water–acetonitrile 80:20 for phenol analysis and 

water–acetonitrile- phosphoric acid 50:50:0.1 for 

4-chlorophenol, with the flow rate of 0.5 mL min-

1. 

4. Results and discussion  

4.1 Degradation of phenol and 4-Chlorofenol 

The behaviors of the phenol degradation without 

and in the presence of catalyst, with the CeO2 

suspension and film, are presented in Figure 3. 

The time of the complete degradation of phenol 

was about 15 min for the three systems, but their 

initial rate was different. In general, without the 

catalysts the phenol degradation by 80% was 

realized during 6 min, but with the catalyst during 

7 and 9 min. Moreover, the CeO2 film was a little 

more effective in the first minutes of ozonation. 

Under the experimental conditions (at the pH of 

3.5), the direct mechanism of ozonation is 

dominant, because the  reaction rate constant is 

high (1300 M-1s-1)[10]. In this particular case, has 

not required the presence of catalysts for the 

degradation of phenol.  
 

 

 
 

 

 
 

 

 
 

 

 
 

 

Figure 3. Phenol decomposition by the conventional and 
the catalytic ozonation. 

The degradation of 4-CPh by conventional and 

catalytic ozonation is shown in Fig. 4. Without 

catalyst 4-CPh was removed from 91% in first 5 

minutes, and the complete elimination during 7.5 

minutes. In this case, the formation of phenol was 

observed, that indicates the dechlorination of the 

compound in the first step and subsequently the 

gap of the aromatic ring that coincides with the 

previous result [4]. 

In the presence of the catalyst, the dynamic of the 

4-chlorophenol is not shown significant difference 

in comparison with conventional ozonation. With 

the CeO2 suspension the 4-CPh decomposition was 

much slower than conventional ozonation (70% 

during 5 min). The time of the complete 

decomposition was 12.5 min. On the contrary, 

CeO2 film the complete compound elimination 

was realized during 6 min. The slightly effect of 

the CeO2 film in the comparison with the 

conventional ozonation was observed. 

0 5 10 15 20
0.0

0.2

0.4

0.6

0.8

1.0

A
/A

0

Time, min

 O
3
 conv

 O
3
 cat 

(s)

 O
3
 cat 

(f)



3 

 

 

 

 

 

 

 

 

 

 

Figure 4. 4-chlorophenol decomposition by the 
conventional and the catalytic ozonation. 

In general, the presence of the catalyst doesn't 

affect significantly on the decomposition of phenol 

and 4-chlorophenol. More important is their effect 

on the behavior of the intermediates and the final 

products. In general, in the conventional ozonation 

the final product is oxalic acid, which has the 

accumulation tendency, because it is the 

recalcitrant compound. Figure 5 presents the 

profiles of the oxalic acid concentration for three 

systems. In the phenol ozonation with the CeO2 

suspension, the behavior of the oxalic acid was 

complex without exact tendency, and at 60 min its 

concentration was 300mg/. In the presence of the 

CeO2 film the behavior of the oxalic acid was 

almost the same as in the conventional ozonation 

with the oxalic acid final concentration of 

100mg/L (Fig. 5). 

In the 4-CPh ozonation, the behavior of the 

obtained oxalic acid hasan absolutely different 

tendencyy compared with the conventional 

process, Fig. 6. This permit assumes other reaction 

mechanism in the presence of both catalysts. With 

catalysts the oxalic acid was decomposed by 75% 

during 10 min with the CeO2 film and during 15 

min with the CeO2 suspension. 

 

 

 

 

 

 

 

 

 
Figure 5. Concentration profile of oxalic acid in the 

phenol degradation by conventional and catalytic 

ozonation with the CeO2 film. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Concentration profile  of oxalic acid in the 4-

chlorophenol ozonation in the three systems. 

From the comparison of three treatment systems of 

the phenol and the 4-chlorophenol we should 

conclude that the mechanism of the reaction was 

depended from the chemical structure of model 

compounds and the preparation method of the 

catalyst. The phenol ozonation under the 

experimental conditions was carried out by the 

direct reaction with molecular ozone. The presence 

of catalysts was not influenced by its behavior.  

The 4-chlorophenol ozonation carried out by the 

combined mechanism. The catalytic activity of the 

CeO2 film was better than the CeO2 suspension, 

and this catalyst was more resistant to the 

inhibiting effect of the chloride ions. 
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Semicontinuous ozonation of municipal wastewater effluents: 
importance of the water matrix.
M. Marce1, B. Domejoud2, S. Baig2, S. Esplugas1. (1) Chem. Eng. Dpt., Uni. of Barcelona, Martí i 
Franquès, 1, 08028, Barcelona, Spain. mireiamarceescale@ub.edu (2) Suez environnement, 183, 
avenue du 18 juin 1940, 92508, Rueil-Malmaison Cedex, France  

Wastewater treatment plants (WWTP) have been 
designed to improve the water quality along the 
treatment. Among different treatments, the ozone 
application has shown enhancements in terms of 
water quality and disinfection. Other ozone 
application points should be investigated in order to 
optimize the technology and improve the results at 
the end of the treatment line. According to these 
semicontinuos experiments were carried out using 
different effluents of the WWTP to analyze the 
important of the water matrix.  

The current needs of our society demand high 
levels of industrialization and worldwide food 
supply, causing a negative impact by decreasing 
water resources. These factors along with the 
continuous increase of global population are 
placing the natural water resources under stress.   

Wastewater treatment plays an important role in 
removing contaminants from the municipal 
wastewater. It is designed to eliminate solids, 
particulate contaminants, nutrients and dissolved 
biodegradable organic matter [1]. However, the 
conventional secondary biological treatment have 
shown unsuccessfully  removals of biorefractory 
substances [1, 2]. 

Regarding this fact, municipal wastewater is the 
major source of pharmaceuticals and personal care 
products (PPCP)  in the aquatic environment. 
Since it is unworkable to reduce the consumption 
of these compounds, the improvement of the 
wastewater treatment is one of the few options to 
significantly diminish the release of them [3].  

Chemical oxidation for complete mineralization 
of these pollutants is generally expensive because 
the oxidation intermediates formed during the 
treatment tend to be more resistant to their 
complete chemical degradation and furthermore, 
they all consume energy and chemical reagents 
which increase the treatment line[4]. For these 
reason, new applications and management of these 
advanced oxidation processes should be studied. 

Recent published studies concerning water and 

wastewater reutilization are focused on ozonation 
as a promising treatment process. Ozonation 
processes perform well improving water quality as 
observed in its aggregate parameters before and 
after its usage. Nevertheless, additional studies 
related to ozone application as pre-biological 
treatment stages should be considered for a better 
understanding of its effects on water quality as 
well as on the existing process performances.  

For this study, samples of primary (P) and 
biological secondary after sand filtration (S) 
wastewaters from a costal Wastewater Treatment 
Plant (WWTP) located in the province of 
Tarragona (SPAIN).  

Ozone experiments were performed at lab scale 
in 2.5 L semi-batch reactor filled with a working 
volume of 2 L[2]. Gas flow rate and ozone inlet 
concentration were kept constant at 60 LN/h and 
40 mg/L during all the treatment for the primary 
and secondary effluents. Experiments were 
performed without pH adjustment, at 20 ºC. Ozone 
gas was injected at the bottom of the reactor with a 
porous plate and the mechanical mixing ensured 
the good contact between the liquid and gas 
phases. 

Different aggregate parameters have been 
analyzed such as Chemical Oxygen Demand 
(COD), Dissolved Organic Carbon (DOC), 
Turbidity, absorbance at 254 nm (UV254), 
Inorganic Carbon (IC) and total solids (TS). 
Indeed, these parameters provided useful 
information regarding the degrees of oxidation, 
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saturation or aromaticity and biodegradability of 
the effluent organic matter (OM).  

Among the data obtained, figure 1 shows the 
Chemical Oxygen Demand (COD) evolution for a 
primary wastewater effluent (P) and for a 
biological secondary wastewater effluent after 
sand filtration (S) in function of the transferred 
ozone dose (TOD). By using the initial Chemical 
Oxygen Demand (COD0) the dimensionless % 
COD/COD0 were plotted versus mg TOD/g COD0 
and according to results there are a similar 
behaviour for the two wastewaters tested. 
However, it has to be taken into account that the 
primary effluent has a inital COD0 of 646 mg O2/L 
and the secondary has a lower value of 45 mg 
O2/L. In both cases it is observed in both cases big 
changes takes place during the initial time. 
Additionally, at initial times the ratio g COD 
removed/g TOD is 2.1 for primary effluent and 
0.36 for the secondary effluent. 

 

Figure 1. Dimensionless COD evolution of primary 
(P) and secondary (S) effluents versus transferred ozone 
dose (mg TOD/g COD0). 

 

During the semicontinuous ozonation there are 
important physicochemical changes affecting the 
ozone mass transfer coefficient (KLa), ozone 
decomposition kinetic constant (kd) and the immediate 
ozone demand (IOA). However, assuming constant 
values of these parameters, it is possible to be estimated 
(see Table 1) [5]. 

 

effluent IOA  
(mg O3 /L) 

KLa 
(min-1) 

kd 
(min-1) 

P 62 0.83 0.80 
S 10 0.39 0.087 

Table 1. IOA, KLa and kd for the primary (P) and 
secondary (S) effluents. 

 
   As important results from this experimental 
work it can be concluded that the combination of 

ozone processes with lower doses in different 
points of treatment line may promote an 
enhancement in the organic matter removal at the 
end of the wastewater treatment line, before the 
water discharge into the environment. 
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Impact of Ozone and Peroxone advanced oxidation processes on 
the Degradation of Naphthenic Acids Species and detoxification of 
Oil Sands Process-affected Water 
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The removal of Naphthenic Acids, the 
predominant compounds responsible for the 
oil sands process-affected water (OSPW) 
toxicity, has been investigated using ozone 
and peroxone processes. A 91 % removal of 
classical-NAs was achieved using 50 mg/L 
of utilized O3 dose at a H2O2:O3 ratio of 1:2 
compared to an 84% removal using only O3. 
The  inhibition level in acute toxicity of 
OSPW showed the same trend and the 
highest toxicity reduction was achieved in 
OSPW treated with H2O2:O3 of 1:2. Results 
obtained from this work will enable the 
evaluation of O3 and O3/H2O2 processes as a 
potential treatment processes for OSPW. 
  

     The Canadian oils sands in northern Alberta are 
the third largest oil deposits worldwide and the 
subsequent extraction of bitumen produce large 
amounts of oil sands process affected water 
(OSPW). The industry is following a self-
implemented zero discharge practice. Thus huge 
amounts (109 m3) of OSPW are continuously 
stored in tailings pond while there is a growing 
need to develop methods to treat OSPW to be 
released safely back into the environment. 

OSPW is a complex mixture of suspended 
solids, trace metals as well as organic compounds 
which is comprised of naphthenic acids (NAs) and 
polycyclic aromatic hydrocarbons (PAHs) among 
others. Different studies have demonstrated that 
OSPW is toxic to a variety of organisms including 
invertebrates, fish, and mammals. NAs are widely 
considered as the major toxic components of 
OSPW. NAs are a group of aliphatic and alicyclic 
compounds with a general formula of CnH2n+zOx, 
where n represents the carbon number, z the 
hydrogen deficiency number (0 or negative even 
integer) and x the number of oxygen atoms present 
(x = 2 for classical NAs, x � 3 for oxidized NAs). 
Due to the toxicity and recalcitrance of NAs to 
biodegradation, OSPW has to be treated prior to 
release. It was reported that OSPW NAs can be 
degraded by ozonation with partial or complete 
toxicity reduction using vitro and in vivo assays 
[1]. However, the mechanisms of NAs degradation 
in OSPWs have not been elucidated so far. 
Moreover, the application of ozone (O3) for 
OSPW remediation still has some limitations.  

It is the feasibility, the efficiency and the entire 
cost that dictates the applicability of the best 

treatment. Thus relatively high costs of potential 
powerful treatments may limit their applications in 
large-scale treatments. The main objective of this 
study was to investigate, for the first time 
according to our knowledge, the impact of 
peroxone (O3/H2O2) AOP on the speciation of 
NAs (classical and oxy-NAs distribution) and the 
overall toxicity of OSPW, towards Vibrio fischeri 
at various utilized ozone doses. The study explores 
the relative efficiency of O3, O3/H2O2 AOPs on the 
degradation of NAs species with respect to carbon 
and z numbers.  

The ion mobility and c-NAs profile analyzed 
with UPLC-TOF-MS is shown in graphical 
illustration section. Ozonation with a utilized 50 
mg/L O3 removed 16% O-NAs and 35% O2-NAs, 
while the peroxone process with 50 mg/L O3 and 
20 mg/L H2O2 removed 41% O-NAs and 55% O2-
NAs. The impact of peroxone process on 
parameters like acid extractable fraction (AEF), 
chemical oxygen demand (COD) and Microtox 
assay showed that AEF decreased by 62.09%, 
COD decreased by 24.39% and inhibition level 
decreased from 51% in raw OSPW to 25%. In 
contrast, ozonation with a utilized 50 mg/L O3 
removed 45.6% AEF and 1.63% COD. This study 
indicated that the peroxone process at a ratio of 
H2O2:O3 1:2 had the best efficiency in reducing c-
NAs, oxy-NAs and other parameters like AEF, 
toxicity and COD compared to O3 treatment alone. 
The determination of optimal molar ratio for 
peroxone and the lowest optimum initial 
concentration of H2O2 will contribute the 
knowledge how to degrade the toxic contaminants 
in OSPW for future large scale treatment designs 
and applications.  
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 The textile wastewater contains wide spectrum of chemicals. 
Estimation of their influence on the aquatic systems is a very 
important issue. 
In this work the acute toxicity assessments of the textile 
wastewater before and after: chemical, biological as well as  two 
stages combined chemical-biological treatment were done. The 
Microtox® toxicity assay was used.  
Untreated wastewater have the highest toxicity (EC50 value in the 
range: 3 - 6 %). Ozonation caused from 2 to 2.5 times reduction of 
the toxicity. Biodegradation in batch reactors resulted in reduction 
of the toxicity in the range from 3.3 to 3.7 times. However, there 
was no synergistic effect – combined chemical-biological 
treatment  resulted in only 4.2 - 6 times reduction of the toxicity.   
 
  

 
Background 

The textile industry is a very water consuming 
branch. It generates huge amounts of wastewater 
loaded by wide spectrum of both organic and 
inorganic compounds [1]. The most characteristics 
aspects for this wastewater are time variability, 
basic pH, high colour, low BOD5/COD ratio and 
significant salinity [2]. A lot of dyes used in the 
textile wastewater are xenobiotic substances. They 
can be toxic or can be degraded to toxic and 
mutagenic compounds [3].  

Although, many papers concerning chemical and 
biological treatment of the textile wastewater are 
available in the literature [2-9], there is still not 
enough investigations targeted to environmental 
impact of the treated wastewater [3, 10]. 

 
Objectives 

The aim of this study was to determine the 
influence of the chemical, biological as well as 
two stages combined chemical-biological 
treatment on the environmental impact of the high-
loaded effluents from the dyeing factory. As a 
chemical treatment ozonation has been selected. 
Bilogical treatment was carried out in the batch 
reactors. In combined chemical-biological 
treatment, first was ozonation while 
biodegradation was a second stage. Furthermore, 
to examine the progress of degradation, organic 
carbon compounds content (BOD5, COD, TOC), 
colour and toxicity towards Vibrio fisheri have 
been done.  

Materials and methods 

The real industrial textile wastewater has been 
used. The concentrated effluent stream containing 
baths from washing with bleaching, dyeing and 
first rinse after dyeing was used. They are 
characterized by higher amounts of both organic 
and inorganic pollutants than the other baths 
(mostly rinses). The experiments were carried out 
for the same tape of effluents collected in Winter 
(I - 22.03.15) and in Spring (II - 14.05.15).  

Ozonation was carried out in a semi-bath mode 
(heterogeneous gas–liquid system). Set-up was 
previously described by Bilińska and coworkers 
[5]. Two ozone doses were applied: 0.42 for I and 
1.68 gO3.dm-3 for II. For both effluents the 
ozonation treatment were carried out without 
changing of pH.  

The biodegradation experiments were conducted 
in two single SBR reactors in parallel. A very 
similar equipment was used in earlier experiments 
described by Pazdzior et al. [8]. However, there 
are some significant differences. The SBR had a 
working volume of 1.5 dm3. Experiments were 
carried out at the 30°C. All bioreactors were 
inoculated by the activated sludge taken from the 
textile wastewater treatment plant. The SBR 
reactors were working in the 12 hour cycle (30 
min. sedimentation, 38 min. drawing, 72 min. 
filling, almost 11 h mixing and 8 h aeration) with 
HRT 48 h. One bioreactor treated raw textile 
wastewater, the second one wastewater after 
ozonation. 
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Acute toxicity of textile wastewater before and 

after treatments was measured using Microtox®. 

Additionally the following parameters were 

measured: pH, conductivity, BOD5, COD, TOC, 

total nitrogen and light absorbance 

(spectrophotometric analysis). 

 

Results  

The effluents from the dyeing factory are 

changing during the time. Table 1 shows the 

differences in the physical and chemical 

parameters measured for the used wastewaters. 

Textile wastewater I was ozonated during 15 min, 

while Textile wastewater II during 60 min. The 

textile wastewater I characterised by EC50 6.03% 

(Table 1) was subjected to ozonation with ozone 

dose 1.68 gO3dm-3. As a result of ozonation EC50 

increased to 14.94% (Fig. 1). What means 2.5 

times lower toxicity in comparison to raw textile 

wastewater. Biodegradation led to higher toxicity 

reduction – 3.7 times, EC50 after biodegradation 

reached 22.17%. Two stages combined chemical-

biological treatment resulted in 6 times toxicity 

reduction (final EC50 – 33.43%).  

The textile wastewater II which was higher 

loaded with organic carbon compounds but 

contained less electrolytes was more toxic towards 

Vibrio fisheri (EC50=2.97%) (Table 1). A similar 

trend was observed according toxicity reductions 

to the wastewater I. Ozonation reduced toxicity 2 

times (EC50=5.98%), biodegradation 3.3 times 

(EC50 9.75%) and two stages combined chemical-

biological treatment 4.2 times (EC50=12.5%).  

Punzi and coworkers [3] obtained similar values 

of EC50 for Vibrio fisheri in case of untreated real 

textile wastewater. However, they observed very 

high reductions of this toxicity after ozonation. 

Anaerobic treatment led to similar toxicity 

reductions than in herein presented results for 

biodegradation.  

 
Table 1. The short characteristics of textile 

wastewater 

Parameter  I II 

pH 

Conductivity 

BOD5 

COD 

TOC 

DFZ (λ=436nm) 

DFZ (λ=525nm) 

DFZ (λ=620nm) 

EC50 

[ - ] 

[mS∙cm-1] 

[mgO2∙dm-3] 

[mgO2∙dm-3] 

[mgC∙dm-3] 

[m-1] 

[m-1] 

[m-1] 

[%] 

9.62 

16.6 

200 

850 

360 

61.1 

41.7 

26.9 

6.03 

9.87 

11.3 

300 

1065 

410 

40.7 

33.0 

17.4 

2.97 
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Figure 1. Summary of the calculated EC50 for 

Microtox® toxicity tests of untreated and treated textile 

wastewater. 
 

Surprisingly, higher removal of organic carbon 

compounds were observed for the more toxic 

wastewater (Table 2). This fact can lead to 

conclusion that besides organics detection also 

toxicity analysis must be conducted. It is possible 

that during chemicals degradation more toxic 

products are formed. In the case of the textile 

wastewater their toxicity can be connected with 

the dyes type. In the presented research less toxic 

wastewater was significantly better decolourised 

(Table 2).     

   
Table 2. Reductions of the main parameters obtained 
for the ozonation followed by  biodegradation 

Parameter  I II 

BOD5 

COD 

TOC 

DFZ (λ=436nm) 

DFZ (λ=525nm) 

DFZ (λ=620nm) 

[mgO2∙dm-3] 

[mgO2∙dm-3] 

[mgC∙dm-3] 

[m-1] 

[m-1] 

[m-1] 

86 

58 

64 

82 

71 

63 

89 

62 

69 

24 

11 

0 

 

Conclusions 

Our study revealed that biodegradation in SBR 

reactor is more efficient in the toxicity removal 

than ozonation. However, both methods reduced 

toxicity towards Vibrio fisheri.  

It was also observed that higher removal of 

organic carbon compounds did not result in higher 

toxicity reduction.  
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Color removal from biologically treated textile wastewater and cost 
analysis 
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The textile industry is known to be one of the most complicated 

industry among manufacturing industries. As a result of toxic 
chemicals that are used in textile processes, textile wastewaters 
may be toxic even after biological treatment. Textile effluents are 
generally characterized by the parameters of BOD, COD, pH, 
suspended solids and color. Except color other parameters can be 
reduced by conventional biological activated sludge treatment 
methods to meet discharge limits. In this work different 
commercial decolorants and ozonation process were used together 
for the decolorization of biologically treated textile wastewater 
(BTTWW). Cost analysis was made by using operational unit 
decolorant and ozone cost at optimum decolorant dosages. 
 

 
Since dyes are developed to resist degradation, 

thus some non-biodegradable dyes may possess 
toxic, mutagenic and carcinogenic characteristics 
[1]. Therefore, a proper treatment is required to 
meet the pollution control requirements. Otherwise, 
the presence of residual dyes in the secondary 
treated textile wastewater reduces sunlight 
penetration and depletion of the dissolved oxygen 
in aquatic environment. Due to their toxic non-
biodegradable properties, dyes can also contribute 
to the failure of biological processes in wastewater 
treatment plants.  Protection of human health and 
the environment is a priority and requires the 
removal of dyes before effluent discharge into the 
environment.  

Treatment of wastewater containing dyes is 
becoming increasingly important as the discharge 
regulations become more stringent. Therefore, a 
cost effective method for treatment of colored 
wastewater is essential [2]. Many different physico-
chemical separation and advanced oxidation 
methods were used to remove the residual color 
from the secondary treated textile wastewaters.  

Among the available treatment methods, 
coagulation and flocculation is one of the most 
commonly employed process in water and 
wastewater treatment systems and it has been 
proved effective in removing many different 
organic and inorganic pollutants. Conventional 
aluminum and ferric based salts such as aluminum 
sulfate, ferric chloride, polyferric chloride (PFC), 
polyaluminum chloride (PAC) wastewaters are 
widely used in practice.  However color removal 
from raw and biologically treated textile 
wastewaters (BTTWW) requires high dosages to 
meet effluent discharge standards and thus large 

volume sludge is usually produced during 
operation. The high cost of sludge disposal is a 
main drawback of conventional metal coagulation 
processes.  Synthetic polymers have long been used 
as primary coagulants or flocculants aids in textile 
wastewater treatment.  Compared with metal 
coagulants, the superior performance of synthetic 
coagulant is their wider working pH range and the 
lower dosage requirement for the equivalent 
removal efficiency. However, its high cost limits its 
application in wastewater treatment. The 
ecotoxicological and hazardous nature of synthetic 
polymers have also been reported to create a 
number of environmental impacts and health 
concern. On the other hand, the major drawback of 
the coagulation methods is that the pollutants are 
not degraded but transferred from one phase to the 
other. 

Advanced oxidation processes (AOPs) such as 
photocatalytic oxidation [3], ozonation [4], 
Fenton’s oxidation (FO) [5,6] and photo-Fenton 
oxidation [7] have been attempted to detoxify and 
decolourise, textile wastewaters. However many 
advanced oxidation processes are still in advance 
except ozonation. Ozone is a powerful oxidizing 
agent and may react with organic dyes either 
directly or via OH radicals. Direct ozone and radical 
reactions may destruct the structure of the 
recalcitrant organic substances resulting in the 
formation of biodegradable and colorless by-
products. Consequently, ozone has been applied in 
wastewater field in recent years to reduce COD, 
color, toxicity and pathogens, to improve 
wastewater biodegradability and to enhance the 
efficiency of coagulation-flocculation processes 
[8].   

0

500

1000

1500

2000

2500

3000

3500

4000

0 100 200 300 400 500

C
ol

or
, P

tC
o

Concentration, mg/L

T=0
T=5 min
T=10 min
T=20 min

B1- 10



2 

In this study, synthetic coagulant and ozonation 
were applied for the decolorization of the 
biologically treated cotton-synthetic textile 
wastewaters. Sludge production, electrical energy 
requirements, chemical needs were evaluated for 
the operational cost estimation of advanced 
treatment methods. 

 
Material and Methods 
Textile wastewater samples were obtained from 

the textile plant located in Torbali area of Izmir, 
Turkey. Samples were collected from the end of the 
production line, before wastewaters sent to 
treatment plant. Samples stored at 4°C to keep 
chemical composition intact. 

Samples taken for each treatment method were 
analyzed for the concentration of COD, TOC, 
alkalinity, TSS and VSS with the methods 
described in Standart Methods [9]. Hach DR5000 
UV-Vis spectrophotometer were used for color and 
absorbance measurement. pH and conductivity 
measurements were done with WTW portable 
meters. TOC measurements were carried out with 
Shimadzu TOC-CPN TOC analyzer. Ozone 
treatment, activated carbon and ion exchange resin 
treatment and decolorant treatment results were 
compared. 

The ozone was generated with a Sander Model 
300.5 ozone generator. Pure oxygen with a flow 
rate of 500 NL/h was fed to the generator. System 
worked at 250 mA current. Generated ozone has a 
flow rate of 4.5 g Ozone/h and concentration of 14 
g Ozone/m3. Generated ozone fed through a glass 
reactor with a diffuser to distribute ozone gas 
homogeneously. Ozonation process was carried for 
20 minutes. 

Optimum dosage experiments of commercial 
decolorant obtained from resellers were carried 
with a WiseStir multiple stirrer jar-test device. 
Specifications of commercial decolorant is given in 
the Table 1. Different dosages of decolorant added 
to 500 mL of the sample textile wastewater in the 
jars. Device set to rapid mixing at 120 rpm for one 
minutes after the addition of decolorant and then 
velocity of the paddles was down to 30 rpm for 
flocculation. Supernatant samples were collected 
after 30 minutes of slow mixing. 

COD, turbidity, color, pH, conductivity and 
absorbance tests were conducted for supernatant 
samples, also sludge volume was measured after 30 

minutes of settling. 
 

Table 1. Specifications of commercially available 
decolorant, Akua End. 

Decolorant Akua End 6100 

Color Colorless 

Composition 
Cyanoguanidine 

Polymer 
Ionic Charge Cationic 

pH, at 20°C 3.5±0.5 (%30 solution) 

Density, kg/L, at 20°C 1.21 
CAS Number 55295-98-2 

 
Results and Discussion 
BTTWW usually have low COD values. On the 

other hand, high color levels do not meet the 
discharge standards specified in legislations. Ozone 
is an effective but expensive method to reduce color 
of wastewaters. Besides ozonation, alternative 
color removal methods such as coagulation is not 
preferable because of chemical and sludge disposal 
costs.  In this study, a combination of ozonation and 
coagulation was researched to achieve high color 
removal along with reduced cost.  

Results show that a slight decrease in both 
coagulant dosage and sludge volume after 
ozonation over time (5, 10 and 20 min). It is 
obviously seen from the Figure 1(a-d) that color 
removal efficiency increased with the extension of 
ozonation time.  Discharge standard for color is 280 
PtCo in Turkey’s legislations. To meet this criteria 
a dosage of 200 mg/L decolorant were needed 
without ozone treatment. On the other hand, 
decolorant need was reduced to 50 mg/L after 10 
min ozonation.  COD removal efficiency was 
determined as 40-50% with decolorant.  

The operational cost for ozone treatment for ten 
minutes were calculated as 0,12 €/m3. Decolorant 
costs for 50mg/L is 0,073 €/m3. Average 
operational cost without sludge disposal expenses 
is 0,193 €/m3. 300 mg/L (0,436 €/m3) decolorant 
dosage is needed in order to achieve the same color 
removal ratio without ozone addition. Therefore, 
operational cost can be decreased up to 0,243 €/m3 
with combination of ozone and decolorant 
treatment.
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Figure 1 Absorbance values of BTTWW after combination of ozonation and coagulation treatment; (a) 
coagulation without ozonation, (b) coagulation after 5 min ozonation, (c) coagulation after 10 min 
ozonation, (d) coagulation after 20 min ozonation. 
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Occurrence and removal of specific pollutants in treated 
denim and cotton-polyster textile wastewaters by means of 
ozone oxidation 
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 Most of the dye molecules have polyaromatic structure with 
high molecular weight and contain atoms of nitrogen, sulfur and 
metals, therefore  it is very difficult to break them down by any 
biological methods.  In order to overcome these problems 
advanced oxidation processes (AOPs) have been attempted  to 
generate hydroxyl free radicals. This study investigates the 
effectiveness of ozone oxidation on removal of COD, color and 
specific pollutants in biologically treated effluents from two 
textile industries. Samples from prior and post ozonation were 
submitted to toxicity test using Daphnia magna. ozonation was 
found to be effective to remove COD and color to comply with 
discharge standards however higher doses are required to 
remove emerging pollutants in textile effluents. 
 
Keywords: Textile wastewater, Ozone oxidation, Specific 
pollutants, Color and COD removal, Ecotoxicity, Intermediates 

 
  Textile industries are intensive water consuming 
and concentrated with various pollutants. The high 
concentration of dyes cause substantial treatment 
problems [1]. Most of the dye molecules have 
polyaromatic structure with high molecular weight 
and contain atoms of nitrogen, sulfur and metals, 
therefore  it is very difficult to break them down by 
any biological method and they cannot be treated 
efficiently by an activated sludge or some 
combination of  biological, chemical or physical 
methods [2-3].  In order to overcome these 
problems advanced oxidation processes (AOPs) 
have been attempted  to generate hydroxyl free 
radicals by different techniques and to react with 
recalcitrants present in raw or treated textile 
wastewaters. Among AOPs which proved 90% of 
the chemical oxygen demand (COD) reduction, 
ozone (O3) oxidation has been preferable since it 
can react with several classes of compounds 
through direct or indirect reactions (mainly, OH 
radical) [4]. 
  Various biotests including Daphnia magna have 
been evaluated as a good organisms to test effluent 
toxicity in textile wastewater [5, 6] and dyes [3,7-
9]. 
  The main objective of this study is to investigates 
the effectiveness of ozone oxidation on removal of 
COD, color and specific pollutants in biologically 
treated effluents from two textile industries. 
Samples from prior and post ozonation were also 
submitted to toxicity test using Daphnia magna for 
safe guard of the treated samples. 

  Chemical and biological treated samples were 
collected fro two textile industries located in Çorlu-
Çerkezköy area (Tekirdağ, Turkey). In the cotton 
and polyester fabrics are dyed using reactive dyes. 
Two hundred and fifty employees work in this 
industry. Total process wastewater orginated from 
the industry is around 1500 m3/day. Raw and 
biologically treated wastewater samples collected 
two times to characterize them. The samples 
delivered to the laboratory cooled and kept at 4 0C 
during experimental study without adding any 
chemicals. Chemical analyses were performed 
within 1 day and while toxicity analyses after 
ozonation experiments were conducted in 30 min 
after aeration the samples. 
  Ozone was supplied by an air-ozone generator   
(LAB2B Degremont Technologies-Triogen model 
with a maksimum 4 g/h capacity) and transfered 
through a closed cylindrical pyrex glass reactor 
with a diameter of 40 mm and height of 1100 mm. 
A tubular cylindrical porous diffuser was replaced 
at the bottom of the reactor to transfer input O3 gas 
into aqueous solution. Teflon tubing line was used 
fort he connection between generator and the 
reactor. Two appropriate O3 concentrations (4,8 and 
10.8 mg/L.min) were adjusted by changing the 
electrical current of the ozone generator. All 
experiments were performed at room temperature 
(25 oC) and at original pH of wastewater. After 
ozonation, the samples were aerated for 5 min to 
remove possible residual O3. The O3 concentrations 
in input and off-gas were destroyed by two 
sequential washing bottles containing 250 mL of 
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acidified 2 % KI solution. Than, a sodium 

thyosulfite titration procedure in the presence of 

starch as the indicator was performed to measure O3 

concentration. The transfered O3 (TrO3) was 

calculated by  input O3–O3 in off gas-residual O3 in 

the reactor [9,10]. The samples were withdrawn 

from the reactors at each time interval for the 

analysis after filtering through a rough filter (1.2 

m). Residual ozone normaly decays rapidly 

depending on water quality which means that the 

ozone residual half-life may be several seconds to a 

few minutes. Ozone residual in water is determined 

by the indigo method. At low pH’s indigo is 

decolorized by ozone. The decolorization is 

measured at 600 nm using spectrofotometer.   

Ozone oxidation conditions for the samples are 

given in Table 1. 

 
Table 1. Samples and ozone conditions 

Origin of the 

wastewater 

Prior 

ozone 

Post 

ozone 

Applied 

Ozone   

(mg/L.min) 

Chemical treated 

Denim textile 

wastewater  

Biological treated 

Denim textile 

wastewater 

 

 

S10 

 

 

S1 

 

 

0.96  

 

 

S20 

 

 

S2 

 

 

0.96  

Biological treated 

cotton-polyster 

dyeing textile 

finishing wastewater 

 

 

S30 

 

 

S3 

 

 

10..8  

 
  Wastewater characteristics were analyzed 

according to Standard Methods [11]. Absorbance 

was measured using Thermo Aquamate 092924 

model spectrophotometer. All chemicals were of 

analytical grade. KI solution used for residual 

ozone titration was prepared daily. Anions in 

ozonated samples were detected using Ion 

chromagtograp (Dionex ICS-5000). Methane 

sulphonic acid and  anion exchanger colon were 

used in mobile phase. Specific pollutants were 

screened by GC-MS (Agilent 7890N) run in SIM 

mode. The toxicity prior and post ozonation was 

measured using 24 h newborn D. magna according 

to ISO6341 method [12]. Treated samples were 

tested within 30 min to avoid any effect of residual 

O3. Experiments were carried out quadruplicate and 

5 daphnids were exposed to solutions in each test 

beaker with 50 mL of effective volume. All 

solutions were prepared using bidistilled water at 

pH 8.0. Results were expressed as a percentage of 

immobilised animals after 24 h. 

  Wastewater characteristics of the collected 

samples are given in Table 2. As seen in Figure 1, 

transfered ozone doses increased in different rates 

for each sample due to their cahracteristics. 

Anyhow the ozone consumption rates were in 

accordance with the previous studies [8,13]. COD 

and pH changes were consistent with toxicity 

evolution in the samples as dispalyed in Figure 2. 

Fluctuations were attributed to the intermediates 

formed during treatments [3, 8, 13]. 

 

Table 2. Characteristics of textile samples 
Parameter Birim S10 S20 S30 

pH -- 9.75 7.74 7.44 

KOİ   [mg/L] 317.7 29.3 205.9 

AKM  [mg/L] 25 12 65 

UV abs. 436 (0.07)* 

525 (0.05)* 

620 (0.03)* 

0.074 

0.05 

0.047 

0.019 

0.014 

0.100 

0.655 

0.695 

0.560 

*values in paranthesis indicate German Wastewater Discharge 

Limits. 

 
Fig. 1.  Transferred ozone doses versus samples 

for the conditions given in Table 1 and 2. 

 

Fig.2. COD, pH and toxicity changes during 

ozone treatment of the samples. 

Both COD and UV absorbance results obeyed 

Pseudo first order kinetics and calculated reaction 

constants are given in Table 3 accordingly.  
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Table 3. Pseudo first order kinetic constants for 

textile samples treated by conditions  
Sample COD  

(L/min) 

R2 Absorbance  

* (L/min) 

 R2 

S1 0,1099 92,94 0,014  91,9 

S2 0,0629 96,83 0,4106  92,53 

S3 0,027 99,69 0,1159  93,57 

*mean of 436, 525 and 620 nm values 

 

  The results indicated that various specific 

pollutants are present in treated textile effluents 

which need to be treated further for the safeguard of 

discharge bodies. Table 4 and Figure 3 show 

respectively their measured concentrations in the 

samples prior and post ozonation.  It is noted from 

Table 4 that the spesific pollutant were not removed 

in all samples at the applied ozone doses, however 

they were transformed to other chemicals [14-16]. 

There were metals measured at the levels between 

ng/L- and mg/L (data not shown) levels. 

It can be concluded from this study that ozonation 

was found to be effective to remove COD and color 

to comply with discharge standards however higher 

doses are required to remove emerging pollutants in 

textile effluents. 

 

Table 4. GC-MS scanning results in the samples 

prior and after ozonation as indicated in Table 1 

(Hexzan:methylene chloride (1:1) extraction) 
 Compounds  

S10 1,3-diphenoxy Benzene, Benzyl alcohol, 2,6-

dimetyhl-7-octen-2-ol, 4-(1,1-dimethyl)-

Cycylohexanol, 2-Cyclohexen-1-ol, Butanoic acid 

butyl ester, Nonamide, Hexadecanamide, (Z)-9-

Octadecanamide 

S1 2,2,4,6,6-pentametyhl heptane, 2-(2-butoxyethoxy)-

Ethanol, 2,2,4,4,6,8,8-heptamethyl-nonane, 2,2,8-

trimetyhl Decane, 1-(3-ethylcyclobutyl)-Ethanone, 

Butanoic acid butyl ester 

S20 2,2-dimethyl-1-(2-hydroxy-1-

methylethyl)propylester, Butanoic acid butyl ester, 

Octanamide, Phtalic acid butyl tetradecyl ester, (Z)-

9-Octadecanamide 

S2 1,1'-dithiobis Piperidine, 2,2,4,6,6-Pentamethyl 

Heptan, 2,2,9-trimethyl Decane, 2,2,11,11-

tetramethyl Dodecane, 2-methyl Propanoic acid, 

2,6-dimethyl Heptadecane, bis-2-methylpropyl-1,2-

Benzendicarboxylic acid 

S30 2,2,4,6,6-pentamethyl-Heptane, 2-methyl-

Propanoic acid 

S3 2,2,4,6,6-pentamethyl-Heptane, 2,2,3,4-

tetramethyl-Pentane, 2-methyl-Propanoic acid, 

Tetradecanamide, (Z)-9-Octadecanamide 
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Flue gases from phosphate rock digestion contain 
nitrogen oxides NOx, H2O vapour, hydrogen 
fluoride (HF) and silicon tetra-fluoride (SiF4). The 
present paper describes both lab scale results and 
pilot scale results for NOx ozonation of simulated 
and real flue gases. First of all the usefulness of 
this method for NOx removal was determined. The 
required molar ratio O3/NOx together with 
residence time and the influence of water vapour 
were assessed.  
It was confirmed for the first time that ozonation 
of flue gases from phosphate rock digestion 
process is a viable solution for NOx removal. 

  

There are two ways of producing NPK fertilizers 
based of phosphate rock digestion. One of the 
methods of phosphate rock digestion is the process 
where concentrated nitric acid is used. 
Unfortunately, this technology generates NOx 
emission, which have to be removed from flue 
gases before their introduction into the 
atmosphere. Thus, there is a need for 
environmentally friendly and cost effective 
methods for NOx removal from flue gases. The 
application of pre-ozonation was proposed as the 
possible solution to NOx emission problem in 
NPK process. The main aim of ozone injection 
into the flue gas stream is to oxidize NOx into 
nitrogen oxides at higher oxidation states, mainly 
dinitrogen pentoxide [1]. This change in flue gas 
composition is really beneficial for absorption 
processes. Firstly because N2O5 is better soluble in 
water than NO and even NO2. Secondly, N2O5 in 
reaction with water leads to the formation of only 
HNO3. In traditional absorption processes without 
ozone injection into the flue gas always contain 
unremoved NOx after absorption. Pre-ozonation 
can be used, as a NOx removal intensification 
technique. The experiments were carried out both 
in the laboratory scale and pilot scale for real flue 
gases generated during digestion process of 
phosphate rock. The required molar ratio O3/NOx 
and residence time where determined. Finally the 
feasibility of the solution was checked. 

The stoichiometric-theoretical molar ratio is 
equal to 0.5 for NO2 ozonation into N2O5. The 
required molar ratio O3/NOx turned out to be 
higher (1.5) for lab scale experiments.  

In the final series of experiments performed on 
real flue gases containing high amounts of water 
vapour and post-digestion dust from the pilot plant 
the efficiency of the ozonation process was 
evaluated. Graphical illustration presents results of 
these series of experiments with the same 
residence time but increasing O3/NO2 ratio (0.44, 
0.64, 0.95). It is clear that NO2 removal efficiency 
rises with the increasing O3/NO2 ratio from 40.4 to 
97 %. 

In order to analyze the ozonation process in wider 
range of O3/NO2 ratio (0.2-1) additional two series 
of experiments were performed with different 
residence times (3 sec and 7 sec). 

Lab-scale results revealed that water content in 
off-gases has an significant influence on ozonation 
reaction. Therefore, high humidity of real off-
gases will be beneficial. Recommended O3/NOx 
for complete removal of NO2 is around 1. 
Residence time around 7 seconds is sufficient for 
almost 100% NO2 conversion provided the molar 
ratio of O3/NOx is around 1. For the first time the 
application of ozone to NO2 removal from 
phosphate rock digestion process off-gases was 
proved to be effective and safe solution.  
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Figure 1. Experimental Setup

Catalytic ozonation appears to be an interesting advanced 
oxidation process for degrading organic micropollutants and 
recalcitrant organic matter during urban wastewaters tertiary 
treatment. Therefore, the present work deals with organic 
matter mineralization efficiency using the TOCCATA® 
catalytic process. Experiments were carried out to understand 
the kinetics and mechanisms that are involved in this process
by comparing it to single ozonation and single adsorption. A 
focus on adsorption was particularly made on adsorption to
determine kinetics in relation to the global catalytic rate
during organic carbon removal. Further analyses are to be 
made for micropollutants and adsorption isotherms, in order 
to model and predict the process behaviour as a wastewater 
tertiary treatment.

Background and objectives 
Conventional wastewater treatment plants 
(WWTPs) processes are not successful in reducing 
numerous mineral and organic pollutants [1]. 
Indeed, single ozonation is a usual and efficient 
oxidation process but remains selective and creates 
undesired by-products with organic matter [2]. 
Therefore, advanced oxidation processes such as 
catalytic ozonation appear to be an interesting 
solution as a tertiary treatment for organic 
micropollutants and refractory organic matter. 
Ozone decomposition creates radical species that 
have a stronger oxidation potential and increase 
the reactivity with organic matter [3]. The 
TOCCATA® catalytic process involves a solid 
catalyst that enhances ozonation efficiency [4]. 
Therefore, the present work investigates organic 
matter and micropollutants mineralization 
enhancement using the TOCCATA® catalytic 
process with ozone. It aims first to compare single 
ozonation, single adsorption and catalytic 
ozonation efficiency towards global organic matter 
removal. A global understanding of which 
mechanisms are involved in catalytic ozonation 
will enable experimental optimization for 
wastewater pollution degradation.  
The work will then focus on the specific 
elimination of selected micropollutants. This 
particular study is still in progress. 

Methods and procedures: 

Methods:
Wastewater effluents were collected at the outlet 
of a biological treatment plant. TOCCATA® 
catalyst is a solid under granular shape with a 
medium size of some mm. 
The experimental setup (Figure 1) consisted in two 
semi-batch column reactors, one empty and one 
packed with 50 cm of catalyst on a support grid. 
The work was carried out with a total liquid 
recirculation through a 1 L buffer tank and with a 
co-current upflow of ozonized oxygen gas and 
liquid solution. 
Carbon dioxide produced during oxidation was 
trapped with a sodium hydroxide solution as 
Inorganic Carbon (IC) at the gaseous output of the 
reactor. Residual ozone in the off-gas was then 
degraded by a thermal destructor and the off-gas 
flow released to the atmosphere.  
Gaseous O3 concentrations were continuously 
analysed at the inlet and the outlet of the column. 
Dissolved ozone was measured at the top of the 
catalytic bed. Samples for dissolved organic and 
inorganic carbon (DOC / DIC), chemical oxygen 
demand (COD), UV absorbance, conductivity and 
pH were regularly collected. Micropollutants 
samples were analysed using LC-MS-MS method. 
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Procedures:  
Experiments have first been run on treated 
wastewaters for comparing single ozonation, 
single adsorption onto the catalyst and catalytic 
ozonation with the TOCCATA® process. The 
input conditions were the same for all 
experiments: gas superficial empty bed velocity 
UG = 7.1 m/h and CO3 = 100 g/Nm3 (NTP) for 
ozone input flow, and UL = 14.1 m/h empty bed 
velocity for polluted liquid recirculation. 
Investigations focused on ozone consumption, 
variations of dissolved organic and inorganic 
carbon, chemical oxygen demand, conductivity 
and oxidation rate.  
Further experiments were carried out with a lower 
ozone flow i.e. UG = 2.1 m/h and CO3 = 100 mg/L 
(NTP) for ozone and the same liquid recirculation. 
 
Results 
Figure 1 shows DOC decrease during single 
ozonation, single adsorption and catalytic 
ozonation. 
Single ozonation resulted in a partial reduction of 
DOC (39% degradation) and of DIC (15% 
removal) (Figure 1). Ozone transfer was low 
(recovering 77% inlet ozone at the gaseous output 
and 21% as dissolved ozone). Conductivity and 
pH were stable during the experiment.  
Single adsorption onto the catalyst was performed 
during 6 hours, and removal yields reached 80% 
for DOC and 77% for DIC, with a sharp decrease 
(62%) of DOC at start-up and then slower. COD 
decreased by 70% only. 
Catalytic ozonation experiments have been run 
with an initial 15 minutes single adsorption phase 
followed by 6 hours simultaneous ozonation and 
polluted water circulation through the catalyst bed. 
DOC removal yield was enhanced up to 84% and 
DIC decreased accordingly by 98%. Ozone 
consumption yield was close to 67%. More 
precisely 49% removal of DOC was recorded upon 
adsorption during the first minutes before further 
decrease upon ozone application. There was a 
linear decrease of COD and DOC (92%), which 
stressed that the organic matter was indeed 
mineralized during reaction.  
pH decreased slightly until a stable value in both 
experiments with catalyst because of the acidic 
properties of the catalyst surface. 
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Figure 1. DOC evolution with contact time 

Figure 2 focuses on O3 transfer yield for all 
experiments, it compares transferred O3 to ozone 
dose applied.  
Single ozonation showed a low O3 transfer yield 
(∆O3 = 24%).  Catalytic ozonation showed equal 
efficiency (∆O3 = 67%) for wastewater catalytic 
ozonation and experiments with ultrapure water.  
Moreover low dissolved O3 values were observed 
during experiments with catalyst compared to 
higher values during single ozonation. 
The oxidation was therefore shown to occur under 
ozone mass transfer enhancement upon ozone 
reaction with the catalyst. Besides, the catalyst 
reaction governs ozone transfer because of high 
kinetics compared to transfer capacity.  
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Figure 2. Transferred O3 versus ozone dose applied 
 
Concerning single ozonation and catalytic 
ozonation experiments, carbon balances (table 1) 
showed that all the carbon removed from the 
solution was oxidised into carbon dioxide, further 
trapped at the gaseous output as Inorganic Carbon 
with soda.  
As dissolved organic carbon final value was lower 
during catalytic ozonation, the ratio of transferred 
O3 with organic carbon consumption was 
accordingly higher compared to single ozonation 
(1.02 gO3/gDOCconsumed compared to 
0.8 gO3/gDOCconsumed).  
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Table 1. Carbon and ozone balances  

 Single O3 Catalytic O3 
DOCini 15 10 
DICini 121 94 
Total Cini 136 104 
DOCfin 12 2 
DICfin 93 8 
ICfin 40 86 
Total Cfin 145 96 
O3i

 a 12.1 12.3 
O3tr

 a 2.1 8.2 
a O3i ; O3tr : Cumulated introduced and transferred O3 
(g); b DOCini, DICini, DOCfin, DICfin: initial / final 
dissolved organic/ inorganic carbon values (mgC), cICfin : 
Mineralized carbon after experiment and stripping (mgC) 
 
A focus on kinetics was also made. A global first 
order degradation law was proposed for catalytic 
ozonation and a pseudo-second order law for 
single adsorption, according to Ho and Mc Kay 
theory [6]. 
Another set of experiments has thus been run with 
a diminution of gas superficial velocity 
(UG = 2.1 m/h) in order to increase the transfer 
yield during catalytic ozonation. 
The tendencies of the different parameters under 
study were the same as before: 84% degradation 
for DOC, 95% for DIC and 100% for COD. A 
positive impact was readily observed on O3 
transfer (∆O3 = 87%) and consequently on O3 
consumption ratio: 0.37 gO3/gDOCconsumed. 
However, less mineralized carbon was released in 
gas phase and recovered into the soda trap at the 
gaseous output. Enhanced washing with gas was 
necessary after the experiment to recover all the 
mineralized carbon, which means that part of the 
carbon dioxide remains adsorbed onto the catalyst 
surface. 
The reuse of the catalyst and its impact on organic 
matter degradation were also studied with the 
same input conditions (UG = 2.1 m/h, CO3 = 100 g/Nm3 
(NTP), UL = 14.1 m/h). The experiment was 
drawn consequently three times in a row without 
any washing/stripping in between. The results for 
organic matter evolution are plotted in Figure 3: 
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Figure 3. Catalyst ageing impact on DOC evolution 

 
DOC value is not influenced by the ageing of the 
catalyst without regeneration between two 
experiments (81% degradation) but the impact on 
the global first order kinetic model will be under 
study. 
   
Conclusion: 
The catalytic ozonation TOCCATA® process was 
observed to be more efficient, because probably 
less selective, compared to single ozonation for 
degrading organic matter from urban wastewater 
(84% removal compared to 39% of DOC removal 
under similar reaction conditions). As expected, 
adsorption was shown to be important in the 
catalytic process. Ozone mass transfer was 
enhanced during catalytic ozonation, and a low O3 
dose was shown to be as efficient in DOC removal 
while optimizing the ozone mass transfer. The 
reuse of the catalyst had an influence in the DOC 
removal extent.  
Next steps of the study will focus on the removal 
of organic micropollutants occuring under these 
conditions. 
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 The main goal of this work is to study the photocatalytic 
ozonation of metolachlor (MTLC) in the presence of 
commercial titanium dioxide (P25) and a composite of P25 
and multi-walled carbon nanotubes (P25/MWCNT). Non-
catalytic combined method (O3+Light), as well as 
individual methods were also carried out. With the 
exception of photolysis, MTLC was completely converted 
after 30 min of reaction by all tested processes. The rate of 
conversion increased when the composite was tested as 
catalyst in the presence of O3 and light. The advantage of 
using (photo)catalysts is more obvious in terms of TOC 
removal, with high mineralization degrees achieved after 1 
h of reaction during photocatalytic ozonation, especially 
with P25/MWCNT composite. 

 

Introduction  

Metolachlor (MTLC) is a chloroacetanilide 
selective herbicide extensively used as an 
emulsifiable concentrate in various cultures. This 
herbicide and its metabolites are suspected or 
confirmed carcinogens. Of the acetanilide 
herbicides, metolachlor is referenced to be the 
most persistent [1] and has the potential to leach to 
ground water because of its relatively high water 
solubility (530 mg/L at 20 ˚C) and mobility from 
soil to ground water.  

Sunlight is an efficient degradation pathway of 
metolachlor in soil, however with the possibility of 
leaving behind some of its hazardous metabolites. 
It is estimated that about 50% of applied 
metolachlor degrades in eight days on sunlit soil 
[2]. The degree of photodegradation diminishes 
rapidly with the deepening of soil incorporation. In 
water, undergoes mesolytic degradation to give 
primarily 4-(2-ethyl-6-methylphenyl)-5- methyl-3-
morpholine [3]. 

The use of O3 as powerful oxidising agent has 
been applied to the treatment of wastewater 
samples [4, 5]. Besides to its high production cost, 
O3 has a relatively low solubility and stability in 
water and selectively reacts with organic 
compounds at acidic pH. In addition, O3 reacts 
slowly with certain organic substances such as 
inactivated aromatics or saturated carboxylic 
acids, and in many cases does not completely 
mineralise these organic compounds [6, 7]. These 
drawbacks make the application of O3 alone to 
treat wastewater economically undesirable, which 
justifies why ozonation processes are sometimes 

modified by the addition of catalysts and/or 
irradiation to improve the efficiency. Generally, a 
combination of several methods improves the 
removal of pollutants from the wastewater 
compared with the individual treatments. 
Irradiation of O3 in aqueous solutions by UV light 
produces additional HO● radicals, and 
consequently, the efficiency of contaminants 
removal should increase. 

The present study aims to describe 
photocatalytic ozonation as a promising alternative 
for MTLC degradation. In order to better 
understand the reaction mechanism of the 
combined method, single ozonation (O3) and 
photolysis (Light) were also carried out, as well as 
the non-catalytic combined method, photo-
ozonation (O3+Light). 

Methods 

The removal of MTLC was carried out in a glass 
immersion photochemical reactor loaded with 
250 mL of a typical 20 ppm solution of MTLC and 
125 mg of photocatalyst. The reactor was 
equipped with a medium-pressure mercury vapour 
lamp, Heraeus TQ 150, located axially and a 
DURAN 50® glass cooling jacket was placed 
around the lamp. The experiments were performed 
under controlled atmosphere with a constant gas 
flow rate (150 cm3 (STP) min-1) and constant inlet 
concentration (50 g m-3 (STP)).  

The removal of MTLC was followed by HPLC, 
using a Hitachi Elite LaChrom apparatus equipped 
with a diode array detector. The separation of 
MTLC was achieved using a Lichrocart C18-RP 
Puroshper Star (250 mm × 4.6 mm, 5 μm) column 

%TOC removal at 1 h of reaction 
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and an isocratic mobile phase with 60% of 

acetonitrile and 40% of water. The formation and 

concentration of organic acids, oxalic acid (OXA) 

and oxamic acid (OMA) typical end-of-chain 

degradation products, was followed using a 

Hitachi Elite LaChrom HPLC equipped with an 

UV-Vis detector and an Alltech OA-1000 

chromatography column using an isocratic 5mM 

H2SO4 mobile phase.  

The mineralization degree was evaluated by 

determination of total organic carbon (TOC) with 

a Shimadzu TOC-5000A apparatus. 

The ions released during MTLC degradation 

were accomplished by ion chromatography in a 

MetrOHM 881 Compact IC Pro with 863 Compact 

Autosampler using an injection volume of 20 µL. 

Nitrates (NO3
-), nitrites (NO2

-) and sulfates (SO4
2) 

were evaluated in a Metrosep A Supp 7-250/4.0 

column (250 × 40 mm) with a mobile phase of 

0.117 g of 2,6-pyridine dicarboxylic acid and 0.11 

mL of HNO3 for 1 dm3 of solution. The analyses 

were carried out at 45 ºC using a Suppressed CD 

(J002) suppressor. Ammonium (NH4
+) was 

analysed in a Metrosep C4-250/4.0 column 

working at 25 ºC with a solution of Na2CO3 3.6 

mM as the mobile phase. 

For this study, different samples were selected 

for the kinetic tests. Commercial TiO2 was 

supplied by Evonik Degussa Corporation, sample 

P25. Composite of P25 (90%wt) and MWCNT 

was prepared by the hydration-dehydration 

technique, sample P25/MWCNT_90/10 [8].   

Results 

Figure 1 shows how the conversion of MTLC 

proceeds with time under the selected 

experimental conditions.  

 

 
Figure 1. MTLC removal of different tested oxidation 

processes.  

 

Single ozonation (O3) is enough to completely 

remove MTLC. On the other hand, photolysis only 

removed 59 % of MTLC after 30 min of reaction. 

When O3 is introduced simultaneously with the 

light (O3+UV) the removal of MTLC increased 

with reference to neat photolysis. However, the 

addition of light did not accelerate the 

decomposition of the herbicide when compared 

with single ozonation, which suggests that the 

degradation of MTLC is mainly due to the direct 

reaction with ozone [9]. Photocatalytic ozonation 

in the presence of P25 allowed a worse 

performance than the non-catalytic combined 

method and single ozonation. The opposite was 

verified with P25/MWCNT_90/10 sample. The 

composite of P25 and MWCNT allowed the best 

performance during MTLC degradation. Although 

MTLC is easily degraded by all oxidation 

processes tested, high mineralization levels are not 

achieved, as can be seen in the graphical abstract, 

where the TOC removal at 30 min of reaction is 

shown. In spite of O3 alone allowing an easy 

removal of all MTLC presented in solution, the 

mineralization rate obtained was low. As expected, 

photolysis did not achieve a high mineralization 

degree. The TOC removal obtained by the 

combined system without catalyst is much larger 

than the sum of the individual ones, clearly 

showing the presence of a significant synergetic 

effect. When P25 and P25/MWCNT_90/10 were 

used in the presence of O3 and light, a high content 

of organic matter was removed. The tested 

catalysts were found to be a good option for 

MTLC degradation by photocatalytic ozonation, 

especially the composite with P25 and MWCNT 

that achieved a mineralization degree of  more 

than 85% after 1 h of reaction. 

Among the vast number of intermediates formed 

during the oxidation of MTLC, OXA and OMA 

were selected since they are persistent, even for 

longer reaction periods [10]. The concentrations of 

OXA and OMA during MTLC degradation were 

depicted in Figure 2. 
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Figure 2. OXA (a) and OMA (b) concentrations during 

MTLC degradation.  

 

OXA and OMA were not detected during 

photolysis. As expected, the concentration of OXA 

and OMA increases during single ozonation, since 

these two organic acids are very refractory to 

ozonation [10]. On the other hand, the 

concentration of OXA and OMA during photo-

ozonation starts to decrease after 60 and 120 min 

of reaction, respectively.  The concentration of 

selected acids during phototalytic ozonation in the 

presence of P25 and P25/MWCNT samples is 

lower than the non-catalytic combined method, 

and the concentrations start to decrease earlier. 

Therefore, the obtained results suggested that 

OXA and OMA are not mainly degraded by O3, as 

happened with MTLC, but by highly reactive 

species, such as HO● radicals. 

The concentration of NO3
-, SO4

2- and NH4
+ 

released during MTLC degradation at 1 h of 

reaction is compiled in Table 1 for the different 

treatments under study.  

 
Table 1. Concentration of ions (mM) released during 
MTLC degradation at 1 h of reaction. 

 [NO3
-]  

(mM) 

[SO4
2-] 

(mM) 

[NH4
+] 

(mM) 

O3 - 0.004 0.008 

UV - 0.005 0.015 

O3+UV - 0.009 0.008 

O3+UV/P25 0.018 0.005 0.040 

O3+UV/P25/ 

MWCNT_90/10 
0.006 0.004 0.040 

 

NO2
- was not detected during MTLC degradation. 

Additionally, non-catalytic methods did not also 

release NO3
-. Photocatalytic ozonation in the 

presence of both tested catalysts released a similar 

amount of SO4
2- and NH4

+, as happened with OXA 

and OMA profiles, while the remaining processes 

presented different behaviour. This may be due to 

the different reaction pathways followed by the 

different processes to degrade organic compounds. 

  

Conclusions 

Single ozonation is enough to remove all MTLC 

presented in solution in a short reaction time; 

however, the combination of O3 and light 

irradiation with the prepared composite with P25 

and MWCNT increased the rate of degradation. 

Photocatalytic ozonation achieved a higher 

mineralization degree than all non-catalytic 

systems carried out in this study, especially in the 

presence of the P25/MWCNT composite. The 

presence of carboxylic acids and N and S 

containing ions was confirmed during MTLC 

degradation. 
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Photocatalysis, ozonation and activated carbons were 
investigated separately and in combination as tools for the 
purification of polluted salt water. Coupling different processes 
enables to overcome many drawbacks related to the use of the 
single technologies and at the same time to exploit possible 
synergistic effects. In this work a kinetic analysis was 
performed for modelling the degradation of 4-nitrophenol 
(4NP) as a probe pollutant molecule in synthetic seawater. 
Thus, the optimum synergistic conditions of the three processes 
acting together were determined and discussed. 

One of the main source of marine degradation is 
represented by the disposal at sea of oily waste 
water. This is primarily generated by the washing 
operations of the ship’s fuel tanks containing 
petroleum products (slops) and by bilge water 
which originates from seawater infiltration and 
leakage of engine oil and fuel. The discharge into 
the marine environment of oily wastewater is an 
issue of considerable technical and scientific 
interest, in relation to the toxic effects that such 
substances may have on the environment and 
human health.  

For these reasons, the International Maritime 
Organization (IMO) has enacted MARPOL 73/78 
convention in which effluents from ships are now 
limited to a maximum oil content of 15 ppm [1]. 
This type of wastewater shows high variability in 
the composition, depending on the type of 
petroleum products transported, and contains large 
amounts of organic contaminants, mainly 
aliphatic, alicyclic and aromatic hydrocarbons. 
Furthermore, as the washing operations of ship’s 
fuel tanks are performed through the use of sea 
water pumped at high pressures, the  wastewater 
shows high levels of salinity and relevant amounts 
of other pollutants, including emulsifiers, 
corrosion inhibitors, heavy metals and other 
inorganic compounds (e.g. halides, sulphates, 
phosphates, sulfides) [2], present both in solution 
and in the suspended solid phase.  

Several technologies have been proposed for 
facing this problem. Nevertheless the degradation 
efficiency is strongly affected by the high salinity 

of the effluent. For these reasons, in this work it is 
proposed an integrated treatment system, obtained 
by combining ozonation, photocatalysis and 
granular activated carbon (GAC) adsorption and  
the optimum working conditions have been 
investigated.  

The bench-scale experimental setup is 
schematically depicted in the Graphical 
Illustration. A simulated seawater solution of 4NP 
is moved by the pump (F) from the tank (E) to the 
photocatalytic fixed bed reactor (G). The  
photoactive bed, made of TiO2-covered Pyrex 
spheres, is both internally and externally irradiated 
through a 125W medium pressure Hg-lamp 
(power supplied by (A)) and through 6 fluorescent 
tubes (8W each), respectively. The effluent exiting 
the photocatalytic reactor splits through the valve 
(I) flowing partially through the activated carbons 
bed (H) being the rest recycled into (E). The ozone 
produced by means of the ozonator (C) bubbles 
into the tank (E). The ozone concentration and its 
mass flow values are monitored by means of a 
spectrophotometer (D) and a mass flow controller 
(A), respectively.   

GAC adsorption is particularly useful as it 
allows separation of big amount of pollutant and it 
is quite easy to scale up. In this work GAC were 
previously employed  alone for purification of 
simulated seawater in the presence of 4NP as the 
probe pollutant and the equilibrium parameters 
were determined and reported in Table 1.  
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Table 1. Equilibrium data for the adsorption of 4NP (as 
Total Organic Carbon due to 4NP) onto GAC, by using 
Langmuir-Freundlich (LF) model. qe: amount of 4NP  
adsorbed per gram of GAC at equilibrium; qmLF: 
adsorption capacity of the system; Ce: concentration of 
4NP at equilibrium; KLF: affinity constant for 
adsorption; mLF: index of heterogeneity. 

 

 LF-model 
qm

LF
 

[mg·g-1] 
mLF kLF 

[mg·L-1] 

Simulated 
seawater 

( )
( ) LFm

LFm

eLF

eLFm
e

Ck1

Ckq
q

⋅+

⋅⋅
=

 

189.7 0.9 0.08 

 

Nevertheless, this physical treatment does not 
afford pollutant degradation and carbons require to 
be substituted or regenerated once saturated. 
Furthermore, small organic species as formate or 
acetate are only slightly adsorbed onto the GAC. 
In order to overcome these problems ozonation 
was employed in combination with GAC. In fact, 
ozonation affords fast oxidation of organic 
pollutants both in solution and when these species 
are adsorbed onto their surface. In this way 
ozonation not only allows water purification but 
also extends the lifetime of activated carbons 
which thus can be used for longer times before 
being reactivated. These factors entail lower 
operating costs of the process. 

 However ozonation of seawater presents a 
major drawback. In fact, seawater contains 
bromide ions (ca. 67 mg/L) which are almost 
quantitatively oxidized to bromate ions in the 
presence of ozone. Bromate was classified as 
carcinogenic species from the IARC (International 
Agency for the Research on Cancer) and the 
USEPA (United States Environmental Protection 
Agency) fixed at 10 µg/L its minimum lethal 
concentration.  

TiO2 photocatalysis was proposed as a tool to 
overcome this problem [3]. In fact the electrons 
photogenerated under UV irradiation are able to 
reduce bromate to bromide ions being, at the same 
time, the back reaction hindered. On the other 
hand, photocatalysis alone suffers of very slow 
purification rates for high salinity solutions as it 
can be seen from the kinetic parameters shown in 
Table 2. This is mainly because of the presence of 
chloride ions and of the low oxygen concentration 
in solution, due to the high ionic strength of the 
reacting medium. 

Table 2. Pseudo first order kinetic constants (k’), 
adsorption constants of 4NP (K4NP) and of oxygen (Kox), 
and O2 fractional surface coverages (θox) obtained from 
4NP photocatalytic degradation runs carried out in 
distilled water and in simulated seawater. 
 

 k’ 
 [mol/m2·s] 

K 4NP 
[M -1] 

K ox 

[M -1] 
θox 

Distilled 
water 

2.04·10-9 3336 25728 0.97 

Simulated 
seawater 

1.18·10-9 723 1697 0.56 

 

However, photocatalysis allows to control the 
bromate ions formed during the ozonation step 
and, in the presence of ozone affords degradation 
rates higher than the sum of the rates of the single 
technologies acting in series. This feature was 
rationalized by Parrino et al. [4] for distilled water 
solutions of formate as the model pollutant. 
Similar considerations are presented in this work 
for simulated seawater solutions. In fact, it is 
possible to define two parameters: an 
intensification factor (Ei) and δ. Ei is the ratio 
between the rate of the integrated process 
(ozonation and photocatalysis acting together) and 
the sum of the rates of photocatalysis and 
ozonation acting separately, whereas δ is the ratio 
between the photocatalytic and ozonation 4NP 
degradation rates.  

Notably, for distilled water formate solutions, it 
was found that the integrated process is 1.6 times 
more efficient than the sum of the single 
technologies. On the other hand, for 4NP 
simulated seawater solutions the synergistic effect 
between photocatalysis and ozonation is very low 
(almost 10% when the photocatalytic rate is 0.3 
times the ozonation one, i.e. δ=3,  see dashed line 
in Figure 1) so that it is necessary to couple the 
two advanced oxidation processes with adsorption 
onto GAC in order to make the seawater 
purification process reasonably practicable. To this 
purpose, as shown in the Graphical illustration,  in 
our system part of  the effluent to be treated passes 
through an activated carbons bed whilst 
photocatalysis and ozonation act at the same time 
at the optimum conditions previously determined 
(δ=0.3).  

Analogously, an intensification factor can be 
defined as the ratio between the degradation rate 
of the integrated process (activated 
carbons+ozonation+photocatalysis) and the sum of 
the rate of the three technologies acting separately. 
The parameter δ is in this case defined as the ratio 
between the rate of photocatalytic ozonation and 
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the adsorption rate on the activated carbons. The 
parameter δ was varied by changing the amount of 
activated carbons in the adsorption bed so that the 
curve shown in Figure 1 (solid line) could be 
obtained. It is worth to note that the maximum 
value of the intensification factor is reached at δ = 
0.3 in different experimental conditions. This 
result is also in agreement with the relevant 
literature [4]. 

One can observe that it is sufficient an 
adsorption rate on the activated carbon 0.3 times 
the degradation rate obtained by photocatalytic 
ozonation to get the best synergy between the 
three technologies. In particular the integrated 
process is almost 60% more efficient than the sum 
of the rate of the three technologies acting in 
series. 

 

 

Figure 1. Experimental trend of the intensification 
factor for the purification process in the presence of 
photocatalytic ozonation, with (solid line) and without 
(dashed line) activated carbons, vs the parameter δ. 
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Diphenhydramine Degradation by Photo-Fenton under Different 
Light Sources
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Diphenhydramine hydrochloride (DP) is a first-generation 
antihistamine widely used in human and veterinary drugs. As 
pharmaceuticals are persistent organics in the environment, 
utilization of advanced treatment methods is appropriate. 
Among them, photo-Fenton is an advanced oxidation process 
(AOP) able to eliminate many hazardous organic compounds. In 
this work, degradation of DP by photo-Fenton under different 
light sources (UV-C, UV-A and Xenon lamp) has been 
investigated. From the results it can be seen than, in terms of 
efficiency (energy supplied to the lamp/DP removed), the UV-C 
source gives the best values in degradation and in 
mineralization.  

Nowadays the occurrence of persistent and 
emerging organic micropollutants - including 
pharmaceuticals, pesticides, steroids, surfactants, 
flame retardants - in natural waters has raised a 
concern about their impact on environment and 
public health [1]. Although pollution of surface 
and ground waters is strictly regulated by 
Dangerous Substances Directive (76/464/EEC), 
substances such as pharmaceuticals and personal 
care products are increasingly detected in the 
environment [2]. In Europe, more than 4000 active 
pharmaceutical ingredients (APIs) are suspected to 
reach every environment compartment due the 
human and veterinary drugs use [3]. Many 
advanced technologies have proved to be suitable 
for the removal of persistent organics found in 
treatment plants effluents. Among them, advanced 
oxidation processes (AOPs) seem to be the most 
appropriated technologies [4]. AOPs are 
environmentally friendly methods based on in situ 
production of hydroxyl radical (•OH) as main 
oxidant. Hydroxyl radical is able to react non-
selectively with most organic compounds [5] and 
constitute a good alternative to remove these kind 
of pollutants. One of the efficient AOPs is photo-
Fenton, which is very effective in degradation of 
many hazardous organic pollutants [6].  

Photo-Fenton is a combination of Fenton reagent 
and UV/Vis radiation ((λ < 500 nm) providing 
extra •OH via two additional reactions: photo-
reduction of Fe3+ to Fe2+ and photolysis of 
hydrogen peroxide [7, 8]. 

Diphenhydramine hydrochloride (DP) is the 

classic H1 receptor antagonist mainly used for 
treatment of allergies.  Berninger et al. studied the 
effects of DP on selected aquatic organisms giving 
for Daphnia magna a LC50 value (in 48h) of 0.374 
mg/L [9].  

The aim of this work focuses on the degradation   
and mineralization of Diphenhydramine in 
aqueous solution by photo-Fenton treatment with 
different light sources. Additionally, the 
importance of photolysis and UV-C/H2O2
treatment were also studied. 

Solutions of 50 mg/L of DP (total volume 1 o 2 
L) were prepared and treated by photo-Fenton by 
using three different devices based on UV-C, UV-
A and Xe lamps. During the experimentation, the 
temperature of the solution was constantly kept at 
25 ºC by controlling the temperature of the jacket 
of the reservoir tank by an ultra-thermostat bath 
The information of the experimental installations 
may be found elsewhere [10]. It is important to 
indicate that the installation based in Xe lamp 
corresponds to a Solarbox (SB) giving a good 
simulation of the sun spectra radiation 

  Concentration of DP was monitored using a 
High Performance Liquid Chromatograph (HPLC) 
from Agilent (Agilent 1260 Infinity). Total 
Organic Carbon (TOC) was measured with a 
Shimadzu TOC-VCSN analyzer. Hydrogen 
peroxide consumption was monitored by a 
spectrophotometric method during photo-
degradation reactions (Hach Lange DR 3900). 

The changes in concentration of iron in the form 
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of Fe2+ was monitored by a colorimetric method 
according to the 1,10-phenantroline standardized 
procedure (ISO 6332).    

Photolysis experiments were carried out in the 
three installations and the results show that only 
UVC light is powerful enough to break the DP 
bonds, which is explainable by knowing that UVC 
light covers the energy required (~9 J/photon) at 
220 nm, the wavelength of maximum absorption 
for DP. UVC light is able to degrade 62% of initial 
DP in 60 minutes with a quantum yield (Φ) of 
0.033 mol/Einstein, compared to almost no 
degradation by UVA and simulated solar light due 
to their lower energy. TOC results show that 
mineralization is 0% with any of these lamps in 60 
minutes.  

With reference to the experiments carried out 
with UV-C/H2O2 a good degradation was achieved 
by this treatment. However, TOC results were not 
promising and almost equal mineralization was 
achieved for 75 and 150 mg/L H2O2, 9.3% and 
8.5%, respectively. 

Because of the very poor radiation absorption of 
hydrogen peroxide at wavelengths larger than UV-
C, the results for DP degradation by photo Fenton 
using UV-A and SB were much lower than using 
UV-C. The reason is that with these lights only the 
dark Fenton” was running. All experiments were 
conducted for 60 minutes, at optimum pH (2.8) 
and temperature 25 ᵒC ± 5.  In both BLB reactor 
and SB, only in the experiment with 2.5 mg/L Fe2+ 
and 75 mg/L H2O2, DP was completely degraded, 
in 60 and 45, respectively. However, in SB, the 
degradation has a slightly faster rate. 

Much more degradation of DP were obtained in 
the photo-Fenton treatment using UV-C. As 
indicated in figure 1 increasing the iron and 
hydrogen peroxide concentrations the degradation 
of DP also increases.  

 

Figure 1. DP degradation by UV-C photo-Fenton. 

The products of DP oxidation are very persistent 
unlike the DP itself. In the experiment with 2.5 

mg/L Fe2+ and 75 mg/L, the highest TOC removal, 
30.5%, was achieved (Figure 2). These 
concentrations are the optimum conditions for 60 
minutes of treatment by photo-Fenton process 
under UVC radiation since in experiments 
working at 2.5 mg/L Fe2+ all the H2O2 is finished 
until 60 minutes according to the results shown in 
Figure 3. 

 

Figure 2. DP mineralization by UV-C photo-Fenton. 

 

 

Figure 3. H2O2 variation by UV-C photo-Fenton. 

The fast consumption of H2O2 (Figure 3) is also 
due to fast reduction of Fe3+ to Fe2+ because of 
powerful UV-C light.  

As it can be observed in Figure 4, all the iron is 
reduced to Fe+2 in 5 minutes, and it is equal to 
total iron. 
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Figure 4. Iron variation by UV-C photo-Fenton. 

   One way of comparison is the ratio of energy 
arrived to the solution per mg of DP removed.  
The irradiated energy by simulated solar light, 
UVA and UVC, is 0.88, 3.59, 8.07 J/s, 
respectively. One condition should be chosen as 
the basis for all experiments. This time, highest 
concentration used of Fe2+ and H2O2 is chosen, 2.5 
mg/L Fe2+ and 75 mg/L H2O2. 90% of DP removal 
is chosen to be the goal of the degradation (see 
table 1). According to the results SB and UV-C 
were the better treatments.  

 

Table 1. Energy consumption 90% DP removal 

Light 
Source 

Energy 
(kJ/L) 

Energy/DP removed 
(kJ/mg) 

SB 1.5 0.033 

UV-A 4.3 0.094 

UV-C 1.5 0.033 

 

It can be concluded that DP is easily degradable 
as it can be degraded 62% only by UV-C light; 
however, the intermediates are very persistent, 
comparatively. The best mineralization achieved 
in 60 minutes was 30.5% by photo-Fenton under 
UV-C light, applying 2.5 mg/L Fe2+ and 75 mg/L 
H2O2. Almost all of the energy supplied by the 
UV-C lamp is served to break DP molecule while, 
in the SB, a large quantity of energy is wasted. 
This is as a result of broad range of simulated solar 
light wavelengths, covering visible spectrum 
which is not suitable for DP degradation. Some 
experiments were performed to test UV/H2O2 to 
evaluate the possibility to have a good degradation 
and mineralization without adding iron (II) as it 
requires pH adjustment. Although DP degradation 
is satisfying, mineralization maximum reached a 
small value of 9.3%.  Final decision for choosing 
between photo-Fenton and UV/H2O2 requires an 
economical assessment to investigate the cost of 
pH adjustment in the proposed scale. 
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In this study photo-Fenton like at neutral pH catalyzed by 
Fe(III)-NTA chelates was applied for Sulfamethoxazole (SMX) 
removal. The effect on the treatment efficiency due to the water 
composition was evaluated. Thus, SMX was spiked in 
concentration of 0.079 mM in Milli-Q water, tap water, river 
water, well water and secondary effluent from municipal 
wastewater treatment plant. Depending of the aqueous matrix 
considered, different efficiencies as SMX removal were obtained 
by adding 0.089 mM of Fe3+, NTA to ensure a 1.5:1 NTA:Fe3+ 

molar ratio and 0.29 mM of  H2O2. The highest SMX removal 
was obtained in Milli-Q water (84%) while 75%, 55.4%, 21.3%
and 8.2% were the efficiency obtained in river water, tap water, 
wastewater and well water respectively.

1. Introduction

Advanced oxidation processes (AOPs) are 
treatment technologies globally recognised as 
suitable for recalcitrant contaminants removal 
[1,2]. Among them, Fenton and photo-Fenton 
processes are particularly powerful for the 
achievement of this purpose.  Even though, some 
modifications in the conventional treatments are 
required in order to make them applicable for real 
applications. In this regards, the scientific 
community is working on the possibility to make 
Fenton reactions based processes applicable in 
water decontamination without pH modifications 
of the influent [3,4]. Using iron chelates as Fenton 
catalyst, Fenton-like process becomes suitable to 
be adopted in neutral pH conditions. Several 
compounds can be used as iron chelator. Among 
them Nitrilotriacetic acid (NTA) represents a 
competitive chelator because its biodegradability, 
poor toxicity compared to other chelators as 
EDTA and the great stability exhibited by the 
chelates formed [5,6].

In this study photo-Fenton like at neutral pH 
catalysed by Fe(III)-NTA chelates was applied for 
antibiotic removal. In this regards, in order to 
evaluate the effect of the water composition on the 
treatment efficiency, Sulfamethoxazole (SMX) 
was spiked in several aqueous matrices (Milli-Q
water, tap water, river water, well water and 
secondary effluent from municipal wastewater 
treatment plant).

The stability of iron chelates solution over time 

reaction as well as the effectiveness of the 
treatment on SMX removal and solution 
mineralization were then evaluated. 

2. Material and methods

Ferric ion solution 17.91 mM was prepared 
freshly daily dissolving anhydrous FeCl3 in 0.1 M 
HCl. Iron chelate solution (0.089 mM of Fe3+) was 
prepared by directly mixing in the aqueous matrix 
the ferric ion solution with NTA (1.5:1 NTA:Fe3+

molar ratio)[7]. The pH was adjusted to allow the 
chelator dissolution and then let stirring during one 
hour. Finally SMX 0.079 mM was added. H2O2
0.29 mM was directly added into the reactor 
immediately before to start the experiment.

The photochemical reactor was a Pyrex-jacketed 
thermostatic 2L vessel equipped with three UV-A
lamps wrapped in Duran glass tubes immersed into 
the solution [8]. The measured photon flow was 
5.05x10-6 Einstein s-1 at 365 nm (maximum 
radiation emitted)[9]. During the run the 
temperature was kept constant at 25.0±0.8°C by 
circulation of water from a thermostatic bath 
through the jacketed around the reactor. The 
solution was kept stirring by a magnetic stirrer 
over time reaction. 

Total organic carbon measured as NPOC (Non-
Purgeable Organic Carbon) was measured by 
TOC-VCSN TOC analyzer. Hydrogen Peroxide 
was determined by spectrophotometric method 
using ammonium metavanadate at 450 nm. Iron 
content was measured according to the 1-10
phenantroline standardized procedure (ISO 6332). 
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Finally SMX was quantified by HPLC-UV 
(Agilent 1260 Infinity) at 270 nm using a column 
Teknokroma C-18 Tracer Extrasil ODS2 (250 mm 
x 4.6 mm) and a mobile phase consisted of a 60:40 
solution of acetonitrile and water respectively. 

The characterization of the five aqueous 
matrixes used to carry out photo-Fenton like at 
neutral pH for SMX removal are shown in Table 1 
(Milli-Q, tap water, river water, well water and 
wastewater). 

Table 1. Water solutions characterization.a 

 MQ TW RW HW WW 

pH 5.3 7.5 6.6 7.9 7.4 

NPOC (mg L-1) << 1 1.75 1.46 0.86 6.90 

IC (mg L-1) << 1 30.5 2.20 54.5 88.3 

TN (mg L-1) << 1 1.90 0.38 5.24 31.2 

Ca2+ (mg L-1) << 1 45.6 2.26 176 127 

Mg2+ (mg L-1) << 1 8.24 0.08 138 50.9 
a MQ=Milli-Q; TW= tap water; RW=river water; 
   HW= well water; WW=wastewater 

 

3. Results and discussion 

The efficiency in SMX removal achieved when 
applying photo-Fenton like at neutral pH catalysed 
by Fe(III)-NTA chelates at the aqueous matrixes 
studied are shown in Figure 1. 
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Figure 1. SMX degradation and H2O2 consumption by 
photo-Fenton like at neutral pH catalysed by Fe(III)-
NTA chelates ([SMX]0=0.079mM; [H2O2]0=0.29mM). 

As it was expected, the best efficiency in SMX 
removal was obtained by treating Milli-Q water. In 
this case, 84% of SMX removal was achieved after 
120 minutes of reaction when the total H2O2 
consumption was obtained. Due to the absence of 
other cations (i.e. Ca2+ and Mg2+), which could act 
as competitors in iron chelation, all the NTA 
added into the solution was made available for 
complexes formation with Fe3+. In this way the 
entire iron content was kept soluble and useful to 
be employed as reaction catalyst.  

SMX removal obtained in river water was 
completely comparable with what obtained in 
Milli-Q water. Almost 75% of SMX removal was 
achieved after 120 minutes of reaction, when the 
hydrogen peroxide consumption was almost 
complete. This result does not appear particularly 
surprising because the good level of purity of the 
matrix in which minimum interferences due to the 
water composition were expected. 

The higher Ca2+ and Mg2+ content in river, well 
water and wastewater was responsible of the 
considerable lower efficiency obtained in SMX 
removal when photo-Fenton at neutral pH was 
applied. The SMX removal achieved after 120 
minutes of treatment was in fact 55.4%, 21.3% and 
8.2% in tap water, wastewater and well water 
respectively.  The slower kinetic that governed the 
reactions also involved enduring the presence of 
hydrogen peroxide after two hours of reaction 
when the remaining concentration settled at 20% 
of the initial value when treating SMX in river 
water and wastewater while in well water not more 
of the 50% of the initial H2O2 was consumed.  

The remarkable differences obtained in SMX 
removal efficiencies were strongly dependent of 
the complexity of the aqueous solution 
composition which in some cases involved a 
strong reduction of the iron content chelation 
(Table 2). 

Table 2. Iron chelation efficiency ([Fe3+]0=0.089 mM, 
NTA:Fe(III)=1.5:1). 

 MQ TW RW HW WW 

Chelation 
efficiency (%) 99.9 73.3 93.2 7.38 60.7 

Fe3+
0 as  

Fe(III)-NTA 
(mM) 

0.089 0.066 0.083 0.007 0.054 

 

Taking into account the composition of the 
water matrixes treated, it appears clear that as 
higher the concentration of ions (such as Ca2+ and 
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Mg2+) was, more significant was the effect of 
competition for complexes formation and lower 
efficiencies for iron chelation were obtained. Thus, 
the smaller efficiencies of SMX removal obtained 
when treated in aqueous solutions characterized by 
high concentration of ions are now completely 
understandable.  

The iron loss was also monitored over reaction 
time (Figure 2). 
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Figure 2. Iron loss by releasing from Fe(III)-NTA 
chelates during photo-Fenton like at neutral pH for SMX 
removal ([SMX]0=0.079mM; [H2O2]0=0.29mM) 

 

From the results shown in the figure is 
observable as, except in the case of well water, the 
decomposition of Fe(III)-NTA chelates started 
after 45-50 minutes from the beginning of 
reaction. This result confirmed that, in presence of 
competitor for hydroxyl radicals (NTA and 
organic carbon content), instability phenomena in 
chelates do not start since the beginning of 
reaction [7]. Particularly interesting is the result 
that remarks as after 120 minutes of reaction the 
percentage of iron loss was similarly variable 
within 24-30% in almost all the matrixes studied 
while in wastewater the iron loss was no more than 
11%. This result can be explained taking into 
account the higher initial NPOC concentration of 
wastewater. In fact, the presence into the solution 
of additional organic matter could be determinant 
in order to limit the iron loss during the reaction. 
Several organic compounds can be able to activate 
the chelation of iron. Thus the higher presence the 
organic matter into the wastewater could be 
probably responsible of creating a more stable 
environment for extending the chelate lifetime.  

Finally, the mineralization of the solution was 
also monitored over time reaction. After 120 
minutes of irradiation, no significant 
mineralization was achieved for any of the 
considered aqueous matrix. 

 

4. Conclusions 

The effectiveness of photo-Fenton like at neutral 
pH catalysed by Fe(III)-NTA chelates for SMX 
removal in different type of water solution was 
studied.  

The best efficiency in SMX removal was 
obtained in Milli-Q water where the absence of 
competitors for reaction made possible the 
complete chelation of iron content and limited the 
interferences for antibiotic removal. The high 
quality of the river water used for the study made 
possible the achievement of efficiency globally 
comparable with what observed in Milli-Q water. 

The considerable presence of cations (i.e. Ca2+ 
and Mg2+) in tap water, well water and wastewater 
significantly influenced the chelation process 
reducing the iron chelates content available for the 
reaction and then the efficiency obtainable as 
SMX removal.  

The higher initial NPOC content in wastewater 
was responsible for the establishment of a more 
stable environment for chelates making possible a 
remarkable extension of the chelate lifetime. 
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Degradation of a Naphthenic Acid Model Compound by 
Nitrilotriacetic Acid - Modified Fenton Process 
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 Cyclohexanoic acid (CHA) as a naphthenic acid model 
compound at 0.39 mM was chosen to investigate the efficiency 
of a nitrilotriacetic acid (NTA) - modified Fenton process at pH 
8. Degradation of CHA was greatly influenced by H2O2 dose, 
but not influenced by mode of dosing, while Fe-NTA complex 
concentration influenced the degradation time mainly. The 
process achieved CHA degradation of 95% with 5.88 mM H2O2 
and 0.45 mM Fe-NTA (NTA:Fe = 1:1) in 5 hours. 
Although the Fe:NTA complex is a 1:1 stoichiometric complex, 
higher H2O2 decomposition rate were achieved with a Fe:NTA 
ratio of 1:2 than 1:1. The ·OH radical was the main responsible 
radical for CHA degradation, as tested by radical scavenging 
experiments. 
 

 
The oil sands industry in northern Alberta, 

Canada produce large amount of oil sands process-
affected waters (OSPW). These waters are basic 
(pH 8) and a complex mixture of inorganic (silts, 
sands, salts, heavy metals) and organic 
(naphthenic acids, residual bitumen, BETX, 
phenols) contaminants. OSPW is acute and 
chronic toxic to numerous organisms. Due to the 
environmental restrictions and the self-proclaimed 
zero discharge policy of the industry, these waters 
are stored in large ponds. The naphthenic acids 
(NAs) present in OSPW of concentrations up to 
100 mg/L are thought to be the main culprits for 
the OSPW toxicity. NAs are a group of aliphatic 
and alicyclic compounds with a general formula of 
CnH2n+zOx, where n represents the carbon number, 
z the hydrogen deficiency number (0 or negative 
even integer) and x the number of oxygen atoms 
present (x = 2 for classical NAs, x � 3 for oxidized 
NAs)[1]. Additionally several aromatic and 
heteroatomic groups of NAs have been found in 
OSPW [2,3]. Due to the toxicity and recalcitrance 
of NAs to biodegradation, their removal from 
OSPW has been attracting attentions from 
researchers since 1980s.  

AOPs are attractive options to degrade NAs into 
biodegradable degradation products, and among 
these AOPs the Fenton process is a particular 
potent application, because it is fast, low cost, and 
easy to handle at room temperature. The only 
down side of the Fenton process is the need for a 
pH � 3, so research has been conducted on chelate 
modified Fenton processes, which can remove 
contaminants at neutral pH. Among the potential 
chelating agents, NTA has been proven to be one 
of the most active chelates by Sun and Pignatello 

[4] for the decomposition of H2O2 and 2,4-
dichlorophenoxyactic acid among 50 chelating 
agents.  

Although several chelate driven Fenton 
processes have been described in the literature, 
there is no report of these processes for the 
treatment of OSPW or NAs model compounds so 
far. To further advance the knowledge of these 
processes and eventually promote their 
applications for the degradation of NAs and other 
organic contaminants in OSPW, this study 
assessed the degradation of CHA in the NTA-
modified Fenton processes at pH 8 and ambient 
temperature. The parameters investigated in this 
study were as follows: the dose of H2O2 and Fe-
NTA, the ratio of NTA to Fe, the redox potential 
of Fe-NTA solution. To determine the oxidant 
species responsible for the degradation of CHA, 
two different radical scavengers were used, TBA 
as a scavenger of ·OH and chloroform as a 
scavenger of ·O2

-. Through the analysis of the 
species in the reactions, we proposed the reaction 
mechanism of NTA-modified Fenton processes. 

Experiments were conducted using CHA as one 
of the simplest cyclic NAs as a model compound 
to study the degradation mechanism of NAs by 
NTA-modified Fenton processes. 

To investigate the impact of Fe-NTA and H2O2 
concentration on the degradation of 0.39 mM 
CHA in the buffer solution at pH 8, several doses 
of H2O2 (0.29, 1.47, 2.94, 4.41 and 5.88 mM) and 
three different doses of Fe-NTA (0.27, 0.45 and 
0.89 mM) were tested. The removal of CHA 
increased with increasing H2O2 dose. Removal 
rates were around 20% for 0.29 mM H2O2 and 
around 95% for 5.88 mM H2O2. The difference in 
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CHA removal for different Fe-NTA doses was 

marginal. The only significant difference was the 

time needed to complete the reactions. For 

example, with a dose of 4.41 mM H2O2 and Fe-

NTA (NTA:Fe = 1:1) dose increasing from 0.27 

mM to 0.45 mM, the reaction time decreased from 

18 hours to 5 hours. After 48h of reaction, for the 

low dose of Fe-NTA (0.27 mM) and 5.88 mM of 

H2O2, there was still 0.31 mM of H2O2 present in 

the solution. 

  The catalytic decomposition of H2O2 is 

influenced by the ratio of NTA:Fe. Ratios tested 

were 0.5:1, 1:1, 2:1, 4:1, 6:1, 8:1 and 10:1. While 

the decomposition is lowest at 0.5:1, which was 

expected, rates did not increase at ratios higher 

than 2:1 (see Figure 1). Although the Fe-NTA 

complex is a 1:1 complex, a ratio of 2:1 of 

NTA:Fe is beneficial to the decomposition of 

H2O2. This is probably due to the fact that NTA 

was degraded during this process and thus the 

overall amount of active Fe-NTA complex was 

reduced, especially at low ratios of NTA:Fe, while 

the change of Fe-NTA complex concentration for 

NTA:Fe  2 was much smaller because of the 

presence of excess NTA. 

 

 
Figure 1. Decomposition of H2O2 with different 

ratios of NTA to Fe (H2O2 = 4.41 mM, Fe = 

0.27mM). 
 

The effect of initial H2O2 concentration versus 

total consumed H2O2 concentration was 

investigated to see whether if it is beneficial to add 

H2O2 in consecutive ways. The reason behind this 

lies in the fact that high initial H2O2 concentrations 

have a negative effect on ·OH radical due to the 

scavenging effect of H2O2 on ·OH and consecutive 

addition ways of H2O2 should decrease the 

percentage of ·OH scavenged and thus increase 

CHA removal. As can be seen in Figure 2, there is 

no significant difference when H2O2 was added in 

1 dose of 5.88 mM, 4 consecutive doses of 

1.47mM or 8 doses of 0.735 mM. The CHA 

removal with 1 dose is 94.73%, with 4 doses is 

97.93%, and with 8 doses is 98.34% with only an 

increase of 3.61% compared to the 1 dose 

removal. This is due to the fact, that the second-

order rate constant between ·OH and H2O2 is one 

and two magnitudes smaller than the rate constants 

between ·OH and Fe(III)-NTA, ·OH and CHA, 

respectively, and the percentage of ·OH scavenged 

by H2O2 in NTA-modified Fenton processes at the 

doses of H2O2 5.88 mM and Fe-NTA 0.89 mM 

was only 8.37%. In the concentration range 

investigated, the ways of adding H2O2 did not have 

a significant impact on the CHA removal. 

 

 
Figure 2. The effect of different dosing mode of 

H2O2 on CHA removal (Fe = 0.27 mM, NTA:Fe = 

2:1) 

 

The reaction mechanisms in the NTA modified 

process were investigated using second-order rate 

constants between ·OH and NTA and ·OH and 

CHA. pCBA was chosen to be the reference 

compound because of its widely accepted second-

order rate constant with ·OH of 5.0×109 M-1s-1 

[5,6].  The values of the rate constants between 

NTA and ·OH, CHA and ·OH obtained in the 

present study at pH 8 are 4.77 ± 0.24 × 108 M-1s-1 

and 4.09 ± 0.39 × 109 M-1s-1, respectively, see 

Figure 3. The value for CHA and ·OH agrees well 

with the literature value 5.5×109 M-1s-1 at pH 9 

[5,7]. 
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Figure 3. Plots of second-order rate constants 

between ·OH and CHA, and ·OH and NTA (H2O2 

= 50 mM, pCBA = CHA = NTA = 0.2 mM). 
 

To investigate the radicals responsible for CHA 

degradation, TBA was used as a scavenger of ·OH 

with a second-order rate constant of 6×108 M-1s-1 

[8]. The effect of TBA concentration (0,0.5, 5, 20, 

40, 200, and 400 mM) showed that CHA 

degradation decreased with increasing TBA 

concentration, which was to be expected, but only 

when the TBA concentration was equal to or 

higher than 200 mM, all the ·OH generated in the 

processes was scavenged and around 6% 

degradation of CHA could still be observed. These 

results confirmed that the main species responsible 

for CHA degradation in the NTA modified Fenton 

process is ·OH radical, which lies in agreement 

with other researchers [8]. The results also 

indicated that ·OH was not the only radical 

responsible for the degradation of CHA under the 

experimental conditions. It is commonly accepted 

that the reaction of H2O2 and free FeII at low pH 

produces hydroxyl radicals, while other oxidant 

species may be yielded at neutral pH, which may 

cause some degradation of CHA. 

The conclusions of this work are that the NTA-

modified Fenton processes was very efficient in 

degrading CHA at neutral pH and the degradation 

was closely related to the dose of H2O2, while the 

effect of Fe-NTA dose on CHA removal was 

marginal. Absorption spectra of Fe-NTA 

complexes confirmed the 1:1 ratio of NTA:Fe in 

the Fe-NTA complex. The efficiency of the NTA-

modified Fenton processes decreased due to 

degradation of NTA, especially at low ratios of 

NTA to Fe. Kinetic data showed H2O2 

decomposition rate in NTA-modified Fenton 

processes could be described by a second-order 

kinetic expression. The ways of adding H2O2 did 

not have a significant impact on the CHA removal 

under the experimental conditions. ·OH was 

proved to be the main radical responsible for CHA 

degradation. ·O2
- radical had some influence on 

the degradation of CHA probably through its 

influence on the production of ·OH radical. The 

presence of dissolved oxygen in the solution helps 

the electron transfer between iron specie and 

increased the redox potentials of Fe-NTA solution, 

and improved the efficiency of the modified 

Fenton processes. 
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Acrylic Textile Dyeing Wastewater Treatment by Combination of 
Heterogeneous Fenton’s Oxidation in a CSTR and Biological 
Degradation in a SBR
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 The treatability of an acrylic textile dyeing wastewater by 
combination of heterogeneous Fenton’s oxidation and 
biological degradation was evaluated in this work. 
In the oxidation stage, performed in a catalytic continuous 
stirring tank reactor (CSTR), it was evaluated the effect of 
some operating conditions, namely the type of catalyst used 
(Fe-containing zeolite, activated carbon impregnated with 
iron acetate and iron nitrate), hydrogen peroxide feed 
concentration, contact time and temperature. Under the best 
operating conditions it was reached, at steady-state, 62.7 and 
39.9% of color and TOC removal, respectively; moreover, 
the effluent biodegradability was significantly improved 
(BOD5:COD was raised from <0.001 to 0.29 and specific 
oxygen specific uptake rate (SOUR) from < 0.2 to 11.1 
mgO2/(gSSV h)) and the toxicity (towards inhibition of Vibrio 
fischeri) reduced from 92.1-94.0 to 6.9-9.9.%. These results 
allowed the application of the subsequent biological 
degradation in a sequential batch reactor (SBR). Upon 
combination of these two processes high overall treatment 
performance was reached and an effluent that meets the 
legislated discharge values was obtained. 

1. Introduction 

Effluents produced by textile dye-houses are 
usually characterized by high pH and temperature, 
intense color resulting from incomplete fixation of 
dyes, low biodegradability (BOD5:COD ratio 
<0.1) and considerable amount of chemical 
oxygen demand (COD) [1]. The discharge of such 
effluents without prior treatment is responsible for 
innumerous negative environmental impacts in 
water bodies. For minimization of this impacts it is 
necessary to apply an efficient treatment before 
discharge. One of the most promising treatment 
processes is the Fenton’s reaction, which generates
the highly oxidative hydroxyl radicals (by catalytic 
decomposition of hydrogen peroxide, in acid 
medium), responsible for destruction of the 
organic pollutants [2].  

In the homogeneous Fenton´s oxidation the 
metal (e.g. iron) catalyst is in solution, which 
presents some disadvantages like the requirement 
of about 50 to 80 ppm of iron and the necessity of 
a subsequent process for the removal of the 
dissolved iron, leading to the generation of 
chemical sludge. For minimization of this 

important disadvantage, heterogeneous Fenton’s 
oxidation has been used, where different forms to 
attach the iron species to a porous solid matrix 
(such as zeolite, clay or activated carbon) have 
been attempted.  

The Fenton’s process is also appealing because 
often increases biodegradability and/or reduces 
toxicity of wastewaters [3], making the combined 
process attractive.  

This work deals with the combination of the 
heterogeneous Fenton reaction in a continuous 
stirred tank reactor (CSTR) coupled to a biological 
process in a sequential batch reactor (SBR) for the 
treatment of an industrial textile dyeing 
wastewater, an approcah which was found by the 
authors to be unique in the literature. The main 
purpose of this research was to obtain a treated 
effluent that accomplishes the maximum allowable 
limits imposed by Portuguese legislation for the 
discharge of textile effluents. 

2. Materials and Methods 

The acrylic textile dyeing wastewater used in 
this study was characterized by intense coloration, 

CSTR 

SBR 
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high toxicity, reasonable concentration of organic 
compounds and low biodegradability [4]. 

The catalysts selected were an iron-containing 
zeolite (commercial name Alsi-Penta Fe/ZSM5) 
and activated carbon impregnated with iron acetate 
(AC1) or iron nitrate (AC2). The iron content of 
all the catalysts is ~5.0 wt.%. The surface area 
values, determined by N2 adsorption, were found 
to be 265, 1328 and 954  m2/g for Fe/ZSM-5, AC1 
and AC2 catalysts, respectively.  

Chemical oxidation, by the heterogeneous 
Fenton’s process, was carried out in a continuous 
stirred jacketed reactor (0.92 L capacity). The 
reactor is provided with constant stirring (200 
rpm). The temperature of the reaction mixture was 
kept constant by coupling the reactor to a Huber 
thermostatic bath. Before each run, the effluent 
and also the H2O2 solution were put into the 
thermostatic bath for temperature stabilization, 
after pH adjustment in both solutions with 1 M 
H2SO4. Time zero of the runs coincides with 
turning on the peristaltic pump (Gilson M 312) 
that introduced in the reactor the wastewater and 
H2O2 solutions, at equal flow rates. A porous non-
catalytic support containing the catalyst was 
suspended on the cover of the reactor, in the 
centre. 

The SBR was operated at a constant temperature 
of ~28 °C and 24 hours per cycle (1 hour for 
feeding, 14 h of reaction, 8 h of sedimentation, 0.8 
h for discharge and 0.2 h idle), for 8 cycles. In the 
first cycle the reactor was fed with synthetic 
wastewater with pH previously adjusted to 7.0, 
and after adding phosphorus (as phosphate buffer) 
to ensure the minimum quantity required for 
biological treatment. Then, 0.5 L of activated 
sludge (~ 5 g VSS/L) from the aeration tank of the 
Rabada WWTP (Santo Tirso - Portugal) was 
added to the reactor, yielding a final volume of 1.0 
L. In subsequent cycles the reactor was fed with 
0.5 L of effluent to compensate the amount of 
treated effluent discharged. During the reaction 
stage, a mechanical stirrer was employed (stirring 
at 300 rpm) and the dissolved oxygen content was 
maintained at 3.0 mgO2/L by aeration using air 
diffusers. 

3. Results and Discussion 

3.1. Heterogeneous Fenton’s Oxidation  

The work started with the evaluation of the 
catalysts stability and optimization of hydrogen 
peroxide dose. Consecutive runs were performed 
being observed, for all catalysts, that they are 
stable (maximum vatiation of TOC and color 

removal is 7% between 1st and 5th run). Results 
obtained (not shown) allowed concluding that the 
AC2 catalyst is the best one because yields the 
maximum BOD5:COD ratio in the treated effluent 
(value of 0.15) for a 3.52 g/L of H2O2 dose in the 
reactor feed; TOC and color removals at steady-
state, and iron leaching, are similar for all 
materials. 

Next, a parametric study was carried out, using 
AC2 as catalyst, for evaluating the effect of 
various operating conditions, namely temperature 
and contact time (among others not shown for 
brevisty reasons), in the color and TOC removal, 
iron leaching and effluent biodegradability.   

In order to determine the effect of temperature, a 
series of experiments was conducted by varying 
this parameter between 40 and 70 ºC. Figure 1 
presents the results obtained, at steady-state. It is 
seen that temperature exerts a strong effect in 
color removal, increasing up to 60 ºC and 
maintaining near constant between 60 and 70 ºC. 
This is explained by the fact that the rate of 
reaction increases, because the kinetic constants 
also increase with the temperature (Arrhenius 
law), but at higher temperatures (>60 ºC) the H2O2 
decomposes in H2O and O2. For organic 
compounds mineralization (and effleunt 
biodegradability) the effect of temperature was not 
so notorious. In what concerns the iron 
concentration in the effluent, any relationship was 
found with temperature; however at 60 ºC the 
minimum amount leached (0.04%) was achieved. 

 

Figure 1. Effect of temperature in color and TOC 
removals at steady state ([H2O2] feed = 3.52 g/L, pH = 3, 
W/Q = 0.15 g.min/mL and tresid = 30 min for AC2). 

The effect of contact time, and so the catalyst 
mass to total feed flow rate (W/Q) ratio, was 
evaluated in the range 0.15 to 1.2 g.min/mL. This 
parameter had a positive effect on the removal 
efficiencies and allowed improving the effluent 
biodegradability until W/Q = 0.90 g.min/mL. For 
this W/Q ratio, it was reached 62.4 and 36.1% for 
color and TOC removals, respectively, and a 
BOD5:COD ratio = 0.26 (see Table 1). The iron 
concentration in the effluent raised as the W/Q 
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increased, as expected. Even so, for a W/Q = 1.2 
g.min/mL, it was obtained an iron concentration of 
0.449 mg/mL, far below the legislated value (2 
mg/L). 

Table 1. BOD5:COD ratio in the treated effluent by the 
Fenton’s process for different contact times. 

W/Q 
(g.min/mL) 

0.15 0.30 0.45 0.90 1.20 

BOD5:COD 0.18 0.20 0.23 0.26 0.26 

An experiment was performed at the optimum 
conditions allowing to obtain a effluent with a 
strong reduction of toxicity (6.9-9.9% of Vibrio 
fischeri inhibition as compared with 92.1-94.0% 
for the raw wastewater), an important improved 
biodegradability (SOUR increased from <0.2 up to 
11.1 mgO2/(gVSS.h) and BOD5:COD ratio from 
<0.001 to 0.29 after Fenton’s reaction), along with 
considerable color removal (62.7%) and organics 
reduction (39.9% for TOC) with a small iron 
concentration in the effluent (0.2 mg/L), 
corresponding to an iron leaching from the support 
of only 0.19%. Thus, the heterogeneous Fenton’s 
process could be coupled with a biological 
treatment, aiming trying to comply with legislated 
standards before discharge. 

3.2. Biological Degradation  

Afterwards, the study was focused on the 
biological oxidation of the effluent previously 
submitted to Fenton oxidation, using a SBR. The 
results obtained (see Figure 2) for each cycle of 
the SBR indicated that the removals of TOC, 
COD, BOD5 and total nitrogen and phosporus 
increased until 4 cycles of operation and then 
nearly stabilized. After reaching the pseudo-steady 
state, the average removals achieved in the SBR 
for the parameters analyzed were as follows: COD 
– 57.5%, BOD5 – 60.6%, TOC – 63.0%, total 
nitrogen – 38.6% and total phosphorus – 50.5%. 

 

Figure 2. Variation of COD, TOC, BOD5, total nitrogen 
and phosphorus removal during 8 cycles of SBR 
operation, after effluent treatment by heterogeneous 
Fenton oxidation. 

The combination of the heterogeneous Fenton 
oxidation in the CSTR and biological degradation 
in the SBR provided a treated effluent that now 
complies with the legal discharge limits; high 
global removal efficiencies were also achieved 
(78.0, 80.9, 60.6, 48.4 and 55.5% for COD, TOC, 
BOD5, total nitrogen and total phosphorus, 
respectively). 

4. Conclusions 

The possibility of treating an acrylic textile 
dyeing effluent by the combination of the 
heterogeneous Fenton oxidation in a continuous 
stirred tank reactor with biological degradation in 
a SBR was successfully demonstrated.  

The first treatment (Fenton) reduced 
significantly the color (62.7%) and TOC (39.9%), 
but the treated effluent does not meet the discharge 
limits. Thus, a subsequent treatment was required. 
It was decided to use the biological degradation 
because it is economically attractive and the 
oxidation pre-treatment stage improved the 
wastewater biodegradability (BOD5:COD from 
~0.001 up to 0.29 and SOUR <0.2 to 11.1 
mgO2/(gSSV h)) and reduced the toxicity (92.1-
94.0% of Vibrio fischeri inhibition down to 6.9-
9.9%). 

The combination of the two processes resulted in 
high global removal efficiencies and consequent 
compliance with discharge limits legislated in 
Portugal for textile effluents. 
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Oxidative and reductive degradation of an azo dye, amaranth,
using zero valent iron nano particle and its potential application in 
coir factory waste water was investigated. A complete 
decolourization and reasonable mineralization was observed using 
nano scale zero valent iron treatment. Four major stable 
intermediates were identified using LC-Q-TOF-MS analysis and 
this allowed us deducing a complete reaction mechanism. 
 
 

 
 

INTRODUCTION 

Textile industry is one of the major sources of 
environmental pollution and azo dyes are the 
major class of colorants used in textile and coir 
industry. Azo dyes are among the prominent 
pollutants present in the textile effluent. Amaranth 
is one of the azo dyes used in textile and coir 
industry [1]. Cost effectiveness, environmental 
friendly nature, and its unique ability to activate 
peroxides made iron as a transition metal of choice 
for environmental applications. Oxidative and 
reductive mechanisms are possible with this 
catalyst [2]. In this study the oxidative and 
reductive degradation of an azo dye, amaranth, 
using zero valent iron nano particle and its 
potential application in coir factory waste water 
were investigated. 

MATERIAL AND METHODS 

Amaranth, ferric chloride hexahydrate (Loba 
chemie, India), sodium borohydride (Merck, India) 
were used as received. Nano scale zero valent iron 
particles (ZVINP) were chemically synthesized in 
the laboratory as per the reported method [3]. 
Experimental variable such as reaction time, 
ZVINP dosage, initial dye concentration, pH and 
stirring speed were considered. Absorbance 
measurements were carried out by UV-visible 
spectrophotometer (Shimadzu UV-2450). Total 
Organic Carbon (TOC) values were obtained by 
Thermo Scientific Hiper TOC analyser with IR 
detector. Degradation of parent compound and 
formation of intermediates were determined using 
HPLC coupled with a Diode Array Detector 
(Shimadzu LC-20AD). Stable intermediates after 
nano scale zero valent Iron treatment were 

identified using Waters Acquity, UPLC system 
coupled with a Waters Xevo G2 Quadrupole – 
Time-of-Flight (Q-TOF) high resolution mass 
spectrometer. 

RESULTS AND DISCUSSION 

It is observed that synthesized zero valent iron 
nano particles can effectively remove the color and 
TOC of amaranth under optimized condition. A 
complete decolourization and 51% TOC reduction 
was observed within 15 minutes of treatment. The 
ideal operational conditions were 1.5-2.5gL-1 of 
ZVINP, 15-30 minutes of reaction time, stirring 
speed of 150-200 rpm and pH of 3-9 for initial dye 
concentration of 50-70 mgL-1. The complete 
decolourization was resulted from the substantial 
azo link cleavage. ESI-MS(-ve) monitoring of 
stable intermediates after nano scale zero valent 
iron treatment led to the identification of stable 
intermediate products such as 4-
aminonaphthalene-1-sulfonic acid (m/z = 222), 
2,2'-(3-amino-5-sulfobenzene-1,2-diyl)diacetic 
acid (m/z = 288), 4-[2-(3-sulfonaphthalen-1-
yl)hydrazinyl]naphthalene-1-sulfonic acid (m/z = 
443), {3-hydroxy-4-sulfo-2-[2-(4-sulfonaphthalen-
1-yl)hydrazinyl]phenyl} acetic acid (m/z =467). 
The results obtained using UV/Vis, TOC, HPLC 
and LCMS techniques confirmed that these 
compounds degraded by several pathways; initial 
step was azo bond cleavage and subsequent 
degradation. As the ZVINP dosage increases, the 
surface area for reaction also increases but 
dissolution of iron may retard the efficiency after 
certain limit. As seen from results, at pH = 3; the 
treatment was most effective due the added effect 
of Fenton reaction in addition to reductive 
mechanism [4,5]. Application of these optimised 
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conditions in coir factory effluent had given a 
complete decolourization and 34% TOC reduction. 
This shows its suitability as an alternate waste 
water technology for industrial application. 

Figure 1. Effect of Fe concentration on the degradation 
of amaranth measured using TOC analysis. [Amaranth] = 
60mg/L, pH = 3, Time = 30 min, rpm =150. 

CONCLUSIONS 

Degradation studies of amaranth proved that iron 
can be used as the transition metal of choice for 
environmental applications, especially for the 
decolourization and degradation of azo dyes. The 
oxidative and reductive mechanism of this catalyst 
favors decolourization and degradation. It can be 
envisaged that such methods have potential 
application in similar systems or pollutants. 
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Photo-Fenton is a well-known AOP which efficiency and 
applications have been limited because of the low solubility and 
non-catalytic activity of most iron species at neutral pH. To 
overcome this handicap, a Fe/alginate heterogeneous catalyst 
has been synthetized and tested for this reaction by using a 
UVA batch reactor and a simulated solar light reactor. 
Its catalytic activity has been proved for both processes on the 
degradation of a reference emerging pollutant. 
Results have also proved the dependence of catalyst stability 
with sample pH, turning the homogeneous reaction into a 
second reaction pathway of degradation if pH reduces under a 
limit value which depends of alginate carboxylic groups pKa. 
 

 
 

Introduction

Photo-Fenton is an advanced oxidation process 
(AOP) based on the catalytic reaction produced 
when hydrogen peroxide is irradiated with UV-A 
light in presence of some iron species. 

Due to the low solubility and low catalytic 
activity of most iron species at neutral pH, the 
efficiency and application of this process has been 
limited to been usually applied at acidic pH, which 
leads to the necessity of acidify the effluent 
previously to the treatment. 

To conduct photo-Fenton at non-acid pH, actual 
studies are focused on the application of new 
methods, as iron chelating compounds [1] and iron 
heterogeneous catalysts [2], but this processes use 
to involve the addition of extra chemical 
compounds or require of complex catalyst 
synthesis processes. 

This study is focused on the preparation of a 
new non-harmful, easy to prepare and cheap 
Fe/alginate heterogeneous catalyst which can be 
applied for photo-Fenton and solar photo-Fenton 
reactions at neutral pH. 

This catalyst is prepared by taking advantage of 
the ability of alginate water solutions of forming 
solid structures when they are put in contact with a 
solution containing divalent and trivalent cations. 

By adding drop-wise this alginate solution over 
another one containing Fe3+, small solid gel 
spheres are formed, which after a proper thermal 
dehydration treatment can be transformed into a 

solid catalyst. 

Materials and Methods 

A homogeneous 2.5% (m/m) sodium alginate 
aqueous solution was prepared. Sodium alginate 
solution was warmed to 40°C for 24 h to decrease 
the solution viscosity and to eliminate air bubbles 
formed during the mixing process. The solution 
was introduced on syringes on the top of a vacuum 
chamber, and a 0.05M FeCl3 hardening solution 
was placed inside. 

 
Figure 1. Fe/alginate catalyst at naked eye (a) and by 

means of SEM (x2000, 8kV) (b).

 

By activating the vacuum, the alginate solution 
was added drop-wise into Fe gelling solution to 
produce Fe/alginate gel spheres. A 6 h curing time 
inside the hardening solution was performed to 
achieve the total diffusion of FeCl3 into the 
spheres, producing the gellification of the full 
catalyst volume. This process conferred to this 
spheres solidity and mechanical resistance. After 
repeatedly rinsing Fe/alginate gel spheres with 
milliQ water, they were stored in distilled water 
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with mild stirring (120 rpm) for 1 hour to lixiviate 
FeCl3 hardening solution remains and to ensure the 
total removal the non-coordinated Fe. The 
operation was repeated for 5 times to ensure the 
total elimination of non-structure-linked iron. 
After lixiviation, Fe/alginate gel spheres were 
thermally dehydrated at 40°C during 24h to obtain 
the catalyst used in this work. 

Experimental procedures 

Several experiments were conducted in order to 
study the performance of the catalyst under UV-A 
and simulated solar light photo-Fenton at neutral 
pH.  

UV-A photo-Fenton experiments were 
conducted on a 2 L batch reactor containing three 
immersed black light UV-A lamps (365 nm, 8W), 
stirring (700 rpm) and temperature control (25°C). 
A more detailed description of the device can be 
found elsewhere [3]. 

Simulated solar photo-Fenton experiments were 
conducted on a Solar-Box simulator which 
included a Xe lamp of 1000W with a UV-C filter 
that cut light under a wavelength of 280 nm. 
Sample was recirculated through a 78 ml quartz 
reactor and stirred and temperature controlled 
(25°C) in a recirculation vessel of 1L. A more 
detailed description of the device can be found 
elsewhere [4]. 

All treated samples consisted in a milliQ water 
in which sulfamethoxazole (SMX) was spiked as 
model compound (10 mg·L-1). Its concentration 
was measured by using an HPLC Agilent and a 
Teknokroma C-18 Tracer Extrasil ODS2 column 
(60:40 Acetonitrile-water, 1 ml·min-1). The initial 
solution pH was 5.5 

Fe/alginate catalyst was added on a 
concentration of 0.5 mg·L-1 at the beginning of all 
experiments. 

H2O2 was spiked in a concentration of 20 mg·L-1 
and monitored through a metavanadate 
spectrophotometric procedure at 450 nm 
throughout all experiments.  

Soluble iron quantification was done by means 
of a modification of the standard 1,10-
phenantronile spectrophotometric method at 510 
nm (Standard Method 310A modified). 

Results 

SEM (accelerating voltage = 8kV) images 
showed tear form particles with an equivalent 
diameter of 723 μm. A more detailed view at a 
higher level of magnification allowed observing a 

very rough surface, where photo-Fenton reaction is 
produced (figure 1). 

Catalyst composition analysis was made by 
means of a digestion in a HNO3:HClO4 solution 
and determined with ICP-OES. Fe concentration 
after catalyst dehydration was 11.69+/-0.10 % 
(m/m). FTIR analysis also confirmed non-
significant changes in catalyst chemical structure 
during the dehydration process. 

 

 

Figure 2. Sulfamethoxazole concentration at photo-
Fenton experiments performed in a UVA batch reactor 
and a SolarBox simulator reactor using Fe/alginate 
catalyst. Results for blank experiments without catalyst 
are also presented. 

 

Results in figure 2 show that degradation was 
achieved in both, UV-A and solar simulated light 
experiments, only in the presence of the catalyst. 
This demonstrates Fe/alginate catalytic effect 
when applied to photo-Fenton at a non-acid pH. 

 

 

Figure 3.  Soluble Fe concentration at photo-Fenton 
experiments performed in a UVA batch reactor and a 
SolarBox simulator reactor using Fe/alginate catalyst. 

 

In both cases Fe release was observed along the 
experiment. The amount measured when the 
reference pollutant (SMX) was totally removed 
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was 1.16 mg·L-1 when working in the UV-A batch 
reactor and 0.97 mg·L-1 when working at the 
SolarBox reactor. Iron release rate is higher for the 
simulated solar light process but its SMX 
degradation rate is also higher compared to the 
results performed on the UVA batch reactor. 

Although results look to indicate that simulated 
solar process is more efficient, it has to be taken in 
account that when using this process, the iron 
release started from the initial time. On the 
contrary, when working with UVA batch reactor, 
soluble iron was only detected after some time of 
reaction. 

Previous results on Fe/alginate catalyst stability 
demonstrated that Fe release is highly related to 
the solution pH. The moment the pH goes under 
the pKa of the carboxylic groups in alginate chains 
(pKa=4.2-4.7), alginate starts to protonate, losing 
its bonds with iron and releasing it into the 
medium. From this moment, homogeneous photo-
Fenton reaction starts to compete with the 
heterogeneous pathway. 

Despite this drawback, the small amount of 
soluble iron present in solution after achieving the 
total removal of the reference compound makes 
this catalyst a good solution for conducting photo-
Fenton at neutral pH. 

Conclusions 

Fe/alginate catalyst is able to conduct photo-
Fenton reaction at neutral pH by using UV-A 
lamps and also solar simulated radiation. 

A low amount of Fe release is detected, which 
can be mainly attributed to the reduction of 
solution pH under alginate pKa, which starts a 
protonation process that destabilize the catalyst 
structure. 

Although there can be competition between 
homogeneous and heterogeneous photo-Fenton 
reaction as Fe is released, the small amounts of Fe 
present at the end of the reaction make this catalyst 
a suitable way to conduct photo-Fenton at neutral 
pH. 
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 Combined nanofiltration/solar photo-Fenton process at pilot 
plant scale at low iron (<0.2mM) and H2O2 (<2mM) 
concentrations for the treatment of effluents of municipal 
wastewater treatment plant (MWWTP). Effluent was directly 
treated and compared with the treatment of membrane rejection 
under different conditions. A QTRAP MS/MS system 
combined with solid phase extraction was used to evaluate 
micropollutants (MPs) degradation and >90% degradation took 
less than 12 minutes. Acute and chronic toxicity has been also 
evaluated by Vibrio fischeri and Daphnia magna. Treated 
effluent by solar photo-Fenton showed insignificant acute 
toxicity by both bioassays.  Chronic toxicity in Daphnia magna 
was observed in untreated effluents that did not increase during 
the treatment but did not reach harmless conditions.  

 
Membrane technologies have emerged as a 

significant innovation for treatment and 
reclamation of water, as well as a leading process 
for upgrading and expanding wastewater treatment 
plants. The main drawback of the membrane 
technology applied to MWWTP effluents is 
probably the discharge of the concentrate with 
MPs. This concentrate must be treated to minimize 
MPs environmental impact, or returned to the 
biological system where they would accumulate. 
MPs in MWWTP effluents are in the hundreds of 
µg L-1 range as a whole of all. 

An Advanced Oxidation Process (AOP) as a 
polishing step could solve these problems, and 
may therefore be a viable option for membrane 
concentrate treatment. Although chemical 
pollution of MWWTP effluents is low, flow rates 
are very high (tens of thousands of m3 per day per 
plant) making optimized treatment essential. Solar 
photo-Fenton has been demonstrated to be a good 
option for the removal of MPs from water systems 
[1]. Thus mild photo-Fenton conditions (natural 
pH, low H2O2 and low iron concentrations) are 
required to improve treatment competitiveness and 
maximizing the reaction rate is an important issue. 
Therefore, combination with NF could make 
sense, because photo-Fenton is governed by first 
order kinetics, and the concentration of MPs is 
higher in the NF concentrate than in the feed 
stream.  

Photo-Fenton efficiency is poor at neutral pH 
because Fe(III) is in its insoluble form (ferric 
oxides), but polycarboxylates and 
aminopolycarboxylates form strong complexes 
with Fe(III), keeping it soluble [2]. Three types of 

solar photo-Fenton assays were carried out in this 
study: (i) Direct treatment of water or MWWTP 
effluent; (ii) water or MWWTP effluent spiked 
with model MPs (at 15 µg L-1 each), NF and 
treatment of the concentrate by solar photo-
Fenton; (iii) NF of MWWTP effluent and 
treatment of concentrate by photo-Fenton, 
evaluated by QTRAP MS/MS. MWWTP effluent 
was pretreated by conventional filtration in which 
mainly suspended solids (62-88% turbidity 
reduction) were removed. Second, the pretreated 
MWWTP effluent was concentrated by NF 
maintaining a cross-membrane pressure (CMP) not 
higher than 5-bar, with a through-flow rate of 500–
700 L h-1. The concentrate stream was returned to 
the feed tank while the permeate stream was 
purged. Once the concentrate was prepared a part 
of it was transferred to a solar CPC photoreactor 
for photo-Fenton treatment. 

 

Figure 1. Degradation of five MPs in natural water at pH 
5 by photo-Fenton (0.1mM  Fe(II), 25 mg/L H2O2). 
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Water or NF concentrate spiked with five model 

MPs was treated and results are shown in Figure 1. 

90% degradation was selected as the target 

oxidation for comparing kinetics. Today 

elimination of MPs in MWWTP is not regulated 

worldwide, but some countries, such as 

Switzerland require at least 80% of MPs to be 

eliminated during wastewater treatment. In the 

case of water, >90% degradation took less than 60 

minutes of illumination time and it was similar to 

the time needed for the treatment of water 

concentrated ten times by NF (five spiked MPs 

until 150 µg L-1 each). H2O2 consumption of <0.5 

mM was needed in both cases. The iron 

concentration decreased during all the 

experiments, but it was kept in solution enough 

time to reach enough degradation of MPs.  

 

 
Figure 2. Main MPs in MWWTP effluent. 
 

Thirty-five MPs were detected in the MWWTP 

effluent and monitored by QTRAP MS/MS. Figure 

2 shows their starting concentrations only over 800 

ng L-1. The concentrating process by NF was 

monitored by QTRAP MS/MS (feed, concentrate 

and permeate stream; data not shown). The 

starting concentration of the sum of the 35 MPs 

detected in the MWWTP effluent of 45 µg L-1 

increased to 136 µg L-1 in the concentrate. Taking 

into account that the final concentration in the 

permeate was only 11 µg L-1, it can be inferred 

that the concentration adsorbed on the NF 

membrane was 33 µg L-1. 

Results of solar photo-Fenton treatment at 

circumneutral pH for MPs elimination in the 

concentrate are partially (only those at highest 

initial concentration) shown in Figure 3. As 

observed, illumination time necessary (>12 min) 

for >90% degradation was lower than the time 

needed for the treatment of the five spiked MPs 

concentrated by NF in the natural water (see 

Figure 1). Consumption of H2O2 was 2 mM 

(higher than in natural water due to initial DOC of 

53 mg L-1). Only nine of the 35 MPs were still 

detected at the end of the experiment, with a total 

concentration of 2.7 µg L-1, which is only 2.0% of 

the starting initial concentration. When MWWTP 

effluent was treated directly by solar photo-

Fenton, the starting concentration fell from 45 µg 

L-1 to 0.6 µg L-1 after 36 min. 

 

 
Figure 3. Degradation profile of solar photo-Fenton 

with Fe 0.2 mM for the MPs shown in Figure 2 in the NF 

concentrate. 1 Caffeine, 2 Carbamazepine, 3 Naproxen, 

4 4-AAA, 5 Norfloxacin, 6 4-FAA, 7 Antipyrin, 8 

Ofloxacin, 9 Sulfamethoxazol. 

 

Acute and chronic toxicity of treated samples 

were compared with toxicity of the MWWTP 

effluent. Vibrio fischeri and cladoceran Daphnia 

magna were selected as test species for analyzing 

acute toxicity after 30min and 48h of exposure, 

respectively. Daphnia magna was selected as the 

key bio-test for measuring chronic toxicity after 21 

days of exposure, 

Treated effluent by solar photo-Fenton at 

different pHs showed insignificant acute toxicity 

except for treated NF concentrate at neutral pH, in 

which moderate acute toxicity in Daphnia magna 

was obtained, possibly due to the complexing 

agent used.  

Regarding chronic toxicity with Daphnia magna 

high values were measured in all samples. Results 

showed larger size in exposed females compared 

to control females and even stimulation 

commissioning females from untreated samples 

has been observed. Reproduction stimulation was 

observed in samples from solar photo-Fenton 

treatment. Finally, mortality measured in dilute 

samples (1/2) was irrelevant except in samples 

from the untreated MWWTP effluent. A 

photographic study was also carried out at the end 

of chronic toxicity analyses. Changes in the 

morphology of Daphnia magna were observed due 

to stress conditions suffered (ciclomorphosis). An 
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increase in caudal spine means that the organisms 

in presence of toxic substances react by modifying 

the growth pattern of various parts of their body. 

In Figure 4, Daphnias before and at the end of the 

treatment  are shown. It is possible to observe the 

higher size of caudal spine for Daphnia magna for 

the untreated effluent. 

 

 

Figure 4. Daphnia magna photographs after chronic 

toxicity tests in MWWTP effluent and from end samples 

of each treatment. 1: initial, 2: after photo-Fenton pH 3, 

3: after photo-Fenton at neutral pH. 
 

In view of the different results, 90% degradation 

of MPs was selected as the target oxidation for 

comparing kinetics and chemical consumption in 

each case. Thus similar treatment time was 

required for treatment of MPs in the range of 

hundreds of µg L-1 or tens of µg L-1 suggesting 

that solar photo-Fenton produced more HO• 

radicals than required by the low concentration of 

MPs. Therefore, using NF for increasing 

concentration made sense for improving 

consumption efficiency of HO• radicals generated. 

Consumption of H2O2 was different in NF 

concentrate as it was seriously affected by the total 

organic load in the water and by the type of water, 

and not only by the MPs concentration. Thus, the 

higher H2O2 consumption (and consequently 

higher radical generation) compensated for the 

negative effects of increased DOC, turbidity and 

salt concentration after NF.  

NF pretreatment made it possible to run solar 

photo-Fenton only in the concentrate at lower flow 

rates and with higher starting MPs concentrations 

than direct treatment of MWWTP effluents. It 

substantially reduced the surface area of solar 

collectors and reagents needed per cubic meter of 

treated effluent. These results reinforce the idea 

that treatment of extremely low concentrations of 

contaminants, such as those found in effluents 

from MWWTPs, requires different operating 

concepts from the application of photo-Fenton to 

high-organic-load industrial wastewaters.  
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Heterogeneous Fenton-like Degradation of Naphthenic Acids Model 
Compounds by Activated and Mesoporous Carbon Impregnated with 
Fe, Fe2O3 and α-FeOOH.
N. Klamerth1, M. Meshref1, M. Gamal El-Din1

(1) University of Alberta, Department of Civil & Environmental Engineering, Edmonton, Canada, T6G 2W2, 
klamerth@ualberta.ca

Degradation and adsorption of three different naphthenic acids
(NAs) was investigated on activated carbon (AC) and 
mesoporous Carbon (Cmeso) impregnated with α-FeOOH, Fe2O3
and Fe0 respectively. These NAs were 1,3-Adamentane 
dicarboxylic acid (ADA), Methyl-octahydro-3-
methylpentalene-1-carboxylic acid (MOPCA) and 2,2-
Dicyclohexylacetic acid (DCHA). High decomposition rates of 
H2O2 in the presence of carbon- iron composites were observed.
Experiments were conducted at neutral pH with a mixture of 
three NAs at a total of 45 mg/L. Removal of over 82% of model 
compounds in 48h was achieved using 200 mg/L H2O2 although 
individual naphthenic acids had different removal rates. This 
might be attributed to the chemical structure of these 
compounds. 

Over 169 billion barrels of recoverable bitumen 
are available in the Athabasca oil sands deposits, 
making Canada the country with the third largest 
oil reserves in the world. The surface mineable 
bitumen is extracted from the sands by a caustic 
hot water method, which generates about 2.5 m3 of 
oil sands process-affected water (OSPW) per m3

oil sands processed. This OSPW is sent to tailings 
ponds, where the water is separated from solids 
and recycled back into the extraction process. 
About 80% of OSPW is recycled and due to the 
zero discharge practice there are about 109 m3 of 
OSPW in tailings and end pit ponds, with 
increasing volumes, as the industry is expanding. 

OSPW are basic (pH 8) and a complex mixture 
of inorganic (silts, sands, salts, heavy metals) and 
organic (naphthenic acids, residual bitumen, 
BETX, phenols) contaminants. OSPW is acute and 
chronic toxic to numerous organisms. The 
naphthenic acids (NAs) present in OSPW of 
concentrations up to 100 mg/L are thought to be 
the main contaminants responsible for the OSPW 
toxicity. NAs are a group of aliphatic and alicyclic 
compounds with a general formula of CnH2n+zOx,
where n represents the carbon number, z the 
hydrogen deficiency number (0 or negative even 
integer) and x the number of oxygen atoms present 
(x = 2 for classical NAs, x ≥ 3 for oxidized 
NAs)[1]. Additionally several aromatic and 
heteroatomic groups of NAs have been found in 
OSPW [2,3].

AOPs are a particular attractive option to 
degrade these compounds into biodegradable 

degradation products, and among these AOPs the 
Fenton process is a particular potent application,
because it is fast, low cost, and easy to handle at 
room temperature. However, the optimum pH for 
Fenton reactions is ≤ 3, thus the requirement of 
large amounts of acid before and alkaline after 
treatment for neutralization will result in high 
costs. Besides, the slow conversion of Fe3+ to Fe2+

required large amounts of ferric salts to maintain 
the concentration of Fe2+ during the reaction. 
Additionally, the Fe3+ containing sludge following 
the Fenton reaction after neutralization is a serious 
problem. To overcome these drawbacks, 
supporting Fe, Fe2O3 and FeOOH on carbonaceous 
materials can substantially reduce sludge 
formation, costs and increase efficiency. These 
catalysts have been proven to be effective and 
reusable due to the fact that iron species are 
immobilized on the heterogeneous supports [4,5].
Additionally, magnetic nanomaterials such as 
Fe3O4, Fe and γ-Fe2O3 have drawn attention due to 
the fact that these materials can be removed from 
suspension by an external magnetic field, thus 
avoiding problems associated with poor separation
of these materials from the water phase.

The main objective of this study was to 
investigate the efficiency of several different iron 
impregnated carbonaceous materials for 
heterogeneous Fenton reactions on naphthenic acid 
removal. Additionally several different ways of 
immobilizing iron and iron oxide on the surface of 
these supports was investigated. This research will 
help in developing cheap and effective ways of 
treating OSPW so it can be safely released back 
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into the environment.  

Activated Carbon (AC) impregnated with α-
FeOOH was prepared by a typical impregnation 
procedure using Fe(NO3)3•9H2O [6], while Fe2O3 
was deposited on AC using a sol gel process with 
FeCl3•6H2O, MeOH and popylenoxide. Iron 
mesoporous Carbon (Fe-Cmeso) structured were 
synthesized via carbonization of composite 
Fe3O4/Phenol-Formaldehyde resin structures [7]. 
All composites were used in concentrations of 500 
mg/L with total NAs concentration of 45 mg/L and 
200 mg/L of H2O2. 

To investigate the catalytic activity of the 
carbon-iron composites, 100 mg/L H2O2 and 500 
mg/L composites were mixed and the H2O2 
concentration was measured over 5 hours.  

 
Figure 1. Decomposition of H2O2 with different 

carbon-Fe composites. 

As can be seen in Figure 1, all of the AC 
supports regardless of impregnation procedure 
exhibit similar decomposition rates of H2O2, AC-
FeOOH have in general lower rates than AC-
Fe2O3, while Fe-Cmeso composites exhibit 
significantly higher decomposition rates. H2O2 
concentrations decreased from 100 mg/L to 52 and 
62 mg/L with AC-FeOOH batch 1 and batch 2 
respectively, to 27, 35 and 51 mg/L for AC-Fe2O3 
batch 1, 2 and 3 respectively and to 5 mg/L for the 
Fe-Cmeso compound. The differences in these 
decompositions can be attributed to the different 
loading on the surface (Figure 2), amount of 
loading and iron species. In general, Iron loadings 
on the AC surface is around 5% for FeOOH and 
around 1% for Fe2O3 and  Fe-Cmeso according to 
analysis by XPS and EDX.  

 

 
Figure 2. SEM image [SE (top), BSE (bottom)] of 

AC-FeOOH (B1) composite. FeOOH is not evenly 
distributed on the surface. 

The removal of a mixture of three NAs model 
compounds at 15 mg/L each (total of 45 mg/L) at 
neutral pH using 500 mg/L carbon composites and 
200 mg/L H2O2 showed that revealed that the 
removal for AC-FeOOH composites was 49 and 
55% for batch 1 and batch 2, respectively while 
the removal for the AC-Fe2O3 (batch1) increased 
to 83%. Removal of NAs without H2O2 was at 33, 
37 and 64% respectively (see Figure 3). 

 
Figure 3. Removal of NAs as sum of 3 model 

compounds by heterogeneous Fenton (solid symbols) 
and removal by AC-Fe composites only (hollow 
symbols). 

 

Individual NAs showed a high variation in the 
removal rates. Generally ADA (1,3-Adamentane 
dicarboxylic acid) seems to be more recalcitrant to 
removal than MOPCA (Methyl-octahydro-3-
methylpentalene-1-carboxylic acid) and DCHA 
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(2,2-Dicyclohexylacetic acid) is almost totally 
removed from the solution with AC-Fe2O3. The 
removal rates of the individual NAs can be seen in 
Table 1. 

 

Table 1. Removal rates of the three individual 
NAs with different composites, 200 mg/L H2O2 
and 500 mg/L composite concentration. 

 
AC-
FeOOH 
(B1) 

AC-
FeOOH 
(B2) 

AC-
Fe2O3 
(B1) 

 ADA 17% 11% 56% 

MOPCA 47% 41% 91% 

DCHA 84% 92% 97% 

 

This behaviour can be attributed to the different 
chemical structure and properties of these NAs, as 
can be seen in Figure 4. 

  

 
Figure 4. Structure of the three selected naphthenic 

model compounds. 

 

The initial findings of this work showed that 
impregnating activated carbon and mesoporous 
carbon with different iron species can be beneficial 
for the removal of highly recalcitrant contaminants 
like Naphthenic acids. Although activated carbon 
alone is an option in removing these contaminants 
by adsorption, it is a better option to degrade them 
by heterogeneous Fenton reactions using iron 
impregnated carbon supports. As activated carbon 
is actually quite expensive, other carbon sources 
like petroleum coke can be impregnated with iron 
and used as cheap and effective carbon supports. 
The results of this study will contribute to the 
knowledge how to effectively remove toxic and 
recalcitrant contaminants in OSPW for future large 
scale treatment applications.  
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Catalytic removal of binary mixture of dyes with opposite and 
similar charges in the presence of ceria/H2O2 Fenton-like system 
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Among the Advanced Oxidation Process (POA), the systems 
based on Fe(III)/Fe(II) as the active Fenton species were 
found to be efficient for the treatment of heavily-charged 
wastewaters containing dye mixtures. [1]. In the search of 
novel effective solid catalysts, ceria has attracted some interest 
because of its unique structural properties and high oxygen 
mobility. Oxygen vacancy defects can be rapidly formed and 
eliminated on the surface of ceria, in relation with the 
Ce4+/Ce3+ redox cycle. Recently, the mechanism of Fenton-
like reaction catalyzed by nanoceria has been reported. It was 
proposed that it involved in a first step the activation of H2O2 
by Ce4+/Ce3+ sites to generate surface peroxide species [2]. 
The latter decomposed into highly reactive hydroxyl radicals 
allowing the sequential degradation of organic dyes. However, 
no particular attention was devoted to the adsorption and 
discoloration of binary mixtures of dyes in the presence of 
CeO2/H2O2 system. 
The present study focuses on the adsorption and discoloration 
of binary mixtures of dyes with similar (Orange II & Acid 
Green 25) and opposite charges (Orange II & Malachite green) 
by a CeO2 catalyst in presence of H2O2. First, ceria was 
characterized by XRD, Raman spectroscopy and N2 
physisorption at 77 K. Then, the thermodynamic and kinetic 
adsorption behavior, including the pH effect, as well as the 
discoloration rates were studied using UV-Vis spectroscopy. It 
was shown that the adsorption of dyes is highly pH-dependent 
and proceeds via a monolayer adsorption mode on catalyst 
surface. Comparing with single dye solutions, the adsorption 
capacities and the degradation efficiency of both Orange II 
and Acid Green 25 were reduced in the mixture due to the 
competitive adsorption of both anionic dyes onto the same 
surface Ce sites. However, the discoloration of Malachite 
Green was enhanced in the presence of Orange II due to the 
simultaneous contribution of both coagulation/flocculation and 
Fenton-like process. It is suggested that a MG ion is 
electrostatically attracted by an OII ion on the positively-
charged catalyst surface at pH = 3. The formed ionic pair can 
be then easly removed from the solution. The effect of the 
H2O2 initial concentration and the UV-Vis irradiation on the 
degradation of binary mixtures were also investigated.  
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1. Introduction

Advanced Chemical Oxidation Processes
(AOPs) are utilized to degrade toxic and highly
refractory pollutants in the wastewater of
numerous industrial processes. Studies reported in
the literature show that some parameters of
organoleptic nature (color, turbidity) can be
regarded as indicators of water quality [1-3].

This paper presents a study on the nature of
organoleptic parameters, including turbidity, to
analyze their suitability to be efficiency indicators
of the water treatment containing pharmaceuticals.
Specifically, the study focuses on the application
of photo-Fenton Technology to degrade pollutants
acetaminophen type in aqueous medium [4].

In order to perform the study, some pollutants of
various kinds are selected, which are usually
present in the wastewater produced by a
significant segment of urban society. Due to their
common use, pharmaceuticals such as analgesics
(paracetamol), anti-inflammatories (ibuprofen) and
antibiotics (flumequine) are increasingly found in
municipal sewage and even drinking water. Once
decomposed by the body organisms, these drugs
generate metabolites that are excreted together
with their residual active ingredients. As a result,
they often reach the wastewater treatment plants.
These substances, even in low concentrations, can
be dangerous, as they are accumulated in the
receiving environment [5].

2. Materials and methods

The experimental assays of this work are carried
out with synthetic solutions of 500.0 mL. The
specific catalyst dose for each experiment is added
as ferrous ions (FeSO4 2H2O Panreac, 80%).
These reagents are mixed in a photo-catalytic
reactor equipped with a cooled quartz sheath,
inserting a UV lamp (Heraeus TQ-150, Hg
medium pressure, 87.4V, 167.3W, 2.20A), with
95% transmission between 300-570 nm. The
reaction mixture is homogenized by a magnetic
stirrer at 500 rpm, while acidity adjusted at
pH=3.0, pouring NaOH=0.2M (Probus, 99.9%)
with an automatic burette (Dosimat 665-
Metrohm), and temperature stabilized at 25.0°C,
using a cryo-thermostat bath (Selecta Frigiterm-
10, 1150 watts), recirculating refrigeration water
through the cooled sheath. The solution turbidity is
measured with a Nephelometric turbidimeter
(2100Qis Hach).

3. Results and discussion

3.1. Chemical pathway proposed for
paracetamol (acetaminofen) oxidation
The degradation mechanism proposed in this
work (Fig. 1) is based on the breaking of the
paracetamol molecule through bonds linking the
amino group to the benzene ring, and the bond
linking the amino group with the substituted
methanol group. The selectivity of the reaction
mechanism is favored by hydroxylation of the

Effect of hydroxyl groups substituted in the changes of solution
turbidity during the oxidation of aromatic contaminants
N. Villota, L. M. Camarero, L. M. Lomas, Department of Chemical and Environmental Engineering, EUI Vitoria-
Gasteiz, University of the Basque Country UPV/EHU, Nieves Cano 12, 01006 Vitoria-Gasteiz, Spain,
natalia.villota@ehu.es.

Figure 1. A possible structure
generator of turbidity

This work analyzes the turbidity generated in aqueous samples
containing several kinds of contaminants, able to be degraded by
photo-Fenton treatment. Paracetamol has been considered as a
model compound for this study, because its internal structure is
constituted by a benzene ring substituted by a hydroxyl group,
similar to phenol.
We present the effect of the substituent groups in the turbidity
generated in aqueous solutions of aromatic contaminants, phenol
and paracetamol like, degraded by photochemical oxidation. A
mechanism is proposed of degradation of paracetamol, enhancing
the currently accepted, showing that its decomposition can proceed
through intermediates like those of phenol decomposition

1 
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benzene ring, leading to the formation of species 

2-hydroxy-4-(N-acetyl)-aminophenol type, with 

release of acetamide as reaction byproduct.  
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Figure 2. A possible structure generator of 

turbidity 

In a parallel way with this oxidation process, but 

in minor amount, the rupture of the paracetamol 

molecule occurs through the bond linking the 

benzene ring with the amino group, resulting in a 

mechanism similar to phenol oxidation [6-8]. 

These species are in equilibrium with their 

corresponding benzoquinones. Next, if the 

oxidation conditions are hard enough, these 

compounds are decomposed to biodegradable 

acids of cyclic and linear chain.  

 

3.2. Changes of turbidity along the degradation 

of paracetamol 

The turbidity analysis of aqueous samples of 

paracetamol is conducted oxidizing with different 

dosages of hydrogen peroxide and iron catalyst. 

Comparing these results with those obtained by 

oxidizing phenolic waters, it is found that 

paracetamol oxidized under the same conditions as 

phenol, does not present significant changes in 

turbidity. These facts suggest that the nature of the 

pollutant load in the water will determine the 

turbidity created in the reaction mixture.  

Within the experimental range tested, turbidity 

changes are detected operating with oxidant 

dosages of about Ox=6.4 mM and 10.6 mM. To a 

lesser extent, turbidity changes occur utilizing 

doses of Ox=8.5 mM, while light fluctuations are 

observed applying Ox=2.1 mM (Fig. 3). In the rest 

of the tested conditions no significant changes are 

detected. 

 

0,5

1,0

1,5

2,0

2,5

3,0

3,5

4,0

0 10 20 30 40 50 60

Time (min)

T
u
r
b
id
it
y
 (
N
T
U
)

 

Figure 3. Turbidity kinetics analyzed operating 

with different dosages of oxidant during the 

oxidation of paracetamol. Experimental 

conditions: Pao=100.0 mg/L; Fe=20.0 mg/L; 

pH=3.0; T=25.0ºC: Ox= ▲ 6.4 mM, ■ 8.5 mM, ○ 

10.6 mM. Small picture: Pao=100.0 mg/L; 

Co=100.0 mg/L; Ox=6.4 mM; Fe=20.0 mg/L; 

pH=3.0; T=25.0ºC. 

Moreover, the requirements that lead to changes 

of turbidity in the oxidized solutions are analyzed 

in Fig. 3. In conducting the treatment under these 

conditions, the turbidity shows the evolution of a 

reaction intermediate. Thus, when the molar ratio 

of oxidant to contaminant is 10 mol H2O2/mol 

C8H9NO2 produces the formation of maximum 

turbidity in the water. This molar ratio would be 

the equivalent value to the concentration of 

hydroxyl radicals that leads to the oxidation of 

paracetamol by degradation pathways, where the 

species formation that contribute to turbidity 

occurs.  

Note that oxidizing 100 mg/L of the 

contaminated water using oxidant concentrations 

around Ox=6.5 mM, the maximum turbidity is 

achieved. That is, this dosage promotes the 

oxidation pathway that passes through turbidity 

generating species (Fig. 3 small). In the case of 

phenol, this dosage corresponds to a molar ratio of 

6 mol H2O2/mol C6H6O. 

 

3.3. Turbidity generated during the oxidation of 

meta-substituted benzene rings 

The turbidity kinetics analyzed during the 

oxidation of aqueous solutions of meta-substituted 

benzene ring compounds, show that oxidizing 

100.0 mg/L of resorcinol, it makes 70 NTU. Fig. 4 

shows the turbidity kinetics monitored by 

operating with different iron dosages. The 
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remarkable result is the high levels of turbidity in 

relation to other species analyzed. These facts 

allow to state that oxidation of resorcinol induces 

the formation of high molecular weight species, 

which complicate the passage of light, increasing 

the turbidity. 

When para and ortho-substituted benzene rings 

are oxidized under the same conditions, no 

outstanding changes occur in the turbidity. That is, 

the meta-substituted position on a benzene ring 

confers certain structural properties to the 

molecule, which induce reactions of species 

formation that provide great turbidity. 

As an explanation, the high levels of turbidity 

could be generated by supramolecular structures 

consisting of a resorcinol base, which present great 

robustness. Considering the mechanism of 

paracetamol degradation (Fig. 2), appearance of 

polar molecules muconic acid-type is detected, 

which would meet the necessary conditions for 

formation of hydrogen bonds through the hydroxyl 

substituents of resorcinol, leading to the creation 

of an adduct with a ratio of 2:2. In these type of 

compounds, resorcinol should act as a clip in the 

junction of two carboxylic acids (cis, trans-

muconic), establishing directional hydrogen bonds 

[9]. Such species may meet the properties of 

robustness and high molecular weight necessary to 

cause high levels of turbidity in the water [10]. 
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Figure 4. Turbidity kinetics analyzed during the 

oxidation of resorcinol. Experimental conditions: 

Co=100.0 mg/L; Ox=14.9 mM; pH=3.0; 

T=25.0ºC; Fe= ● 0 mg/L, ○ 10.0 mg/L, ♦ 15.0 

mg/L, ▲ 20.0 mg/L, × 25.0 mg/L, ∆ 30.0 mg/L, □ 

40.0 mg/L, ■ 50.0 mg/L. 

The stoichiometric ratio that activates the 

reaction towards the species making up turbidity, 

corresponds to about 1 mol Fe:2.5 mol resorcinol. 

This relationship may indicate the conditions that 

favor the formation of diresorcinol type 

compounds. The possibility of iron actively 

participating, forming part of a hydroxy-complex 

structure does not seem feasible from the 

standpoint of structural stability. In this way, iron 

probably plays a role of activating agent in this 

process.  

 

4. Conclusion 

The study reveals that the meta-substituted 

benzene rings are precursor species that favor the 

formation of turbidity. It proves that oxidizing 

100.0 mg/L of resorcinol generates 70 NTU 

turbidity. Therefore, the meta-position substituted 

in a benzene ring confers certain structural 

properties to the molecule, which induces 

reactions of species formation that provide high 

turbidity. 

Analyzing the geometric structure of resorcinol, 

formation of supramolecular species could occur, 

formed by two molecules of resorcinol that would 

create hydrogen bonds with a guest of polar nature 

(muconic acid type), leading to the formation of an 

adduct with ratio 2:2. Such species may meet the 

properties of robustness and high molecular 

weight able to generate high levels of turbidity in 

the water. 
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  In this study the degradation and mineralization of 
phenol was investigated by Fenton-like process using 
two types of Pd/Fe-ZSM5 (hydrophilic and 
hydrophobic) catalysts at ambient conditions and at 
nearly neutral pH, with and without in-situ generation 
of H2O2. Fe-ZSM5 (236) showed excellent adsorption 
of phenol from aqueous solution. The best result for 
phenol degradation and mineralization was observed 
over 0.1 wt% Pd/Fe-ZSM5(26/236) using commercial 
H2O2, achieving total conversion of phenol in 2h and 
60-63% mineralization degree in 6h. This study 
shows that Fe-ZSM5 are promising catalysts for a 
combined approach of adsorption/oxidation of phenol 
by commercial H2O2 and also Pd/Fe-ZSM5(236) 
shows better activity by “in-situ” generated H2O2. 
 
 
commercial H2O2 and also hydrophobic Pd/Fe-ZSM5 
shows better activity by “in-situ” generated hydrogen 
peroxide. 
 
 

 
Introduction:
The increasing organic pollution in water sources 
in last decades promoted the development of water 
treatment technologies. Phenolic compounds 
removal is a very active research field due to the 
occurrence and toxicity of phenolic pollutants in 
industrial wastewaters. Wastewater originated 
from many industries likes paper and pulp, resin 
gas and coke manufacturing, tanning, textile, 
rubber, pharmaceutical and petroleum contain 
phenol and substituted phenols. The ingestion of 
phenols in human body causes protein 
degeneration, tissue erosion and paralysis of 
central nervous system and also damage kidney, 
liver and pancreas [1-2]. The development of new 
catalytic oxidation technologies for the removal of 
these compounds at the point of origin are thus 
highly interesting [3-4]. Advanced Oxidation 
Processes (AOPs) have attracted great interest in 
wastewater treatment due to its ability in complete 
degradation of organic pollutants over physical 
processes like adsorption and flocculation. Among 
the various approaches of generation of hydroxyl 
radicals, the Fenton reaction is one of the most 
efficient processes to eliminate toxic compounds 
present in the wastewater. Compared to 
homogeneous analogs, solid Fenton type catalysts 
are more attractive due to the ease of handling, the 
possibility to overcome pH limitation, the absence 
of iron complexing by oxidation intermediates and 
removal and recovery of catalysts [5-6]. 
Furthermore, in situ production of H2O2 is an 

interesting alternative in order to achieve an 
improved degree of utilization of H2O2 for 
contaminant degradation compared to its parasitic 
decomposition and also lowering the relevant cost 
of transportation, storage and handling. Also, 
Fenton-like process has shown good performance 
with catalytic in-situ generated H2O2 using Fe-Pd 
bimetallic catalytic system [7-8]. Zeolites are 
receiving increasing attention as alternative 
adsorbents for removal of organic compounds 
from water. Fe-ZSM5 has been shown to be a 
promising catalyst in total oxidation of a series of 
low molecular weight (MW) organic substrates by 
hydrogen peroxide [9-10].  
This study is focused on the treatment of 
contaminated water by means of a combined 
adsorption/oxidation process by heterogeneous 
Fenton-like oxidation (Pd-immobilized on Fe-
zeolites + H2O2) at ambient conditions and at 
nearly neutral pH. Also, we tried to combine both 
approaches, i.e. (i) in-situ generation of H2O2 on 
Pd and (ii) contaminant enrichment and catalytic 
oxidation on Fe-zeolites. Also, the effect of factors 
such as pH, H2O2 concentration and Pd loading in 
Fe-ZSM5 catalyst has been studied.  
 
Experimental: 
 
Catalyst Preparation and Characterization  
 All zeolites were obtained in powder form (from 
Clariant, Germany). Fe-zeolite catalysts [Fe-ZSM5 
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(26) and Fe-ZSM5 (236)] with 0.1, 0.5, 1 and 5 

wt% Pd were prepared by an impregnation method 

and characterised by XPS, N2 physisorption and 

ESEM techniques. Adsorption isotherms of phenol 

for Fe-ZSM5 zeolites were obtained from batch 

equilibration experiments. 

 

Catalytic activity tests 

 

I. Heterogeneous Fenton-like reaction using 

commercial H2O2 

Experiments were conducted at ambient 

conditions. The degradation of phenol (100 mg/L) 

with Pd/Fe-ZSM5 catalysts was carried out in a 

glass reactor with a capacity of 250 ml. After 

adding catalyst (5g/L) to the reactor with 100 ml 

of phenol solution (0.1g/L), adsorption was 

allowed to come to equilibrium for overnight. 

Afterwards, the concentration of the freely 

dissolved fraction of organic compound was 

determined by HPLC analysis. The Fenton-like 

reaction was then started by adding definite 

amount of H
2
O

2 
solution (30 wt %). The pH was 

adjusted to 7 and readjusted during the reaction if 

necessary by adding diluted NaOH and 

experiments were conducted for 6h. The total 

residual concentration of phenol during the 

reaction was determined by solvent extraction of 

aliquots suspension and HPLC analyses were then 

performed. Furthermore, total organic carbon 

(TOC) was measured before starting and at the end 

of the reaction. 

 

II. Heterogeneous Fenton-like reaction with in-

situ generated H2O2 

Phenol degradation reactions were performed in 

100 mL glass reactors at room temperature. The 

volume of the reaction mixture was 50 ml, 

containing phenol (100 mg/L), formic acid (40 

mM) and catalyst (5g/L). The reaction suspension 

was continuously purged with oxygen (20 

ml/min). Oxidation experiments were conducted 

for 6h and samples were periodically withdrawn to 

be analyzed by HPLC (phenol, formic acid) and 

TOC analysis.  

 

Results and discussion: 

 

Adsorption of phenol on zeolites resulted in an 

adsorption degree of 10-15 % on hydrophilic Fe-

ZSM5 (26) and 35% over hydrophobic Fe-ZSM5 

(236). The results of phenol degradation and H2O2 

decomposition obtained during 6 h of reaction 

using Fe-ZSM5, Fe-ZSM5 reduced by NaBH4, (to 

check effect of reduction step performed with the 

Pd-containing catalysts) and Pd/Fe-ZSM5 

catalysts with 0.1%, 0.5%, 1.0% and 5 % Pd at 

ambient conditions, are shown in Fig.1 and 2. 

 

Figure 1. Phenol degradation by heterogeneous 

Fenton using hydrophilic Pd/Fe-ZSM5 (26) 

catalysts.  
 

 
 

Figure 2. H2O2 decomposition by heterogeneous 

Fenton using hydrophilic Pd/Fe-ZSM5 (26) 

catalysts.  

  

Among all Pd immobilized hydrophilic Fe-

ZSM5(26) catalysts, 0.1 % Pd/Fe-ZSM5(26) 

shows better performance in phenol degradation 

and H2O2 decomposition, achieving 100% phenol 

conversion in 4h and 85% H2O2 decomposition in 

6h of Fenton-like process. 100 % phenol 

conversion and 94 % H2O2 decomposition was 

obtained with Fe-ZSM5 (reduced by NaBH4) in 

6h, compared to Fe-ZSM5 (89% phenol 

conversion with 84 % H2O2 decomposition in 6h). 

Remarkable results are obtained at short reaction 

time (2 h), where already 90% phenol conversion 

was obtained with 0.1%Pd/Fe-ZSM5 (26). After 

little addition of Pd (0.1%) on Fe-ZSM5 (26) 

catalysts, a clear promotion of the efficiency in 

phenol conversion was observed (Fig.1). 

Therefore, among all these catalysts, 0.1%Pd/Fe-

ZSM5 shows better activity in phenol degradation, 

also achieving about 60% TOC removal after 6 h 

of reaction. These results suggest that Pd 

impregnation and NaBH4 reduction accelerate 

H2O2 decomposition (Fig. 2.). 
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It was observed that the SiO2/Al2O3 molar ratio is 

a decisive factor for the adsorption properties, at 

least in the case of Fe-ZSM5 zeolites. Fe-ZSM5 

zeolite with higher SiO2/Al2O3 ratios was found to 

provide better adsorption for phenol.  

 

Table 1. H2O2 decomposition in heterogeneous 

Fenton-like process with hydrophobic Pd/Fe-

ZSM5(236) catalysts 

  

 

Figure 3. Phenol degradation by heterogeneous 

Fenton using hydrophobic Pd/Fe-ZSM5 (236) 

catalysts. 

The results of phenol degradation and H2O2 

decomposition obtained during 6 h Fenton-like 

process using ZSM5(236), catalysts are shown in 

Fig.3 and Table1. Among all these tested catalysts, 

0.1%Pd/Fe-ZSM5 (236) shows best performance 

in phenol degradation and H2O2 decomposition, 

achieving 100% phenol conversion in 4h and 

100% H2O2 decomposition with 63% TOC 

removal in 6h of Fenton-like process. 100 % 

phenol conversion and 96 % H2O2 decomposition 

was obtained with Fe-ZSM5 (236) (reduced by 

NaBH4) in 6h. When reaction was performed with 

ZSM (236) (without Fe) there is no catalytic 

activity for phenol degradation and negligible 

H2O2 decomposition was observed, whereas 

reaction with 0.1%Pd/ZSM5 catalyst shows 

efficient utilization of H2O2, suggesting that Fe is 

the main active site for H2O2 decomposition and 

Pd immobilization on the Fe-zeolites enhanced the 

decomposition rate of H2O2 to generate hydroxyl 

radicals for phenol degradation. 

 

Conclusions: 

 Phenol can be effectively degraded by Fenton-like 

process using commercial H2O2 by Pd/Fe-ZSM5 

(26) and Pd/Fe-ZSM5 (236) catalysts. Therefore, 

Pd-immobilized Fe-ZSM5 are promising materials 

for the treatment of phenol by means of 

adsorption/oxidation processes at near-neutral pH 

and ambient conditions. The experimental results 

show that addition of little amount of Pd on Fe-

zeolites has shown a positive effect, attaining 

higher phenol degradation. Stronger adsorptive 

enrichment of phenol in case of hydrophobic 

Pd/Fe-ZSM5 has shown a positive effect in H2O2 

decomposition and phenol degradation and it also 

showed a higher catalytic activity for formic acid 

decomposition (58%) and phenol degradation 

(65%) by adsorption/oxidation Fenton-like process 

with in-situ generated H2O2. This opens up 

possible applications for adsorptive removal of 

contaminants by zeolite adsorbents which can be 

regenerated with formic acid based on a fully 

heterogeneous catalytic process of H2O2 formation 

and activation. 
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H2O2 Decomposition     

              (%) 

120 min 360min 

ZSM5(236) 12 18 

Fe-ZSM5(236) 62 78 

Fe-ZSM5(236) (reduced 

by NaBH4) 
65 88 

0.1%Pd/Fe-ZSM5 (236) 95 100 

0.1%Pd/ZSM5 (236) 88 96 
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 Toxic hexavalent chromium reduction to less toxic trivalent 
chromium was evaluated using a solar driven photocatalytic 
system, Fe(III)/UVA-Vis, with citric acid addition. The 
photocatalytic reduction experiments were conducted in a lab-
scale tubular photoreactor with compound parabolic collectors 
under simulated solar radiation (graphical abstract). The effect 
of solution pH and Cr(VI):citric acid molar ratio on the Cr(VI) 
photoreduction kinetics was evaluated. For a Cr(VI):citric acid 
molar ratio of 1:3 the reduction was complete in 15 min (0.72 
kJ L-1). pH values between 3 to 5 are in the optimal range to 
promote Cr(VI) reduction. The Fe(III)/UVA-Vis/citric acid 
system showed also good results in the treatment of Cr(VI) 
containing wastewaters from a galvanization process. 

 cess.photocatalytic reduction in a real effluent was achieve 
in 45 minutes.   

 
 
 

 
 

Introduction 
In nature, chromium exists in two major forms, 

Cr(III) and Cr(VI). The last one has high aqueous 
solubility and toxicity [1, 2]. 

Fe(II) is one of the dominant Cr(VI) reducing 
agents. In this process, the Cr(VI) is reduced to 
Cr(III) (Eq. 1), that can be then precipitated as 
Cr(OH)3 (Eq. 2), at neutral pH[3, 4].  

 
HCrO4

−
(aq) + 3Fe2+

(aq) + 7H+
(aq)    

                  → Cr3+
(aq)  +  3Fe3+

(aq)  +  4H2O            (1) 

Cr3+
(aq) + 3OH−(aq)  →Cr(OH)3 (solid)                     (2) 

The main drawback of this process is the great 
amount of iron required, leading to the generation 
of high quantities of sludge, that need further 
treatment. Since the early 19th century it has been 
reported the Fe(III) reduction to Fe(II) with the 
generation of some reactive species (•OH) by 
photochemical dissociation of hydroxylated Fe(III) 
complexes [5]. This way, the Fe(II) generated may 
reduce the Cr(VI), and the hydroxyl radicals 
produced can oxidize, at the same time, the 
organic compounds present in the aqueous 
solutions. Actually, inorganic pollutants usually 
coexist in the natural environment with organic 
matter or organic pollutants, being possible the 
elimination of both pollutants simultaneously [6]. 
Liu et al. [6] studied the use of Fe(III)–OH 
complexes to promote the reduction of Cr(VI) and, 
simultaneously, the oxidation of bisphenol A 
(BPA) in a photocatalytic system. The results 
showed a synergic effect in the ternary system: 

both Cr(VI) photocatalytic reduction and BPA 
degradation rates were higher in the 
Fe(III)/Cr(VI)/BPA system.  

In this work, the photoreduction of hexavalent 
chromium present in synthetic aqueous solutions 
and in a real effluent was investigated using 
Fe(III)-citrate complexes irradiated by simulated 
solar light. 

 
Methods 
Synthetic Cr(VI) solutions were prepared from 

K2Cr2O7 (Merck, purity 99.9%). Cr(VI) 
concentration was determined by colorimetry 
using 1,5-diphenylcarbazide (Merck, purity 98%). 
Iron (III) chloride hexahydrate (Merck), and citric 
acid monohydrate (VWR Prolabo, purity 98%) 
were used in the photocatalytic experiments. 
Acetic acid (Panreac, 99.5%) and 1,10-
phenanthroline (Fluka, 99%) were employed to 
determine dissolved iron concentration. Sulphuric 
acid (Pronalab, 96%, 1.84 g/cm3) and sodium 
hydroxide (Merck) were used for pH adjustment.  
All samples were fil tered through 0.45 μm 
cellulose acetate membranes (Sartorius) before 
analysis. 

Total chromium concentration was determined 
by atomic absorption spectrometry (current/λ of 
6.0 mA/357.9 nm) with a detection limit (DL) of 
0.08 mg L-1. The hexavalent chromium 
concentration was measured by molecular 
absorption spectrophotometry (λ = 540 nm, DL = 
2.05 µg L-1).  

The photocatalytic experiments were carried out 
in a lab-scale photoreactor (Graphical abstract) 
comprising: (i) a solar radiation simulator (ii) a 

CPC – Compound Parabolic Collector
MS – Magnetic Stirrer
MSB – Magnetic Stirrer Bar
pH – pH-meter - PP – Peristaltic Pump
SP – Sampling Point - SS – Solar System
TC – Temperature Controller
TM – Temperature Meter
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compound parabolic collector (CPC) with 0.026 

m2 of illuminated area and Duran tube (cut-off at 

280 nm, internal diameter 46.4 mm, length 161 

mm and thickness 1.8 mm); (iii) one glass vessel 

with a cooling jacketed coupled to a refrigerated 

thermostatic bath (iv) a magnetic stirrer (v) one 

peristaltic pump (Ismatec, model, working at a 

flow rate of 0.6 L min-1) (vi) pH and temperature 

meter (VWR symphony – SB90M5).  

 

Table 1. Characteristics of the galvanic wastewater 

Parameters Units Values 

pH 
Sörensen 

Scale 
6.7 

Temperature ºC 20 

Conductivity μS cm-1 608 

Turbidity NTU 2.7 

Total suspended solids 

(TSS) 
mg TSS L-1 < 0.1 

Dissolved organic 
carbon (DOC) 

mg C L-1 5.9 

Total Chromium 

concentration 
mg Cr L-1 38.3 

Hexavalent Chromium 

concentration 
mg Cr(VI) L-1 36.4 

Trivalent Chromium 
concentration 

mg Cr(III) L-1 1.9 

Total Sodium 

concentration 
mg Na L-1 89.2 

Total Magnesium 

concentration 
mg Mg L-1 9.4 

Total Potassium 
concentration 

mg K L-1 65.8 

Total Zinc 

concentration 
mg Zn L-1 10.3 

Total Calcium 

concentration 
mg Ca L-1 65.6 

 

The recirculation glass vessel of the lab-scale 

prototype was filled with 1.5 L of Cr(VI) solution 

(0.192 mM), which was pumped to the CPC unit 

and homogenized by recirculation in the closed 

system during 15 min in the darkness. Afterwards, 

citric acid was added (0.058 and 3.840 mM), pH 

was adjusted in the range 3-8 with sulphuric 

acid/sodium hydroxide and 0.056 mM of ferric 

chloride was added. Samples were taken after each 

addition before turning on the suntest. Then the 

suntest was turned on and the irradiance was set at 

500 W m-2, which is equivalent to 43.9 WUV m-2 

measured in the wavelength range from 280 to 400 

nm. The accumulated UVA energy (QUV,n, kJ L-1) 

received on any surface in the same position with 

regard to the sun, per unit of water volume inside 

the reactor, in the time interval Δtn, is calculated 

by Eq.(4): 

 

QUV,n =  QUV,n−1 +  ΔtnUV̅̅ ̅̅
G,n

Ar

1000 × Vt

;                     

Δtn =  tn − tn−1                                      (4) 

where tn is the time corresponding to n-water 

sample (s), Vt the total reactor volume (L), Ar the 

illuminated collector surface area (m2) and UVG;n 

the average solar ultraviolet radiation (W m-2) 

measured during the period Δtn (s). 

The real effluent was collected in an 

electroplating industry and used without previous 

treatment. Table 1 presents the main 

characteristics of the Cr(VI) containing wastewater 

from the galvanization process. 

 

Results 

The first set of photoreduction experiments were 

performed using 0.192 mM of Cr(VI), pH 3.0, 

temperature of 25ºC and 0.056 mM of ferric ions 

(discharge limit for total iron imposed by 

Portuguese regulations) and varying the citric acid 

concentration. Citric acid acts as sacrificial agent 

of hydroxyl radicals generated from the 

photoreduction of photoactive Fe(III)-hydroxy 

complexes as FeOH2+, providing Fe3+ regeneration 

to Fe2+. Beyond that, ferric ions forms stable and 

strong complexes with citric acid which are able to 

absorb in the UV-visible region and therefore can 

be photodecarboxylated through a ligand-to-metal 

charge transfer (LMCT), providing a quicker 

pathway for Fe3+ regeneration with formation of 

weak oxidizing species such as O2
•-, CO2

•- and 

H2O2. According to Fig. 1, a 1:3 Cr(VI):citric acid 

molar ratio is enough to achieve the complete 

photoreduction of Cr(VI) in less than 15 minutes 

(0.72 kJUV/L). For Cr(VI):citric acid molar rations 

higher than 1:3, the increment in the reaction rate 

is small. It is worth to mention that 1:1 

stoichiometry for the Fe(III) and citrate binding is 

recognized for the mononuclear complexes 

formation [7]. 

The effect of solution pH on the Cr(VI) 

photoreduction kinetic rate was evaluated in the 

range of 3.0 to 8.0 (Figure 2). No significant 

differences were observed in the pH range of 3.0-

4.5 (Figure 2). For pH values higher than 5, the 

Cr(VI) photoreduction reaction rates are very low, 

mainly associated to the precipitation of iron as 

Fe(OH)3(s). At pH value 5.0, there is an 

enhancement of the photoreduction reaction rate, 

which is in agreement with the higher molar 

fraction of the most photoactive ferric-citrate 

complex, FeOHcit. Beyond that, according to the 

solution pH, different hexavalent chromium 

species are present in the solution, being necessary 

different amounts of electrons and hydrogen ions 
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to achieve the complete conversion to trivalent 

chromium (Eqs. 5 and 6).  

HCrO4
− +  7H+ +  3e−  ↔  Cr3+ + 4H2O                 (5) 

CrO4
2− + 8H+ + 3e−  ↔  Cr3+ + 4H2O                 (6) 

 

 
Figure 1. Influence of citric acid concentration on 

photocatalytic reduction of Cr(VI) ([Cr] = 0.192 mM) 
by Fe(III)/UVA-Vis/Citric acid system. [Fe(III)] = 

0.056 mM. [Citric acid] = ( ) 0.058 mM, ( ) 0.096 
mM,     ( ) 0.192 mM, ( ) 0.288 mM, ( ) 0.384 mM,  

( ) 0.576 mM, ( ) 0.768 mM, ( ) 3.840 mM. pH = 3, 

T = 25ºC. 

Figure 2 also shows that total chromium 

concentration remained unchanged during the 

reaction period for pH values between 3.0 and 5.0. 

For higher pH values, the total chromium 

concentration had a small decrease mainly 

associated with the precipitation of trivalent 

chromium generated during the Cr(VI) reduction. 

Fe(II) concentration is near zero during the entire 

reaction period (Figure 2) due to  its instantaneous 

reaction with Cr(VI). The Fe(II) is just detected 

when all Cr(VI) is reduced. 

Finally, an experiment with a real wastewater 

containing Cr(VI) from a galvanization process 

was conducted at the optimized conditions. The 

total reduction of Cr(VI) was achieved in 30 

minutes. 

 

Conclusion 

Solar photocatalytic reduction of hexavalent 

chromium was achieved successfully using a 

Fe(III)/UVA-Vis system in the presence of citric 

acid. The optimum Cr(VI):citric acid molar ratio 

was 1:3. The reduction was effective at near 

neutral pH values (pH = 5). This system also 

showed to be very promising in the treatment of 

Cr(VI) containing wastewaters from galvanization 

processes. 

 
Figure 2. pH influence on photocatalytic reduction 

of Cr(VI) ([Cr] = 0.192 mM), [Fe(III)] = 0.056 mM, 

[Citric acid] = 0.576 mM. pH = 3.0 (Cr(VI) , 

Cr(total) , Fe(II) ); 3.5 (Cr(VI) , Cr(total) , 

Fe(II) ); 4.0 (Cr(VI) , Cr(total) , Fe(II) ); 4.5 

(Cr(VI) , Cr(total) , Fe(II) ); 5.0 (Cr(VI) , 
Cr(total) , Fe(II) ); 6.0 (Cr(VI) , Cr(total) , 

Fe(II) ); 7.0 (Cr(VI) , Cr(total) , Fe(II) ); 8.0 

(Cr(VI) , Cr(total) , Fe(II) ). T = 25ºC. 

 

 
Acknowledgements 

This work was co-financed by FCT/MEC, FEDER under 

Programe PT2020 (Project UID/EQU/50020/2013). 
V.J.P. Vilar acknowledges the FCT Investigator 2013 

Programme (IF/01501/2013). B. A. Marinho 

acknowledges Capes for her scholarship (BEX-0983-13-
6). Raquel O. Cristóvão thanks FCT for the Post-doc 

Scholarship (SFRH/BPD/81564/2011). 

 
References 
[1] X. Lv, Y. Hu, J. Tang, T. Sheng, G. Jiang,X. Xu, 
Chemical Engineering Journal, 218 (2013) 55-64 

[2] J.M. Meichtry, M. Brusa, G. Mailhot, M.A. 

Grela,M.I. Litter, Applied Catalysis B: Environmental, 
71 (2007) 101-107 

[3] M.A. Hashim, S. Mukhopadhyay, J.N. Sahu,B. 

Sengupta, Journal of Environmental Management, 92 
(2011) 2355-2388 

[4] R.W. Puls, C.J. Paul,R.M. Powell, Applied 

Geochemistry, 14 (1999) 989-1000 
[5] D. Nansheng, W. Feng, L. Fan,X. Mei, Chemosphere, 

36 (1998) 3101-3112 

[6] Y. Liu, L. Deng, Y. Chen, F. Wu,N. Deng, Journal of 
Hazardous Materials, 139 (2007) 399-402 

[7] F.C. Moreira, R.A.R. Boaventura, E. Brillas,V.J.P. 

Vilar, Applied Catalysis B: Environmental, 162 (2015) 
34-44   

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

[C
r(

V
I)

] 
/ 

[C
r(

V
I)

0
]

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

 

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  

0.0 0.5 1.0 1.5 2.0 2.5 3.0

0.0

0.2

0.4

0.6

0.8

1.0

C
r(

V
I)

 /
 C

r(
V

I)
0

Q
uv

 (kJ
UV

 L
-1
)

                               

RAD-ON

  
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

[C
r(

to
ta

l)
] 

/ 
[C

r(
to

ta
l)

0
]

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

[C
r(

V
I)

] 
/ 

[C
r(

V
I)

0
]

 

0.000

0.002

0.004

0.006

                                        

[ 
F

e
(I

I)
] 

(m
M

)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0

C
r(to
ta
l) / C
r(to
ta
l)

0

Quv (kJUV L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(V
I) / C
r(V
I)

0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+  (m

g
 L

-1 )

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0.0

0.2

0.4

0.6

0.8

1.0
C

r(
to

ta
l)

 /
 C

r(
to

ta
l)

0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.7

1.4

2.1

2.8

3.5

 F
e

2
+
 (

m
g
 L

-1
)

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.6

0.8

1.0

                              

C
r(

to
ta

l)
 /

 C
r(

to
ta

l)
0

Q
uv

 (kJ
UV

 L
-1
)

0.0

0.2

0.4

0.6

0.8

1.0

RAD-ON

                                   

C
r(

V
I)

 /
 C

r(
V

I)
0

 

0.0

0.2

0.4

0.6

                                        

 F
e

2
+
 (

m
g
 L

-1
)



1 

Design of two-column Photo-Electro-Fenton reactor for the treatment 
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The management and treatment of winery wastewater is 
difficult to carry out as result of effluent properties as 
well as the seasonal generation. Recently, Photo-
Electro-Fenton (PEF) technology has become an 
attractive alternative for the treatment of this 
wastewater.  
In this study, an innovative reactor design was 
evaluated for the treatment of winery wastewater by 
using a sequential PEF. Initially, the performance of the 
two-column reactor was studied with respect to various 
process parameters using simulated effluents. After 
that, the treatment of a real effluent from the winery 
industry was efficiently accomplished. 
  

 

1. Introduction

Winery wastewater is originated in washing 
operations during grape harvesting, pressing and 
first fermentation phases of wine processing. As a 
consequence of the working period and the 
winemaking technologies, volumes and pollution 
loads vary greatly over the year [1]. The 
composition of the produced effluent is 
heterogeneous including various contaminants 
such as nitrogen, phenolic compounds, ethanol, 
sugars, organic acids or aldehydes in addition to 
some recalcitrant compounds. Consequently, the 
treatment system used for the remediation of these 
effluents must be versatile. 

In recent times, Photo-Electro-Fenton (PEF) 
process has been reported as a promising 
technology to the treatment of industrial effluents 
due to the synergistic effect among the different 
advanced oxidation processes that include: 
photolysis (P) and electro-Fenton (EF). In EF 
process H2O2 is produced by the O2 reduction on 
the cathode surface, and subsequently this 
compound is catalytically decomposed by the 
ferrous ion action to get a highly powerful oxidant 
●OH. Although this process has several advantages 
such as the regeneration of iron and the in situ 
production of H2O2, the formation of some 
intermediates as iron-complexes can reduce the 
efficiency of the treatment. Thus, the combination 
of this process with the P produces the breakdown 
of the formed complexes increasing the removal 
efficiency. 

In this study, a sequential PEF process was 
selected for carrying out the remediation of winery 
wastewater. Initially, an innovative reactor design 
was evaluated for its application for PEF 
treatment. After that, the performance of the 
designed reactor was studied with respect to 
various process parameters using simulated 
effluents. Finally, the treatment of a real effluent 
from the winery industry was carried out. 

2. Material and methods 

2.1. Winery wastewater  

Two simulated winery wastewater (SE1 and 
SE2) were prepared by diluting commercial 
Barrantes red wine (Galicia, Spain). Moreover, a 
real winery wastewater (RE) kindly donated by a 
local producer was evaluated. The characteristics 
of the studied samples are shown in the Table 1. 

For all experiments Na2SO4 0.01 M was added 
as electrolyte, 75 mg/L of Fe+3 as catalyst and the 
pH of the samples was adjusted at a value of 2 
with H2SO4.  

Table 1. Characteristics of samples used in this study 

 SE1 SE2 RE 

TOC (mg/L) 4,427 33,200 60,100 

pH 3.2 2.9 3.4 
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2.2. Electrochemical reactor  

The experimental set-up used for the studies is 

depicted in the Figure 1. 

 

Figure 1. Experimental set-up: 1 Peristaltic pump; 2. 

Anode; 3. Cathode; 4. Glass beads; 5. Aeration; 6. 
Radiation (LED lamp 40 W). 

 The sequential process is composed by two-

column reactor (glass columns of 40 mL of 

capacity each one) connected in series by 

peristaltic pump. In the first column, EF process 

takes place by the electric field action, the air 

pumped (0.5 L/min) and the catalyst presence. The 

experiments were carried out at constant voltage (5 

V Blausonic 5A FA-350) provided by two 

electrodes with an electrode gap of 1 cm and 

different size: anode (18 cm2) and cathode (24 

cm2). For all experiments, graphite sheet was used 

as anode and different cathode materials (graphite 

sheet and activate carbon-polytetrafluoroethylene) 

were used. The composite electrode activate 

carbon-polytetrafluoroethylene (C-PTFE) was 

manufactured according to Brillas et al [2]. The 

photolysis process was carried out in the second 

column. For this purpose the glass column was 

irradiated by light emitting diode (LED) lamp of 

40 W (λ max 360 nm), provided by Luckylight 

Electronics.  

2.3. Sample preparation  

Samples were taken periodically from the cell to 

be analysed for pH, colour and total organic 

carbon (TOC).  

 

2.4. Decolouration  

The decolouration of the samples was measured as 

the decrease in the height of the characteristic peak 

of the red winery effluents, placed at 520 nm using 

UV-Visible spectrophotometer (Jasco V-630). 

The decolouration was calculated according to the 

expression shown in the Eq. 1: 

 

D (%) = (Ai-At) /Ai×100  (1)     

                                                      

where Ai is the initial absorbance value at 520nm 

and At is the absorbance value at time t.  

 

2.5. TOC 

TOC measurements were performed by using the 

devices LT200 and DR 2800 from Hach Lange. 

The samples were prepared according to the 

protocols of the Hach Lange kits. Prior to the 

measurements, iron was eliminated from the 

solution by its precipitation using NaOH 2 M to 

avoid interferences. TOC reduction was calculated 

by Eq. 2. 

 

TOCreduction (%) = (TOCi-TOCt) /TOCi × 100 (2)           

 

where TOCi and TOCt are the initial TOC and at 

time t, respectively.  

 

3. Results and discussion 

3.1. Reactor design 

 In this work, a new design of reactor was tested to 

carry out the treatment of winery wastewater by 

PEF process. A sequential two-column reactor 

configuration was designed to favour the main 

mechanisms that provided the degradation of 

organic compounds by EF and P processes. Thus, 

the reactor consists of two glass columns in which 

the different processes take place. In the first 

column, the EF process is produced by the electric 

field action and the second column provides an 

appropriate environment to P process by means the 

action of the radiation using LED lamp.  

Initially, the recirculation flow (0.5, 1 and 2 

mL/min) between the two columns was evaluated. 

Thus, batch experiments were performed in order 

to determine the best recirculation flow. After the 

PEF treatments of SE1 using the new reactor 

design, it was found that the highest flow (2 

mL/min) generated the best results, reaching 56% 

and 96.8% for TOC reduction and decolouration, 

respectively.   
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3.2. Optimisation of operational 

parameters 

It is well-known that the optimisation of the 

operational parameters reduces the cost and time 

required for the remediation process. Thus, the 

evaluation of the operational parameters (pH, 

treatment time and electrode material) was studied. 

3.2.1. pH 

According to the literature, the efficiency of the 

Fenton and electro-Fenton processes require pH 

values among 1-3 in order to effectively generate 

the ●OH from the decomposition of H2O2 in 

presence of catalyst. The natural pH of the winery 

wastewater was acidic with a value around 3 

(Table 1). Thus, the PEF treatments of SE1 were 

developed at the natural pH of the wastewater and 

at pH 2 since it has been also referenced in the 

literature as an efficient alternative [3]. The 

obtained results showed that pH 2 improved the 

efficiency of the PEF process increasing around 

11% the TOC and colour reduction. 

3.2.2. Electrode material and 

treatment time  

The main reagent of the Fenton process is the 

H2O2 and this chemical is generated by the 

reduction of air on the electrode surface. 

Therefore, electrode material can play an 

important role on the removal process. In recent 

time, the use of composite electrodes has shown 

interesting results in this field. Hence, a composite 

cathode C-PTFE was evaluated in the two-column 

reactor. Our previous studies demonstrated that 

this electrode can increase the H2O2 production 

even more than 35% with regard to graphite 

electrode. Thus, the PEF treatment of SE1 in the 

two-column reactor was performed using the C-

PTFE electrode. The obtained results were 

compared with those obtained using graphite at 

different treatment times (Table 2). 

Table 2. Experimental results using different electrode 

materials at several treatment times. 

Cathode Time 

(min) 

TOCreduction 

(%) 

D 

(%) 

Graphite 

 

480 36.42 94.22 

720 56.00 96.84 

C-PTFE 480 53.01 97.49 

720 68.54 97.82 

 

 As it was expected, the increase in the treatment 

time improves the removal obtained for both 

studied parameters TOC and colour. Furthermore, 

the new electrode increased the efficiency of the 

process especially in the TOC removal. Thus, it 

was demonstrated the best performance of the 

developed reactor using this composite electrode. 

3.3. Validation of the developed two-

column  reactor 

After the optimisation of the studied parameters 

for PEF treatment, the performance of the two-

column reactor was evaluated with a simulated 

effluent SE2 with highest organic load. After 720 

minutes of treatment, the percentages of TOC and 

colour reduction were 55.12% and 93.45%, 

respectively. These are interesting results because 

the efficiency of the process was increased though 

the initial TOC of SE2 is almost 10-fold higher 

than SE1. 

After the encouraging results obtained with the 

simulated effluents, the treatment of a real effluent 

(RE) was accomplished in the two-column reactor. 

In spite of the high initial TOC, around 60,000 

mg/l, the TOC reduction after 720 minutes was 

higher than 50%. However, the colour reduction 

(60.3%) was lower than the obtained with the 

simulated effluent. This can be explained by the 

formation of colour compounds after the 

degradation process of this complicated matrix.  

4.  Conclusions  

Based on the reported results it can be concluded 

that the new sequential two-column reactor may be 

used for the PEF process of winery wastewater 

effectively.  
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The Use of Ultrasounds for Oxidation of Water Pollutants    
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The presentation will show the effect of ultrasound on the 
removal of dyes from aqueous solution as a model for effluent 
treatment for the textile industry. Orange II and methylene blue 
were selected as case studies. Both have a high visual impact 
even at low concentrations (sometimes under the pollution 
limits). Some aspects of the ultrasonic wave action in different 
sections of collapsing acoustic cavitation bubbles have been 
studied For this chlorobenzene removal from water was used as a 
model system (see attached figure).

One of the main discovery from the very beginning of 
the uses of ultrasounds was its influence on chemical 
reactions [1, 2]. It was shown that the hydrolysis of 
dimethyl sulphate was accelerated under the influence 
of ultrasonic irradiation. One of the very early 
experiments using ultrasonic irradiation showed that 
ultrasound are able to darken photographic plates 
submersed in water (the plates were enclosed in a 
sealed copper foil envelope allowing the sonic waves 
to travel through but to exclude the light) [3]. The 
authors noted that it is possible that ultrasound 
enhance the oxidation – reduction processes.
There are many studies relating to ultrasonically 
assisted oxidation, most of them being at laboratory 
level. In addition to known effects of ultrasound when 
water is sonicated (production of free HO radicals) 
there are other associated phenomena, e.g. sonolumi-
nescence [4], surface cleaning [5, 6], enhanced natural 
products extraction [7], chemical syntheses [8], etc.
Coloured effluents cause visual impact on the 
environment even at very low concentration. Such 
pollution impedes light penetration and thus reduces 
photosynthesis in aquatic plants and affects their 
growth [9-11].
This presentation will show the effect of ultrasound on 
some dye removal from aqueous effluents from the 
textile industry. Orange II and methylene blue were 
selected as case studies. Both have a high visual 
impact in waste water, even a small amount 
(sometimes under the allowed

pollution limits) is enough to produce an unpleasant 
impression on the environment.
A range of methods are reported for the treatment 
of Orange II (O-II) in aqueous solution with a 
variety of ultrasonic equipment in the absence of 
other oxidants. Four different types of ultrasound 
equipment were used:. 20 kHz low frequency probe system (Sonics and   
Materials Model, CV 26) with tip diameter of 12.5 
mm dipped into 200 cm3 of aqueous dye solution in 
a beaker..  40 kHz ultrasonic cleaning bath (Langford 
Ultrasonic, Model 475TT) using 200 cm3 dye 
solution in a beaker with diameter of 80 mm.. Multi-frequency ultrasonic bath operating at three 
different frequencies, 380, 1000 and 1176 kHz 
(Meinhardt Ultraschaltechnik)..  850 kHz reactor supplied by Meinhardt 
Ultraschaltechnik (K8). The diameter of transducer 
is 69.6 mm. The volume of aqueous dye solution is 
200 cm3 placed directly in the reaction vessel.

The most effective decolourization of Orange II in 
terms of power using ultrasound alone was 
achieved at 850 kHz and increased from 4.1% to 
49.0% with increasing ultrasonic power from 2.04 
W to 22.07 W over 2 hours. This trend was in good 
agreement with the corresponding production of 
H2O2 during the sonication of water in the absence 
of Orange II [12].
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The  sonication of Orange II in aqueous solution at 

850 kHz has also been studied in the presence of 

Fenton type reagents and UV light [13]. 
A more recent technique of sonoelectrochemical 

decomposition of organic compounds is starting to 

develop among advanced oxidation processes 

(AOPs). It has the advantage over sonication alone 

that it increases the efficiency of the process in 

terms of a more rapid decrease in chemical oxygen 

demand (COD) and in total organic carbon (TOC) 

and accelerates electrochemical oxidation which 

normally requires a lengthy period of time to 

achieve significant mineralisation [14].  

Some aspects of ultrasonic wave action in different 

sections of cavitation bubbles will be emphasised 

(see figure 1) [15]. 

 

 
 

 

Figure 1 
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The main aim of the study was to develop strategies for 
implementation of combined chemical (CHEM) and biological 
(BIO) treatment for removal of recalcitrant organic pollutants 
from wastewater from different sources.  
Three heavily polluted wastewaters from different sources 
containing significant amount of recalcitrant organics were 
studied and the treatment schemes for their purification were 
developed. Wastewaters were subjected to combined chemical 
(the Fenton) treatment and aerobic biological treatment with the 
final aim of establishing an optimal treatment scheme. The cost 
effectiveness of the treatment schemes was also evaluated.  

 
 

 
The biological treatment where only highly 

biodegradable contaminants are removed is used 
nowadays as conventional approach in wastewater 
treatment installations. However, some wastewater 
flows may contain compounds that are toxic to 
biological community. Whenever the wastewater 
contains recalcitrant or poorly biodegradable 
compounds, the latter are not degraded neither 
during the biological treatment nor by 
microorganisms present in the water environment. 
Recalcitrant compounds accumulate in water and 
bottom sediments and may affect aquatic biota and 
the overall ecological equilibrium. However, the 
biodegradability of wastewater could be enhanced 
by application of chemical oxidation or other 
chemical-physical processes as a pre- or main 
treatment step in wastewater treatment schemes.  

The aim of the study was to develop strategies 
for implementation of combined chemical and 
biological treatment and, consequently, to upgrade 
the classical wastewater treatment scheme 
(primary settling – aerobic biotreatment – 
secondary settling – anaerobic biotreatment of 
sludge) introducing the Fenton treatment step for 
degradation of recalcitrant organics, improvement 
of biodegradability and wastewater purification 
degree, and, thus, lowering total pollution load. 

Heavily polluted wastewater from different 
sources (municipal landfill leachate (MLL), 
hardwood soaking basin wastewater from plywood 
industry (PWW), and leachate from oil shale 
processing semicoke landfill area (SCL)) 
containing significant amount of recalcitrant 
organics (see Table 1) were studied and the 
treatment schemes for their purification were 
developed. The target was to remove over 80% of 

organic load and improve other wastewater 
characteristics at least 50%; whereas a lot of 
attention was paid to the cost-effectiveness of the 
proposed schemes. 
 
Table 1. Main characteristics of studied 
wastewatersa 

Parameter MLL PW
W SCL 

COD, mg/L 
5900-

15700 
5100-

7800 
1000

-2100 

BOD7, mg/L 3100-
10970 

1600-
3500 

175-
300 

Recalcitrant 
COD, % [1] 

15 7 15 

Inhibition of 
oxygen 
consumption, 
I50, % 

nob 25.5 no-
>20 

Ntotal, mg/L 
710-

2000 
11-69 10-

42 
Inhibition of 

nitrogen 
consumption, 
I50, % 

5.9 17 16 

Ptotal, mg/L 
19 33-60 40-

42 a as the characteristics varied substantially for the 
samples taken in different time  the highest and 
lowest values are given. 
b no inhibition observed. 

 
The wastewater samples have been taken from 

March 2012 till December 2014. The chemical 
oxygen demand (COD), total suspended solids 

CHEM 

BIO 

CHEM 

BIO 

Waste- 
water 

Effluent 
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(TSS), total solids (TS), total nitrogen (TN), total 

fixed solids (TFS), 7-day biochemical oxygen 

demand (BOD7), and other wastewater 

characteristics were determined according to 

APHA [2]. The Fenton treatment has been carried 

out with H2O2/COD w/w ratios from 0.5 to 4 and 

the H2O2/Fe2+ w/w ratio were mainly kept constant 

at 5:1 that has been demonstrated to be optimal in 

our previous studies [3]. In order to assess 

biodegradability of raw and treated samples of 

landfill leachate, the Zahn–Wellens test with 

duration of 28 days was performed [1]. Zahn-

Wellens test results were used for assessing the 

amount of recalcitrant organics fraction in 

wastewaters by determining the lowest achieved 

value of COD during 28 days of test period. The 

inhibition tests of oxygen consumption and 

nitrification rate by activated sludge in the 

presence of raw and treated leachate were 

performed according to ISO 8192 and ISO 9509 

standards, respectively [4-5]. Activated sludge 

used in the main part of inhibition tests originated 

from WWTP in Tartu (Estonia). The aerobic 

biological treatment was carried out in sequencing 

batch reactor (SBR). The detailed description of 

the experimental set-up and analytical procedures 

can be found in [6-8]. 

The Fenton treatment has been chosen as a 

chemical oxidation step due to its high potential to 

produce hydroxyl radicals, simplicity of the set-up, 

comparatively low cost of the oxidant and the 

catalyst, low energy consumption, etc. It was 

found to be very effective for the treatment of raw 

wastewaters resulting in 60-84% of COD removal 

(dependent on the wastewater and H2O2/COD 

ratio). Besides the substantial organic removal the 

Fenton treatment resulted in all cases in more than 

90% removal of specific pollutants such as lignin, 

tannins, phenols and significant detoxification. 

The wastewater pH pre-adjustment to 3.0 was not 

necessary as the formation of acidic oxidation by-

products lowered the pH value within half an hour 

of the treatment or even faster that is in accordance 

with our earlier findings [3]. However, heavy 

organic load required huge amount of the oxidant 

and led to estimated treatment cost (taking into 

account operation cost only) from ca 2 €/m3 (for 

SCL) to totally unacceptable level of 25-50 €/m3 

(MLL and PWW). Moreover, the effluent did not 

meet all requirements set by the legislation [9]. 

The biological treatment solely did not result in 

the effluents ready for discharge for all 

wastewaters studied. Nevertheless, as it was 

ascertained that the wastewaters contained 

considerable amount of biodegradable organics, it 

was decided to use the biological treatment as the 

initial step that was followed by the Fenton 

oxidation in combined schemes. 

The biological pre-treatment of MLL eliminated 

substantial part of organic load but was not able to 

remove recalcitrant COD and the effluent did not 

meet target limits according to Estonian Statutory 

Act for industrial and municipal wastewater 

discharge. The Fenton treatment used as 

intermediate step in the treatment scheme was 

effective for destruction of recalcitrant organics 

and improved substantially the nitrification in the 

following biological post-treatment. In three-stage 

treatment MLL scheme of biological oxidation 

followed by the Fenton (with the most efficient 

reagent dose ratio COD/H2O2/Fe2+ w/w/w of 

1:4:0.8) and biological post-treatment (BIO-

CHEM-BIO) well over 90 % of overall COD and 

BOD7 and NH4-N removal was achieved.  

The mean removal efficiencies were even higher 

when the process was applied for MLL treatment 

in a pilot-scale mode. High removal efficiency of 

NH4-N via nitrification process was achieved 

adapting low sludge loading and long hydraulic 

retention time. Total nitrogen removal efficiencies 

were up to 97% and the mean value about 65 %. 

Nitrogen removal efficiency could be further 

enhanced by adding external carbon source. 

The cost of BIO-CHEM-BIO process for MLL 

treatment was somewhat higher than that of 

biotreatment but significantly lower than of the 

chemical treatment. At the same time, BIO-

CHEM-BIO scheme provided effluent completely 

corresponding to limits set by the legislation. 

Similar approach was used for the treatment of 

PWW. The application of BIO-CHEM-BIO 

scheme led to more than 99 % removal of BOD7, 

COD, phenols and lignin and tannins and 90 % 

removal of TN when COD/H2O2/Fe2+ w/w/w ratio 

of 1:0.5:0.1 was used in the Fenton treatment step. 

The estimated operation cost of 2.3 €/m3 may be 

further reduced if the ferric sludge is reused in the 

Fenton process as described below. 

Two stage schemes (BIO-CHEM and CHEM-

BIO) were studied for the treatment of SCL that 

was characterised by lower organic content but the 

same fraction of recalcitrant COD as MML. Their 

application ensured the required removal 

percentage as well as specific target discharge 

limits for investigated parameters (COD, BOD7, 

TS, and phenols). However, in terms of treatment 

cost, the BIO-CHEM was 2.8 times cheaper 

compared to CHEM-BIO. 

The practical application of the Fenton process is 

limited mainly because of the large amount of 

ferric sludge produced during neutralisation after 

oxidation. The solid waste sludge, which is 

potentially hazardous because of residual organics 

adsorbed from treated wastewater, requires proper 
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treatment and disposal to specific sites. Thus, one 

of the objectives of this study was to minimise the 

production of iron-containing sludge by reusing it 

without any regeneration as an iron source in the 

Fenton oxidation step. The Fenton-based process 

(pH ~ 3 and 24 h treatment time) activated with 

ferric sludge demonstrated similar treatment 

efficacy to the classical Fenton process during four 

reuse cycles in laboratory [6] and thirteen cycles in 

the pilot scale experiments. In the latter case small 

amount of ferrous iron was added to compensate 

the continuous loss of ferric iron sludge with the 

effluent and, consequently, maintain the 

H2O2/Fe2+ratio constant. The reuse of iron-

containing sludge as an iron source in the 

oxidation part of the Fenton treatment would 

further reduce the overall cost of the treatment 

process and the Fenton process could be applied in 

practice as the waste-free treatment. 

The main outcome of the study is that 

application of combined the Fenton and biological 

treatment schemes was cost-effective for total 

organic load reduction and specific pollutants 

removal from heavily polluted wastewaters from 

different sources. The total purification degree 

achieved was higher than 80 % in all cases (up to 

99 % for PWW) (see Table 2) as substantial part 

of organics turned biodegradable after the Fenton 

treatment with moderate oxidant doses. The iron 

containing sludge reuse as the catalyst resulted in 

the efficacies comparable with those of the ferrous 

iron catalyst both in laboratory and pilot trials. The 

proposed treatment schemes enable to meet target 

limits and purification degrees set by Estonian 

legislation and EU Directives [9] for the effluent 

discharge. 
 

 

Table 2. Results of application of the elaborated wastewater treatment schemes. 

Waste-

water 

Treatment 

scheme 

Effluent characteristics and their changes compared to the 

raw wastewater 

Cost, 

€/m3 

BOD7/BOD7final, % BOD7final 

mg/L 

COD/CODfinal, % CODfinal 

mg/L 

MLL 
BIO-CHEM-

BIO 

99↓ 19 94↓ 400 5.8 

PWW 
BIO-CHEM-

BIO 

99.7↓ 10 99↓ 90 2.3 

SCL BIO-CHEM 
95↓ 10 81↓ 185 0.72 

 
Acknowledgements 

The authors express their gratitude to “Environmental protection and technology R&D programme (KESTA)” project 
CHEMBIO (code 3.2.0802.11-0043) and the institutional research funding IUT1-7 of the Estonian Ministry of 

Education and Research for the financial support. 

 
References 
[1] International standard ISO 9888:1999. Water quality – Evaluation of the aerobic biodegradability of organic 
compounds in an aqueous medium – Static test – (Zahn-Wellens method). ISO 9888, 1999. 

[2] APHA (American Public Health Association), Standard Methods for the Examination of Water and Wastewater, 

22st ed., Washington DC, USA, 2012. 
[3] M. Trapido, N. Kulik, A.Goi, Y. Veressinina, R. Munter. Water Science and Technology, 60(2009) 1795-1801. 

[4]. Water quality – Test for inhibition of oxygen consumption by activated sludge for carbonaceous and ammonium 

oxidation. ISO 8192,2007. 
[5] Water quality – Method for assessing the inhibition of nitrification of activated sludge micro-organisms by 

chemicals and waste waters. ISO 9509,1989. 
[6] J. Bolobajev, E. Kattel, M. Viisimaa, A. Goi, M. Trapido, T. Tenno,  N. Dulova, Chemical Engineering Journal, 

255 (2014) 8-13. 

[7] D. Klauson, K. Klein, A. Kivi, E.Kattel, M. Viisimaa, N. Dulova, S. Velling, M. Trapido, T. Tenno, International 
Journal of Environmental Science and Technology, (2015), in press. 

[8] D. Klauson, A. Kivi, E. Kattel, K. Klein, M. Viisimaa, J. Bolobajev, S. Velling, A. Goi, T. Tenno, M. Trapido, 

Journal of Chemical Technology and Biotechnology, 90 (2015) 1527 - 1536.  
[9] Council Directive 91/271/EEC of 21 May 1991 concerning urban waste-water treatment. 



1 

Applicability of Electrochemical Oxidation Using Diamond anodes to 
the treatment of a Sulfonylurea Herbicide  
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In this work, the removal of the Chlorsulfuron, a 
sulfonylurea herbicide, was studied by electrooxidation 
process using boron doped diamond (BDD) anodes in a 
flow reactor. Operation parameters such as current 
density, support electrolyte and initial concentration of the 
herbicide were investigated. Results showed that the 
performances of the process slightly depend on the 
applied current being more efficient at lower current 
applied. Complete removal of the pollutant is obtained in 
all cases; however for attaining complete mineralization 
more electrolysis time is required. This technology was 
capable of depleting this pollutant in a wide range of 
initial concentrations being very fast in chloride medium.  

 
 

In the recent years, herbicides are the object of 
growing environmental concern of agencies and 
scientific community. Sulfonylureas, a group of 
highly selective herbicides, are used worldwide for 
weeds and grasses control and in some crops. 
Among them, Chlorosulfuron (ClSF) has great 
phytotoxicity even at low concentration, and thus it 
is classifies by EPA  as toxixity class III (low 
toxicity). Likewise, its bio-refractory character 
makes necessary the development of new treatment 
technologies to eliminate this type of pesticides 
from contaminated water and soil[1]. 

Electrochemical oxidation have demonstrated to 
be a very efficient technology for the removal of 
organic pollutants [2]. The hydroxyl radicals and 
many other mediated oxidants produced at high 
concentrations on the surface of diamond are 
responsible for the harsh oxidation conditions 
attained [3]. For this reason, the purpose of the 
present study is to evaluate the applicability of the 
oxidation of chlorsulfuron with diamond 
electrodes. The effect on results of the supporting 
electrolyte, current density and initial herbicide 
concentration are going to be studied. 

Results show that the herbicide is rapidly 
oxidized and depleted during the electrochemical 
oxidation in NaCl and Na2SO4 media, although the 
herbicide decay is softer in the presence of the 
sodium sulfate. Furthermore, there is an increase of 
the removal as the current density increases. This 
can be explained in terms of great generation of the 
hydroxyl radicals and to an additional effect of 

mediated electro-oxidation processes due to the 
effect of peroxosulphates in sulfate medium. In 
chloride salts the removal is very fast, due to the 
electrogeneration of the HOCl and Cl2 species. 
However, in the higher current densities the 
efficiency decreases due to generation of ClO3- and 
ClO4- species and due to the competition between 
the reactions of oxygen evolution and chloride 
oxidation. It can also be seen that there is a decrease 
in the mineralization efficiency for the largest 
current density independently of the supporting 
electrolyte used. In fact, at lower current densities 
the process seems to be more efficient, with a 
concomitant decrease in the intermediates. With 
higher current densities (100 mA cm-2) 
intermediates reach a plateau with softer decay.  
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The electrochemical degradation of 4-chlorophenol in the 
presence of chlorides by the use of a Ti/RuO2-IrO2 anode was 
investigated under different operational parameters such as 
applied current density (J) and chloride concentration. The effect 
of the presence of glucose as a model component for 
biodegradable substrates on the degradation profile of 4-
chlorophenol (4-CP) was determined. The results show a fast 4-
CP degradation combined with only a limited decrease in glucose 
concentration for each condition applied. This indicates a 
selective degradation of the phenolic compound, independent of 
the values of the operational parameters.  
 
 

 
 

Background. The presence of various types of 
chlorophenols in industrial wastewater is problematic for 
its purification. Chlorophenols, such as 4-chlorophenol 
(4-CP) are widely produced as intermediates in the 
production of insecticides, herbicides, wood 
preservatives, bodices, pharmaceuticals and dyes [1]. 
Some specific chlorophenol types are listed as top priority 
pollutants by the United States Environmental Protection 
Agency (US EPA) [1].   

Advanced (electrochemical) oxidation processes (AOP) 
are mostly used to decrease the concentration of this type 
of components in wastewaters, because of their 
recalcitrant properties towards traditional biological 
treatment methods. Electrochemical oxidation processes 
form an alternative approach for typical AOP and achieve 
and oxidation by applying a voltage over a set of 
electrodes submerged in the wastewater. The degradation 
of organic components in the wastewater is achieved 
through two oxidation mechanisms at the anode. 

Direct oxidation occurs at potentials lower than the 
thermodynamic potential for water electrolysis (E0 = 1.23 
V vs. SHE). The oxidation of adsorbed organics at the 
anodes surface is done  by chemisorbed hydroxyl radicals 
(MOx(·OH)) . The drawbacks of this oxidation mechanism 
are the very slow degradation rate and problems related to 
electrode fouling [2].  

The second mechanism is called indirect oxidation and 
takes place at a voltage higher than 1.23 V. Here, 
oxidation is realised by means of (i) physisorbed hydroxyl 
radicals and/or (ii) through mediators (e.g., chlorides) 
which are electrochemically converted to oxidisers (e.g., 
hypochlorite) [2].  

Considering the fact that chlorides are commonly 
present in industrial wastewaters, indirect oxidation is 
very interesting [2]. Chlorides are electrochemically 
converted into Cl2, which is, in turn, rapidly oxidised to 
HClO. At pH values higher than 7.5, HClO dissociates 
into H+ and ClO- (reaction 1 to 3) [3]. Via this mechanism, 
in situ active chlorine is generated, which is able to oxidise 

organic components in the wastewater (reaction 4) [3]. 
Indirect oxidation with chlorides provides a much faster 
oxidation than indirect oxidation with OH-radicals, but 
chlorinated organics (e.g., AOX) can be produced as 
intermediates throughout the oxidation pathway. Several 
studies, however, indicate that these chloro-organics are 
further degraded by oxidation at increased reaction time 
[3, 4]. 
2Cl−  �  Cl2 + 2e− (reaction 1) 
Cl2 +  H2O �   HClO+  H+ + Cl− (reaction 2) 
HClO � ClO− +  H+ (reaction 3) 
R + ClO− �  RO (reaction 4) 

This paper aims to investigate the degradation of 4-
chlorophenol in chloride rich wastewater. In addition, the 
effect of the presence of glucose was evaluated as an 
indicator for the process’ selectivity.  

Methods. A synthetically composed wastewater was 
used for all the experiments to guarantee controlled 
conditions. 4-chlorophenol and glucose were added as the 
sole organic pollutants to ultra-pure water (Millipore 
Milli-Q of specific resistance > 18.2 MΩ.cm). All 
experiments were carried out in a lab scale batch reactor, 
equipped with a water jacket to control the temperature in 
the reactor.  The active reactor volume of the reactor was 
500 mL and the solution was continuously stirred using a 
magnetic bar mixer.  

The parallel plate electrodes (Ti cathode and Ti/RuO2-
IrO2 anode) each have an active surface area of 32 cm² 
(8x4 cm) and were fixed at a constant interelectrode 
distance of 1 cm. A constant current (galvanostatic 
conditions) was applied using a lab scale power supply. 

The concentration of 4-chlorophenol was measured 
using a HPLC equipped with an UV detector, the glucose 
concentration was measured using the Anthrone method 
[5], and the chemical oxygen demand (COD) was 
measured using the standard colorimetric method. 

Results. Figure 1 shows the pseudo-first order 
degradation of 4-chlorophenol for the mentioned reaction 
conditions. The degradation takes place throughout two 
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polychlorinated aromatics: 2,4-dichlorophenol (2,4-DCP) 

and 2,4,6-trichlorophenol (2,4,6-TCP). After the 

concentration of 2,4,6-TCP becomes zero, the HPLC 
chromatogram shows other peaks with much shorter 

retention times. It is most likely that these components are 

no further chlorinated aromatics but only smaller 
(chlorinated) molecules, which are believed to be 

(chlorinated) aliphatic hydrocarbons. These species are 

degradation products that are more biodegradable than the 
chlorinated aromatics [4]. Due to the presence of chloride 

in the water, chlorination of the aromatic ring occurred by 

electrochemically generated active chlorine. Chlorination 
continued until the aromatic ring is saturated with 

chloride-atoms. At that point, ring cleavage by active 

chlorine species occur. This reaction path was already 
suggested in previous publications [3, 4] and is confirmed 

during this experiment by HPLC measurement. In the case 

of 4-chlorophenol degradation, 2,4-DCP is firstly formed, 
followed by 2,4,6-TCP. No further polychlorinated 

aromatics are produced beyond this last one. 

 

Figure 1. 4-chlorophenol degradation in chloride rich 

wastewater (J = 25 mA/cm², C0,4-CP = 200 ppm ,C0,NaCl = 

2000 ppm) 

The observed reaction rate constant (kobs) for this first 

order degradation is dependent on some operational 

parameters such as applied current density (J), initial 4-CP 
concentration ([4-CP]0) and initial NaCl concentration 

([NaCl]0). Table 1 shows the variation in the reaction rate 
constant as a function of different reaction conditions. 

 

Table 1. Observed kinetic constants (kobs) for 
different reaction conditions. 

 
J 

(mA/cm²) 

[4-CP]0 

(ppm) 

[NaCl]0 

(ppm) 

kobs 

(min-1) 

25 200 2000 0.0392 

5 200 2000 0.0045 

25 10 2000 0.8255 

25 200 100 0.0125 

 
In a second stage, the degradation efficiency of 4-

chlorophenol was evaluated in the presence of glucose (as 

a model component for a biodegradable substrate). 

Several conditions were applied by varying the applied 

current density, the initial NaCl concentration and the 
initial concentration ratio of 4-CP and glucose. Figure 2 

shows the relative glucose decrease at the point where at 

least 90% of the initial 4-CP concentration was removed. 
No significant decrease in glucose concentration was 

detected at any condition, which indicates the process’ 

selectivity to degrade aromatic compounds in the 
wastewater.   

Such selectivity was already reported for the case of 

electrochemical phenol removal. Polcaro et al. stated that 
relatively weak oxidising species such as hydrogen 

peroxide or chlorine might be more selective than very 

strong oxidising OH-radicals, which assure fast but poorly 
selective oxidation [6].  

 
 

Figure 2. Relative glucose decrease after 90% 4-CP 

degradation under different experimental conditions. 

Conclusions. In this work, the electrochemical 
degradation of a toxic component (4-chlorophenol) in 

chloride rich wastewater was studied. A titanium cathode 

in combination with a coated anode (Ti/RuO2-IrO2) was 
used because of its stability in chloride rich water, its 

commercial availability and relatively low cost. The 

indirect oxidation resulted in a fast degradation of 4-
chlorophenol throughout some polychlorinated 

intermediates (2,4-DCP and 2,4,6-TCP). Increasing the 
reaction time leads to the degradation of these 

intermediates and the formation of organic acids which 

are less toxic. In second instance, the presence of a 
biodegradable substrate, glucose, did not significantly 

affect the degradation rate of 4-CP under different 

conditions. The glucose concentration itself also did not 
change after 90% of 4-CP was removed from the 

wastewater, which indicates the process’ selectivity 

towards aromatic substrate degradation. 
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Transition metal modified cathode for heterogeneous electro-Fenton: 
Preparation and performance 
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Electro-Fenton (EF) technology is one of the powerful 
advanced oxidation processes (AOPs) for the treatment of
industrial wastewater containing non-biodegradable organic 
pollutants. However, homogeneous EF requires an optimum 
pH < 3. In this work, we reported some transition metal–
carbon composite catalysts (M = Co, Fe, Ce and Cu), which
were synthesized and tested for methyl orange (MO) 
degradation in acidic and neutral condition. It was observed
that the presence of transition metal on GF cathode
demonstrated a more stable performance over a wider pH.
Thus it was promising as potential cathode material for high
performance of heterogeneous electro-Fenton process. 

Electro-Fenton (EF) technology is one of the 
powerful and widely used advanced oxidation 
processes (AOPs) for the treatment of industrial 
wastewater containing non-biodegradable organic 
pollutants [1, 2]. However, homogeneous EF 
requires an optimum pH < 3 circumstance, large 
amounts of Fe2+ addition, and the effluent must be 
neutralized after disposal which results in the 
generation of abundant sludge [3].  

This work focuses on constructing a highly 
catalytic cathode of an EF system, to overcome the 
defects of low activity and pH limitation. Some 
transition metal–carbon composite catalysts (M = 
Co, Fe, Ce and Cu) have been synthesized and 
tested for methyl orange (MO) degradation in 
acidic and neutral condition.  

The transition metal/GF was characterized by X-
ray diffraction (XRD), scanning electron 
microscopy (SEM), X-ray photoelectron 
spectroscopy (XPS). The transition metal–carbon 
composite catalysts presented good catalytic 
activity for the MO degradation (Fig. 1), much 
higher than that in the EF with GF cathode. And 
the Co-based catalysts showed the highest activity 
towards MO removal and H2O2 formation. The 
MO removal remained over 90% after 10-times 
reuses. The maximum accumulation of H2O2, up to 
544.5 mg/L was obtained, which was much higher 
than GF. Moreover, the presence of transition 
metal on GF cathode demonstrated a more stable 

performance over a wider pH. Thus it was 
promising as potential cathode material for high 
performance of heterogeneous electro-Fenton 
process.
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Figure 1. The MO removal efficiency on different 
cathode. 
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In this work, the simultaneous production of chlorine 
compounds and hydrogen peroxide is evaluated for the 
electrochemical disinfection of urban wastewater with BDD 
anodes. First, the electrodisinfection has been carried out with 
BDD as anode and SS as cathode. The results show that the 
E.coli is completely removed at a current density of 6.37 A m-2 
and applied electric charges lower than 0.01 A h dm-3. 
However, the presence of chlorates during the process has been 
detected, limiting the application of this technology. Next, it 
was observed that the formation of hydrogen peroxide on 
carbon felt cathodes limits the concurrence of these compounds 
(chlorates) at current densities around 7 A m-2. These results 
broaden the application of BDD for wastewater disinfection. 
 
 

 
Although the lack of water resources in 

countries as Spain means a very important 
problem to be solved, reclaimed water is a 
resource that has not been extensively used so far. 
In this case, a wastewater effluent, which has been 
previously treated by a conventional treatment, is 
further purified in order to fit the requirements for 
its use in irrigation (agriculture or gardens) or 
drinking. 

For the case of urban wastewater, the 
reclamation of a previously treated water effluent 
may imply the reduction of the microbiological 
concentration, turbidity, conductivity and/or 
suspended solids, depending on the characteristics 
of the raw effluent and the potential application. 
Among the different technologies available to face 
these challenges, electrochemical techniques have 
attracted high interest due to the great results 
obtained in synthetic wastewater treatment.  

One of the electrochemical technologies most 
studied in wastewater treatment is electrochemical 
oxidation (electrodisinfection). This technique 
consists of the generation of disinfectant species 
from the ions contained in water, mainly chlorine 
compounds. These species can attack the cell wall 
of microorganisms causing their death.  

The electrosynthesis of chloride oxoanions can 
be efficiently carried out by using anode materials 
such boron doped diamond (BDD). The first 
species generated during the electrochemical 
oxidation of wastewater containing chlorides is 
hypochlorite. However, this species can suffer a 
disproportion to chlorate during the 
electrochemical process, and this chlorate can be 
oxidized to perchlorate easily.   

Chlorate and perchlorate are hazardous species 

to human health and therefore, their generation 
should be avoided during disinfection processes. 
In this context, hydrogen peroxide can be 
considered an alternative to reduce the potential 
formation of chlorine compounds in high 
oxidation state due to its oxidative and/or 
reductive  capacity. 

With this background, the main aim of this work 
is to study the simultaneous production of chlorine 
compounds and hydrogen peroxide during the 
electrodisinfection of urban wasterwater with 
BDD anodes. 

 Results show that E. coli decreases with the 
applied electric charge during the 
electrodisinfection with BDD anodes and carbon 
felt cathodes. These data follow the same trend 
than that observed during the electrodisinfection 
with stainless steel as cathode. However, in this 
case, chlorine compounds in high oxidation state 
have not been detected (chlorate). This behaviour 
is related to the reactions between hydrogen 
peroxide and chlorine compounds. In this context, 
hypochlorite can react with hydrogen peroxide 
favouring its reduction to chloride. In addition, if 
chlorates are formed during the process, they can 
also react with hydrogen peroxide to form chlorine 
dioxide.  

Due to these reactions, the occurrence of 
hazardous disinfection by-products in the treated 
effluent will be limited by the reductant behavior 
of hydrogen peroxide.  
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This project studied the electrochemical removal of the 
pesticide transformation product 2,6-dichlorobenzmide (BAM) 
in Danish drinking water produced from groundwater at two 
different anode materials. The influence of the electrolyte 
composition on the degradation kinetics and pathways of BAM 
was clarified. Although chloride is present in small 
concentrations in the groundwater, persistent chlorinated 
intermediates were not found. The quantity of intermediate 
products with and without chloride was at the same level or 
lower compared to inert electrolyte. Integrating electrochemical 
removal with RO pretreatment significantly reduced the overall 
energy consumption of the process by 95%; 0.96 kWh/m3 
compared to 18.5 kWh/m3 (EO alone). 
 
 

 
 

Pesticides and pesticide residues are the most 
important micropollutants found in Danish 
groundwater aquifers and responsible for large 
quantity of groundwater currently being unusable 
for drinking water production. One very good 
example is the pesticide transformation product 
(PTP) 2,6-diclorobenzamide (BAM) that is a 
daughter product of the commonly used pesticide 
dichlorobenil. Of the total number of groundwater 
aquifers that are included in the Danish 
groundwater monitoring programme, 50% have 
been found to be contaminated with pesticides and 
PTPs, and in 18.8–20.2% of these cases, the 
primary contaminant was BAM.  

Electrochemistry offers a potentially efficient 
alternative to AC adsorption –  a well-known water 
treatment technique with pros and cons - for 
pesticide removal at Danish water works. In recent 
years, electrochemical oxidation (EO) technology 
has developed from fundamental research on 
synthesis of new electrode materials aimed at high 
oxidation power, resistance and durability and 
laboratory studies of treatment efficiencies of 
various polluted aqueous matrices into commercial 
available products. However, concurrent to the 
incipient market dissemination of the technology, 
much more research is still needed in order to fully 
understand the effect of the technology on the 
water matrices and the produced effluents. One 
challenge is elucidating contaminant degradation 
pathways and identifying degradation 
intermediates (DIs) with the aim of ensuring 
discharge of an environmentally safe and healthy 
effluent. 

This project demonstrated that BAM can indeed 
be removed from Esbjerg tap water (DK) by an 
EO treatment process. Detailed model solution 
studies in inert and electroactive electrolyte 
solutions elucidated the degradation pathways and 
the quantity of DIs formed during the treatment at 
two electrode materials; Ti/Pt-IR and Nb/BDD. 
Especially the presence of chloride in 
groundwater, although in small amounts, has 
caused initial concerns related to harmful 
byproduct formation, but our study revealed that 
even though the degradation pathways was much 
more complex in a chloride rich electrolyte (Figure 
1), the quantity in DIs were at the same level or 
lower than in inert sodium sulphate electrolytes 
(Figure 2). All DIs formed during the treatment 
where removed at prolonged treatment times and 
complete TOC removal was obtained. 
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Figure 1. Proposed degradation pathway for BAM in 

chloride medium. The scheme distinguishes between 
main and secondary routes. The compounds formed in 

the secondary routes were only detected with GC/MS 

after increasing the concentration 100x with SPE and in 
intensities much lower than the compounds of the main 

routes. [1] 

 

Figure 2. Quantitative DI plots. (a) Nb/BDD sulphate, 

(b) Ti/Pt-Ir sulphate, (c) Nb/BDD chloride, (d) Ti/Pt-Ir 
chloride. The difference between the BAM and the TOC 

curves represents the remaining organic carbon, which is 

the DIs. The integrated areas are plotted in the subplots. 
[1,2]  

Another significant challenge for large-scale use 

of EO in water treatment is high energy 

consumptions, and for EO to become accepted as 

best available technique, the amount of energy 

consumed in the process must be reduced. In this 

study, the energy consumption of the pesticide 

removal was remarkably reduced by introducing 

pre-separation of BAM by a RO membrane 

followed by EO treatment of the concentrate prior 

to re-mixing with the clean water permeate. Using 

a RO membrane operated at a water recovery of 

90%, the total energy consumption of the process 

consumed 95% less energy (0.96 kWh/m3) 

compared to the stand-alone EO treatment (18.5 

kWh/m3) (Figure 3).  

 

Figure 3. Total energy of both membrane and 

electrochemical oxidation to obtain a 1-log removal of 

BAM in one cubic meter of groundwater. Tap water 
represents the scenario without the membrane, where all 

the water undergoes electrochemical treatment, whereas 

it is only 20% and 10% of the water in the XLE 80% and 
XLE 90% recovery scenarios.[3]  

The reduction in energy consumption was found 

to be a result of primarily two factors; (1) a 

smaller volume of water was in need in the energy 

intensive EO treatment, and (2) the high rejection 

of chloride by the RO membrane increased the rate 

of degradation through mediated active chlorine 

oxidation in the membrane retentate. The 

investigation showed that combining RO filtration 

with EO of the contaminants in the concentrate 

provides a promising strategy for the 

dissemination of EO in larger scale and actual use 

for protection of the environment.  
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Electrochemical oxidation of halogenated persistent organic 
contaminants such as the iodinated diatrizoate and iopromide 
and the chlorinated triclopyr and triclosan were investigated 
using a boron-doped diamond (BDD) anode. Electrooxidation 
in sulfate anolyte yielded removal rates that are 11–17 times 
higher compared to nitrate as well as perchlorate anolytes at 
various operating conditions, suggesting the contribution of 
sulfate-based oxidizing agents such as sulfate radicals (HSO4

•, 
SO4

•-) and/or non-radically activated persulfate. In an attempt to 
segregate the effects of HO• radicals and SO4

•- radicals, typical 
HO• radical probe compounds were examined and provided 
further evidence for the presence of SO4

•- radicals. 
 
  

Background  

The incomplete removal of persistent organic 
compounds, such as pharmaceuticals and 
pesticides, in conventional water and wastewater 
treatment plants, has raised the interest for novel 
technologies capable of effectively degrading such 
organic contaminants. Boron-doped diamond 
(BDD) electrodes have attracted a lot of interest 
for wastewater treatment due to their high electro-
catalytic activity towards organic oxidation [1] and 
their ability to accomplish significant degradation 
of such trace organic contaminants via direct 
oxidation and production of weakly adsorbed 
hydroxyl radicals (HO•).  Besides HO• and other 
radical species, BDD anodes can also produce 
peroxy species such as peroxydisulfate (S2O8

2-) in 
the presence of inorganic ions (i.e., SO4

2-), via 
sulfate (SO4

•-) radicals as intermediate products, 
which may also contribute to oxidation of 
contaminants [2-5]. A limited number of studies 
have suggested that SO4

•- radicals and other 
inorganic radicals generated at the anode (e.g., 
PO4

•2-, Cl2
•-), may be contributing to oxidation of 

organic contaminants [6-9]. Given that sulfate can 
be present in municipal and industrial wastewater 
at significant concentrations of several hundred 
mg L-1 up to g L-1 level [10-12], it is important to 
elucidate the role of SO4

•- radicals in 
electrooxidation at a BDD anode. 

 

Objectives 

The present study further explores the role of 

sulfate in EAOPs by investigating the rates of 
electrooxidation of iodinated contrast media (ICM) 
such as diatrizoate and iopromide at BDD anode in 
sulfate anolyte and electrochemically inert nitrate 
anolyte. Several other persistent organic 
contaminants (e.g., triclosan, triclopyr, and 
tribromophenol) were also investigated. 

 

Methods 

Experiments were performed in a laboratory-scale 
electrolytic cell, at applied current densities in the 
range of 200 A m-2 and same initial pH of 2 and 
conductivity of 9mS cm-1 were compared in 
sulfate and nitrate anolytes at same initial pH and 
conductivity but different operating conditions of 
concentrations and current densities. To 
investigate activation of the formed persulfate at 
the anode, electrolysis experiments were also 
performed in persulfate anolyte. To segregate the 
participation of electro-generated SO4

•- radicals, 
experiments were performed with specific radical 
quenchers and HO• probe compound. Target 
organic contaminants were analyzed using liquid 
chromatography mass spectrometry equipped with 
electrospray ionizer. Concentrations of 
peroxydisulfate and hydrogen peroxide were 
quantified using UV-Visible spectrophotometer. 

 

Results and Conclusion  

The oxidation rate coefficients of iopromide and 
diatrizoate were observed to be 11.9±0.7 h-1 and 
13.7±1.8 h-1 in 40 mM Na2SO4 anolyte, 
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significantly higher compared to the coefficients 

obtained for inert NaNO3 anolyte (i.e., 0.8±0.1 h-1 

and 0.9±0.07 h-1), respectively. Similar results 

were obtained for other organic contaminants 

investigated, with 11-17 times higher 

electrooxidation rates observed in the presence of 

sulfate. Enhanced electrooxidation kinetics in the 

presence of sulfate were assigned to the formation 

of additional oxidant species such as SO4
•- 

radicals. Besides SO4
•- radicals, sulfate ions are 

oxidized to persulfate, which was activated via 

non-radical mechanisms at the BDD anode 

surface. This further contributed to higher 

electrooxidation rates of ICM and other 

contaminants.  

 

Given that in the absence of trace metals or other 

activators (e.g., UV light), persulfate was shown to 

exhibit slow oxidation kinetics with these 

persistent organic contaminants (k < 0.1 h-1), 

higher electrooxidation rates in the presence of 

sulfate were assigned to the electrochemical 

activation of sulfate ions to sulfate-based oxidizing 

species such as sulfate radicals (SO4
•-) and/or non-

radically activated persulfate.  

Diatrizoate was selected as model compound for 

further analysis and the operating parameters were 

varied. The lowest investigated sulfate 

concentration was 1.6 mM (i.e., ~150 mg L-1), 

which is in the order of typical sulfate 

concentrations in municipal wastewater. Even for 

such low sulfate concentration, up to 10 times 

higher oxidation rate coefficients were obtained 

when diatrizoate was oxidized in sulfate-based 

anolyte, compared to inert nitrate electrolyte. 

Oxidation rates significantly increased from 4.5 to 

15.6 h-1 as sulfate was increased from 5 to 40 mM. 

Thus, activation of sulfate at BDD electrodes 

polarized at sufficiently high anode potential may 

have significant implications in the treatment of 

sulfate-containing waters.   

Further probe experiments added specific radical 

quenchers (tert-butanol, methanol) to try and 

distinguish between the action of hydroxyl (HO•) 

and sulfate radicals (SO4
•-). However, both 

alcohols yielded a similar decrease in 

electrooxidation rates of diatrizoate, likely due to 

SO4
•- formation involving sulfate oxidation by HO• 

radicals. In an attempt to segregate the effects of 

HO• radicals and SO4
•- radicals, the study also 

examined the electrooxidation of nitrobenzene at a 

BDD anode, as a typical HO• radical probe 

compound, and provided further evidence for the 

presence of SO4
•- radicals. Results showed similar 

rates of 0.55 and 0.38 h-1 in NaNO3 and Na2SO4 

anolyte, respectively. This result was significant, 

standing in stark contrast to that of the other tested 

compounds, and, because of a general insensitivity 

of nitrobenzene to SO4
•- radicals, this result 

suggested a role of SO4
•- radicals.  

 

 

Figure 1. Disappearance of diatrizoate in K2S2O8 () 

anolyte (0.55 mM, pH 2, 9 mS cm-1), NaNO3 () anolyte 
(60 mM, pH 2, 9 mS cm-1) and Na2SO4 () anolyte (40 

mM, pH 2, 9 mS cm-1). 

 

Overall, the findings indicate the formation of 

strong sulfate-derived oxidant species at a BDD 

anode, when polarized at potentials ≥2.8 V vs 

Standard Hydrogen Electrode (SHE).  This has 

strong and potentially positive implications for use 

of electrooxidation with wastewaters containing 

sulfate. For example, energy consumption of the 

anodic compartment for complete removal of 

diatrizoate was decreased from 11.6 to 0.88 kWh 

m-3 by switching from nitrate to sulfate anolyte, 

respectively. Moreover, electrochemical activation 

of sulfate may be a feasible alternative to current 

chemical oxidation techniques using persulfate, 

especially in cases when its activation is not 

feasible (e.g., in in-situ chemical oxidation). 
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Organic 

compound  

Electrooxidation rate 

coefficients 

kNa2SO4, h
-1 kNaNO3, h

-1 

Carbamazepine 29.4±2.1 2.4±0.37 

DEET 14.4±1.2 1.0±0.13 
Diatrizoate 15.6±2.1 0.94±0.07 

Iopromide 11.9±0.72 0.83±0.15 

Tribromophenol 40.9±3.0 2.7±0.56 
Triclopyr 13.6±1.6 1.3±0.11 

Triclosan 66.0±8.5 5.4±1.3 
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The scientific community is facing the challenge of 
developing clean technologies for the treatment of the 
emissions of highly persistent perfluoroalkyl substances 
(PFASs) and for the abatement of the existing water 
polluted sites. In this work, efficient PFOA degradation 
and mineralization was achieved by means of 
electrooxidation with boron doped diamond anodes. Direct 
photolysis using a wide spectrum lamp could also degrade 
PFOA, although conversion into shorter chain PFASs, 
accompanied by a low mineralization rate, was observed. 
Comparison of energy consumptions was also in favor of 
the electrochemical process. 
 
  

 

Introduction 

Among emerging water contaminants, 
perfluoroalkyl substances (PFASs) are particularly 
problematic because they are highly persistent, 
bio-accumulative and have been detected 
ubiquitously in the abiotic environment, biota, 
food items and humans, all over the planet [1]. The 
wide-spread use of PFAS has resulted in an 
important release of these compounds into the 
environment, which was estimated at 3200–7300 
tons during the period 1950–2004 by direct and 
indirect emissions [2]. 

Taking into account their potential toxicity and 
the extent of their environmental distribution, 
PFASs have started to be regulated by various 
international bodies. Perfluorooctanesulfonate 
(PFOS) and its salts are included in the Annex B 
of the Stockholm Convention on Persistent 
Organic Pollutants. PFOS is also listed as a 
priority substance in the field of European water 
policy according to Directive 2013/39/EC. 
U.S.EPA has also set guidelines of 0.3 µg/L for 
perfluorooctanoic acid (PFOA) and PFOS, in 
drinking water supplies. 

The scientific community is facing the challenge 
of developing clean technologies for the treatment 
of the emissions of PFASs and for the abatement 
of the existing water polluted sites. Many of the 
already published studies emphasize the low 
efficiency of the conventional water treatment 
technologies for the removal of PFASs [8]. The 
degradation of PFASs requires of the application 

of destructive technologies enabling their 
conversion into compounds of lower toxicity, and 
if possible their complete mineralization. For this 
reason, presently the research is oriented to 
promote the activity of the hydroxyl radical using 
substrates that either debilitate the C-F bond, or 
introduce more energy, such as photo-Fenton [4], 
activated persulfate, UV photolysis [5], alkaline 
ozonation and sonolysis. However, these 
technologies are still limited by the slow 
mineralization kinetics, and by the formation of 
persistent intermediate fluorinated compounds. 
The electrochemical oxidation is a technology that 
has demonstrated its capacity to mineralize PFASs 
[6,7]. On the other hand, photocatalysis is one 
alternative method for the degradation of these 
very persistent compounds. The efficiency of pure 
TiO2 has been found to be quite low [8]. The 
combination of the TiO2 catalyst with graphene 
oxide is one of the latest innovations oriented to 
the enhancement of the TiO2 photocatalytic 
activity in the visible light spectrum [9]. 

Objectives 

This study will report the experimental 
assessment on the degradation and mineralization 
of perfluoroctanoic acid using both 
electrochemical and photocatalysis processes. The 
performance of boron doped diamond anodes will 
be assessed and the effect of the main operation 
variables, e.g.: applied current, concentration, 
flowrate, temperature, on PFOA removal and 
mineralization will be studied. Secondly, PFOA 
degradation under direct photolysis and TiO2-
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graphene oxide assisted photocatalysis will be 

preliminary assessed. 

Methods 

Materials 

PFOA (Sigma Aldrich, 96%) was used to 

prepare model aqueous solutions with a 

concentration of 100 mg L-1. The TiO2 catalyst 

(Aeroxide P25) was provided by Evonik. Graphite 

powder was purchased from Acros organics. For 

the synthesis of graphen oxide (GO), natural 

graphite was oxidized according to the modified 

Hummers’ method [9]. The GO/TiO2 composite 

was obtained via hydrothermal synthesis. In brief, 

TiO2 and GO solution was stirred for 2 h. Then, it 

was transferred to a 200 ml Teflon-lined stainless 

steel autoclave and maintained at 120ºC for 3 h. 

The resulting composite was purified and fully 

dried at 50ºC over night. 

Electrochemical experiments 

Fig. 1 shows a diagram of the electrooxidation 

set-up. All experiments were carried out in batch 

mode, i.e. the PFOA solution was continuously re-

circulated to the reservoir. The tank was 

thermostatized at 293 ± 2 K, unless otherwise 

stated. The  electrochemical cell is comprised of 

two parallel rectangular electrodes with a surface 

area of 42 cm2 each. The anode is made of a boron 

doped diamond coating on a niobium substrate 

while tungsten was employed as cathode. The 

electrode gap was 8 mm. Experiments were 

performed at constant current density, supplied by 

a power source (75-H-Y3005D Vitrico) with a 

maximum output of 5 A and 30 V. 

 

 
Figure 1. Electrooxidation experimental system 

 

Photolysis and photocatalytic experiments 

Photocatalytic experiments were carried out in a 

Heraeus Laboratory UV Reactor. The light source 

was a 150 W medium-pressure Hg lamp (Heraeus 

Noblelight TQ 150 z1) with emission spectra 

between 200 and 600 nm and maximum emission 

at 366 nm. All the experiments were conducted at 

293 K. 

Analytical methods 

The concentration of PFOA was determined 

using a HPLC-DAD system (Waters 2695) 

equipped with a X Bridge C18 column.  TOC 

analyses were performed using a TOC-V CPH 

(Shimadzu). The concentration of fluoride ion was 

measured by ion chromatography using an ICS-

1100 system (Dionex) equipped with an Ion- Pac-

AS9HC column and a conductivity detector. Other 

paremeters: pH, conductivity, redox potential, 

were measured following standard protocols. 

Results 

Photodegradation 

The pH of PFOA solution with initial 

concentration of 100 mgL-1 was 3.5. No pH 

adjustment was done, and pH was not affected by 

either catalyst addition nor by the course of the 

photolysis experiment. In direct photolysis 

experiments 0.8 L of aqueous solution of PFOA 

were irradiated with UV light. The concentration 

of PFOA decreased, and the amounts of fluoride 

increased. After 12 hours of irradiation 70 % of 

the initial PFOA was decomposed. Formations of 

the short chain perfluorocarboxylic acids bearing 

C4-C6 perfloroalkyl groups and fluoride were 

quantified. It has been reported that PFOA has a 

strong absorption from 190 to 220 nm, that would 

explain PFOA being photolyzed into �C7F15 and 

�COOH radicals, followed by the reaction of 

�C7F15 radicals with water to form 

perfluoroheptanoic acid and fluoride ions. Then, 

the formation of short-chain perfluorocarboxylic 

acids occurs by stepwise removal of CF2. 

PFOA photocatalytic degradation using 0.5 gL-1 

of TiO2 was almost negligible after 8 hours of 

irradation. The small decrease observed in PFOA 

concentration, less than 10%, was within the 

removal observed in adsorption experiments 

without light irradiation. The photocatalytic 

efficiency to decompose PFOA was not enhanced 

when using the  TiO2-GO catalyst. It is concluded 

that generating hydroxyl radicals in TiO2 system 

has poor photoreactivity for perfluorocarboxylic 

acids. The decrease of the PFOA removal upon 

addition of catalysts has been attributed to light 

scattrering effects [10]. Further experiments aimed 

at studying the effect of TiO2 dosage and GO load 

in the TiO2-GO composite are under development 

and will be reported at the conference 

presentation. 



3 

Electrooxidation 

 

The effect of the applied current density  on the 

degradation and mineralization rates of PFOA was 

investigated in the range of 50, 100 and 200 A m-2. 

Figure 2 shows that the kinetics of PFOA 

degradation was significantly enhanced when 

increasing the applied current density from 50 to 

100 although the effect of a further increase of japp 

to 200 Am-2, was less significant. 
 

 

Figure 2. Evolution of PFOA and TOC 

dimensionless concentrations in elextrooxidation 

experiments using BDD anodes.  

The high degree of mineralization was supported 

by the fact of absence of chromatographic peaks  

in the HPLC determination of PFOA. Thus, the 

formation of shorter chain perfluoroalkylacids was 

below the detection limit of the analytical 

technique. 

It was found that varying the electrolyte (sodium 

sulfate 5 gL-1 and sodium perchlorate 8.4 gL-1 ), 

the flowrate through the cell (2.4 - 10.2 Lmin-1) 

and the temperature  (293-313 K) did not have a 

significant effect on the kinetics of PFOA 

degradation and mineralization. 

The analysis of hydroxyl radical and hydrogen 

peroxide formation revealed  that the higher the 

applied current, the more important the formation 

of both oxidant species was. 

Comparison of photolysis and electrochemical 

degradation techniques 

Comparison will be performed in terms of energy 

consumption per unit mass of PFOA removed 

form the solution.  

Electrooxidation data: The volume of solution was 

0.5 L with an initial concentration of 100 mg/L. 

After 6 hours of electrochemical treatment 

working at  a current density of 200 Am-2,  the  

final PFOA concentration was 6 mg/L. The cell 

voltage was 7.5 V. 

Energy consumption electrooxidation=0.8 Wh/mg 

PFOA 

 

Photolysis data: The volume of solution was 0.8 L, 

with an initial concentration of 100 mg/L and a 

final concentration of 30 mg/L, after 12 hours of 

treatment, using a 150 W lamp. 

Energy consumption photolysis = 32.1 Wh/mg 

PFOA 

Electrooxidation is more beneficial than photolysis 

since the energy consumed per mg of PFOA 

removed is 40 times lower. Moreover, 

electrooxidation enables the simultaneous 

mineralization of the persistent pollutant, while 

photolysis proceeds to the formation of shorter 

chain perfluoroalkyl compounds, with a low 

degree of mineralization. 

 

Conclusions 

Highly persistent perfluoroalkylsubstances, in 

particular PFOA, can be degraded and mineralized 

by electrooxidation using  boron doped diamond 

anodes. Increasing the applied current density 

positively influences the hydroxyl radical 

generation and enhances the kinetics of PFOA 

removal. 
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Sodium Dodecyl Sulphate (SDS) was successfully degraded by 
photoelectrochemical (PEC) process on α-Fe2O3 nanostructure 
anode with applied voltage from 1 to 3 V. SDS was completely 
removed after a first hour in all testing conditions, while 
generated intermediates continued to be degraded. The proposed 
model well fitted the experimental data. The results can be 
applied to decompose synthetic anionic surfactants in wastewater 
to less harmful substances, or to carbon dioxide before 
discharging into the environment.

Sodium dodecyl sulphate (SDS) is a major anionic 

surfactant in commercial detergents, soaps, 

shampoos, shower gels. It is also one of the main 

ingredients of other daily using products such as 

paper, polymer, and cosmetics. Due to its’ wide 

application, SDS has been considered as major 

pollutant in wastewater and environment. The 

presence of SDS in water can cause dangerous 

symptoms i.e., depression, laboured breath for 

animal as well as human [1]. The discharge of this 

anionic surfactant into the environment is hence 

undesirable. However, an effective and affordable 

method to degrade SDS is not available, especially 

for developing countries or rural areas. 

Meanwhile, Advanced Oxidation Processes

(AOPs) based on nanomaterials have recently 

emerged as highly effective methods for 

wastewater treatment. As an important AOP, 

photocatalytic has been special of interested for 

wastewater treatment, especially when solar light 

is used. Among photocatalysts used for 

photocatalytic process, hematite nanostructure 

have been exploited for a wide range of 

applications such as gas adsorption [2],

photodegradation of organics in wastewater [3]

owing to its affordability, and large response to

visible light [4].

The objective of this work is to oxidize SDS to 

harmless intermediates by PEC process on α-

Fe2O3 thin film. Accordingly, the sol-gel method 

was used to deposit α-Fe2O3 thin film on the 

Stainless Steel substrate. Field Emission Scanning 

Electron Microscopy (FESEM) and X-ray 

Diffraction (XRD) were utilized to investigate into 

the morphology of α-Fe2O3 crystalline. The SDS 

degradation occurred in the PEC reactor with three 

electrode system including α-Fe2O3 anode, Pt 

cathode, and Ag/AgCl immersed in KCl 3M used 

as the reference electrode. SDS concentration was 

determined via Methylene Blue Active Substance 

method, while Total organic compounds (TOC)

concentration was quantified by TOC analyzer. 

Generated intermediates were analyzed by Fourier 

Transform Infrared Spectroscopy (FTIR).

Moreover, the numerical model was developed to 

describe the kinetic characteristics of SDS 

degradation and TOC reduction. 
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Reduction of TOC in the degradation of SDS by PEC 

process 
It has been found that the process can completely 

remove SDS after one hour, while generated 

intermediates, which do not contain the sulphate 

head, continue to be degraded at a much slower 

rate. The overall TOC reduction was reasonable. 

The proposed model fitted experimental data very 

well. The obtained results provide important 

understanding for decontaminating surfactant 

effluent by sustainable energy and affordable 

materials. With simple operation and low energy 

requirements (i.e. being powered by a simple solar 

cell), the process has practical application for 

developing countries and rural areas.     
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Degradation of microcontaminants in wastewater by Photo-assisted 
Electrochemical Oxidation 
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 In this work the hybrid process Photo-assisted Electrochemical Oxidation 
(PEO) was applied in the degradation of microcontaminants e.g. 
antibiotics. The synergistic effect of the processes that composed the 
PEO process was evaluated. The cyclic voltammetry experiments, UV 
photon fluxes, UV/Vis and Total Organic Carbon (TOC) were also 
evaluated. The reaction kinetics and energetic consumption were 
calculated. The results show that the azithromycin (AZI) degradation 
occurs probably by oxidizing agents generated by the Photocatalytic and 
Electrocatalytic processes that formed the hybrid process PEO. On the 
other hand, the amoxicillin (AMX) and norfloxacin (NOR) can be 
degraded by Direct Photolysis and by the oxidizing agents generated by 
the hybrid process. Moreover the PEO process achieved a mineralization 
of AMX (74.6%), NOR (76.4) and AZI (52%), respectively. 
 
 

 
Background  

The Photo-assisted Electrochemical Oxidation 
(PEO) use a mixed metal oxide anode such as (70-
30%)TiO2RuO2-Ti that enables the 
electrochemical oxidation to be photoassisted by 
heterogenous photocatalysis, increasing the 
degradation pathway of the microcontaminants 
[1]. That is, it is the application of a potential or 
current density in combination with an ultraviolet 
radiation source, which radiates the anode surface. 
In this process, the photon and electron are the 
only reactants. In the photocatalytic process, the 
semiconductor species are photoexcited by 
promoting an electron from the valence band (VB) 
to the conduction band (CB). 

With promotion of the electron to the CB and 
the generation of the gap (h+) in the VB, reducing 
and oxidizing sites are created, which are capable 
of catalyzing chemical reactions. The 
electrochemical process is based on applying a 
current density or a potential to reduce or oxidize 
the substrates of interest. The electrolysis and the 
heterogeneous photocatalysis processes involve 
the generation of hydroxyl radicals (HO·) [2]. The 
oxidation of organic compounds, represented by 
RH, RX e PhX, by the HO·  occurs through three 
basic mechanisms: proton abstraction, electron 
transfer and radical addition, which are described 
by equations 1, 2 and 3, respectively. 
HO· + RH � R ·  + H2O                                      (1) 
HO· + RX � RX · + -OH                                    (2) 
HO· + PhX � OH PhX·                                      (3) 
Objectives 

The objective of this work was to apply the 
Photo-assisted Electrochemical Oxidation process 
in the degradation of the antibiotics AMX, AZI 

and NOR. The synergistic effect of the hybrid 
process was also evaluated. 
Methods 

The stock wastewater was prepared by dilution 
of the AMX, AZI or NOR in distilled and 
deionized water to a final concentration of 100 
mgL-1 and pH was adjust to 4. The initial 
wastewater was prepared by diluting the stock 
wastewater to a final concentration of 200 µgL-1. 
This concentration was chosen based on the 
literature [3, 4]. Na2SO4 2 gL-1 was added as a 
support electrolyte. 

Cyclic voltammetry (CV) experiments were 
performed with the stock wastewater. The work 
electrode was the DSA® type composed by (70-
30%) TiO2RuO2-Ti, with area of 1.5 cm2. 
Platinum counter electrode and Ag/AgCl as a 
reference electrode were used. The cyclic 
voltammetry experiment was carried out between -
2.0 and 2.0 V starting and finishing at the open 
circuit potential. The potentiostat used was the 
EG&G Princeton Applied Research Model 273A. 

The reactor used in the PEO trials was a jacket 
borosilicate glass reactor with a capacity of 3 L, 
operated in batch mode and connected to an ultra-
thermostatic bath to control the temperature. The 
anode was dimensionally stable (DSA®) and 
composed of (70-30%) TiO2RuO2-Ti and the 
cathode was composed of TiO2-Ti. The electrodes 
were placed concentrically around the lamp, 
remaining under UV irradiation. 250 W high-
pressure commercial mercury vapor lamps, 
without the glass bulb and inside a quartz tube, 
were used as source of UV radiation. 5 L of the 
initial wastewater were placed in the reservoir that 
feeds the reactor at an average flow rate of 1 L 
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min-1 with the aid of a peristaltic pump (figure 1). 

The treatment time was 6 hours and the 

experiments were conducted 6 times. 

Figure 1. Batch reactor used in the PEO process, where 

1 is a jacket borosilicate glass reactor, 2 is a reservoir, 3 

is a peristaltic pump. 
The wastewater samples were collected before 

and after the PEO treatment and characterized 

byUV/Vis spectroscopy (T80+UV/Vis 

Spectrometer from PG Instruments Ltd.) and by 

Total Organic Carbon (TOC) (TOC-LCPH 

Shimadzu). The efficiencies of TOC (TOC%) 

degradation were calculated according to equation 

(1): 

TOC% = ((C0 - C) / C0) × 100                             (1) 
where C0 is the TOC of the initial wastewater and C is 

the TOC of the final wastewater. 

The reaction kinetics were calculated based on the 

TOC results by the Langmuir-Hinshelwood 

equation (2) [5, 6]. 

ln(C / C0) = - k’ × t                                             (2) 
where t is the exposure time and k’ is the constant of the 

first order. 

The energy consumption was calculated according 

to Bolton, Bircher, Tumas and Tolman [7]: 

EEO = (P × t × 100) / (V × 60 × log10(C0 / C))   (3) 
where P is the power (kW) and V is the treated volume 

(L). 

The UV irradiation (E, in Wm-2) on the anode 

surface, when ultrapure water or the initial 

wastewater were inside the reactor, was 

determined to the high-pressure commercial 

mercury vapor lamp (250 W) by an Instrutherm 

MRUR-203 UV light meter. 

The E value can be converted to photon flux using 

Planck’s equation: 

Ep = ( h × c ) / λ                                                  (4) 
where h is Planck’s constant (6.626 × 10-34 Js), c is the 

speed of light (2.998 × 108 ms-1) and λ is the wavelength 

(nm) based on the photometric data of the 250 W lamp 

used in this work, λ = 365 nm [8].  

Taking these values into account, Ep = 5.44 × 10-19 

J. 

The number of photons (Np, in m2s-1) can then be 

calculated by: 

Np = E / Ep                                                           (5) 

With the Np value, the photon flux (Eqf, in µmol 

m2s-1) will be determined by: 

Eqf = Np / NA                                                        (6) 
where NA is the Avogadro number (6.02 × 1023 mol-1). 

Results 

CV experiments (figure 2) showed only the 

anodic and cathodic peaks of the support 

electrolyte. No anodic neither cathodic peaks for 

the AMX, NOR or AZI were detected, indicating 

that these microcontaminants are not electroactive 

in the potential window used for this electrode. 

This effect can cause difficulties by the 

competition with the oxygen evolution reaction, 

and because various organic compounds have 

oxidation potential in this region, leading to a 

decreased efficiency of the electrochemical 

degradation. 

Figure 2. Voltammetry profile of DSA® composed by 

(70-30%) TiO2RuO2-Ti in wastewater containing AMX, 

NOR or AZI (200 µgL-1 + 2 gL-1 of Na2SO4) and support 

electrolyte (2 gL-1 of Na2SO4). v = 0.0025 Vs-1. 
Some studies have considered the use of UV 

irradiation on the degradation of a few 

microcontaminants, concluding that UV irradiation 

was not effective for the degradation of these 

contaminants [9]. The result visualized in figure 3 

for de AZI shows the same, i.e. the AZI does not 

absorb radiation, so probably it will not be directly 

degraded by Direct Photolysis (DP). On the other 

hand, the absorbance spectra of AMX and NOR 

shows an absorbance peaks, i.e. the AMX and NOR 

may be sensitive to DP. 

Figure 3. UV/Visible spectroscopy analysis of the stock 

wastewater containing AMX, NOR or AZI. 

Figure 4 shows a reduction in the UV photon 

fluxes that reaches the anode surface when the 
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reactor is completed with the initial wastewater 

containing AMX and NOR. It means that the 

AMX and NOR absorb UV photons and can be 

degraded by Direct Photolysis. On the other hand, 

there is no significant difference for the initial 

solution containing AZI. In fact, the high amount 

of UV photons that reaches the anode surface 

favors the Photocatalytic process. 

Figure 4. UV photon fluxes that reaches the anode 

surface when the reactor containing pure water or a 

wastewater with AMX, NOR or AZI. 
Total organic carbon (TOC) is a relevant 

parameter for the overall determination of the 

organic pollution of wastewaters. Through the 

analysis of TOC, one can accomplish the 

mineralization of AMX, NOR and AZI as a 

function of treatment time. Figure 5 shows the 

mineralization value of AMX (74.6%), NOR 

(76.4) and AZI (52%) at the final treatment time of 

6h. 

The kinetics for the microcontaminants studied 

in this work present a pseudo-first-order kinetics 

and the k’ value for the AMX, NOR and AZI was 

0.0038 min-1, 0.004 min-1 and 0.002 min-1 

respectively. Other important parameter to 

evaluate the applicability of the PEO process in 

the treatment of the wastewater is the energetic 

consumption to treat 1 m3 of initial effluent 

contaminated with AMX (8.06 kWh), NOR (7.64 

kWh) and AZI (15.04 kWh).  

Figure 5. TOC reduction of the microcontaminants 

AMX, NOR and AZI. 

Similar results between AMX and NOR may be 

related to similarity of the molecular structures 

(figure 6). 

Figure 6. Molecular structure of AMX (A) and NOR 

(B).  

Conclusions 

This works shows that the AZI degradation 

occur probably by oxidizing agents generated by 

the Photocatalytic and Electrocatalytic process that 

formed the hybrid process PEO. On the other 

hand, the AMX and NOR can be degrade by 

Direct Photolysis and oxidizing agents generated 

by the hybrid process. 
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Conventional wastewater treatments are not able to completely 
degrade Persistent Organic Pollutants. However, Conductive 
Diamond Electrochemical Oxidation (CDEO) and electro-
irradiated technologies have demonstrated to be robust and 
efficient technologies for treating wastewater polluted with 
these pollutants. Results show that CDEO attains an efficient 
degradation of persistent pollutants in urban wastewater. The 
efficiency achieved is even higher in real systems than in a 
synthetic medium, which is due to the contribution of 
electrogenerated oxidant species such as hypochlorite. 
Irradiated technologies influence on the process efficiency and 
the profiles of concentration of ionic species (nitrate, 
ammonium, chlorate and perchlorate). 
  

 

Introduction 

Persistent Organic Pollutants (POPs) have been 
detected in ground and drinking water, indicating 
that the conventional treatments performed in 
Municipal Wastewater Treatment Plants (MWTP) 
failed to completely remove them from the 
wastewater. However, Advanced Oxidation 
Processes (AOPs) and, especially, Conductive 
Diamond Electrochemical Oxidation (CDEO) are 
considered as a good alternative for the treatment 
of wastewater polluted with POPs. However, in 
most cases, the degradation of POPs from 
wastewater has only been studied in synthetic 
media. During the recent years different studies 
aimed at degrading POPs by means of different 
AOPs have been conducted on real effluents from 
MWTPs or industrial activities. However, the 
application of CDEO and irradiated-assisted 
electrolysis is still scarce. A common procedure is 
to intensify the wastewater, that is, to increase the 
POP concentration by adding an extra 
concentration of the compound, which helps in 
monitoring of its degradation. This way, the 
analysis of the process becomes much simpler 
from an experimental point of view and oxidation 
mechanisms can be discussed. With this 
background, this work focuses on the treatment of 
real wastewater coming from a secondary reactor 
of a MWTP intensified with POPs by means of 
Conductive Diamond Electrochemical Oxidation 
(CDEO), Conductive Diamond Photo 
Electrochemical Oxidation (CDPEO), Conductive 
Diamond Sono Electrochemical Oxidation 
(CDSEO) and Conductive Diamond Sono-Photo 

Electrochemical Oxidation (CDSPEO), paying 
close attention to the ionic species formed during 
the treatment (sulphate, ammonium, nitrate, 
hypochlorite, chlorate and perchlorate). 
 

Results and discussion  

The treatment of wastewater coming from the 
secondary treatment of a MWTP intensified with 
caffeine, sulfamethoxazole, progesterone or 
metoprolol (selected as model of POPs) has been 
studied by CDEO, CDSEO, CDPEO and 
CDSPEO. It has been observed that the 
degradation of the pollutant is more efficient in 
real wastewater than in the synthetic medium. This 
marked difference can be explained in terms of the 
formation of hypochlorite in the real wastewater. 
This oxidant is very reactive and can attack 
efficiently POP molecule. According to literature, 
it also can react with ammonium present in the real 
aqueous media to form chloramines.  

Regarding the use of electro-irradiated 
technologies, there is a significant influence on the 
efficiency of POP removal. Also, substantial 
differences are observed in the concentration 
profiles of ionic species when coupling irradiated 
technologies with electrochemical oxidation, 
meaning it is somehow influencing its reactivity.  
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spectrometry (DEMS) 

  

J. Vakros, B. Hasa, A. Katsaounis. University of Patras, Department of Chemical Engineering, Patras, Greece, 
vakros@chemistry.upatras.gr. 
 

 

  
The electrochemical reforming of methanol using differential 
electrochemical mass spectrometry (DEMS) was studied using 
commercial carbon and home-made titanium supported PtRu 
anodes. It was found that hydrogen production is feasible in a 
polymer electrolyte membrane (PEM) electrolysis cell. TiO2 
modified PtRu anodes supported on titanium gave the best 
performance. Using DEMS it was found that a small fraction of 
CO2 is periodically produced at the cathodic side. In addition 
methanol crossover through the proton exchange membrane is 
taking place during the electrolysis process.    
 
 

 
Hydrogen is probably the most promising energy 

carrier for providing a clean, reliable and 
sustainable energy system [1,2]. The global CO2 
balance could be affected using hydrogen as fuel 
since the only product during oxidation processes 
would be water. Hydrogen can be produced 
chemically, via various catalytic reforming 
processes and electrochemically via electrolysis of 
water or electrochemical reforming of light 
alcohols such as methanol, ethanol, glycerol etc. [3-
5]. One of the advantages of methanol reforming is 
the lower energy demand ascribed to the 
electrolytic production of hydrogen [3].  

In this study the reforming was carried out in a 
polymer electrolyte membrane (PEM) cell using 
PtRu based electrodes as anodes and carbon 
supported Pt based electrodes as cathodes. An 
aqueous solution of methanol was used as anode 
fuel while pure He was fed to the cathode. 

During the electrolysis process protons are 
produced according to equation (1) after application 
of a constant potential and transferred to the 
cathode through the proton exchange membrane. 
The latter plays also the role of the separator of 
hydrogen from the anode gas mixture. Hydrogen is 
then evolved at the cathode via equation (2): 

 
CH3OH + H2O �  CO2 + 6H+ + 6e-               (1) 
2H+ + 2e- �  H2                 (2) 
 
The cathodic gas mixture was followed by a mass 

spectrometer (Extrel, MAX 300-LG). The effect of 
temperature (20-60 ˚C) and methanol concentration 
(0.5-3 M) was examined during this study.  

In previous papers [6,7] we reported that TiO2 can 
affect significantly the electrochemically active 

surface of Pt and/or PtRu based electrocatalysts. It 
was found that the presence of TiO2 in a molar ratio 
1:1 with respect to the metal loading (Pt or PtRu) 
results in more stable and active anodes. In this 
study the performance of commercial carbon 
supported PtRu electrodes (PtRu/C) were evaluated 
and compared with home-made titanium supported 
PtRu (PtRu/Ti) and TiO2 modified PtRu 
(PtRuTiO2/Ti) electrodes during electrochemical 
reforming of methanol. In all cases carbon cloth 
was used as gas diffusion layer (GDL).  

Figure 1 shows the effect of applied potential at 5 
different temperatures on the current and the 
normalized by the total mass of Pt and Ru current 
density for all samples.  

 
 
Figure 1. Effect of applied potential on the 

current and the normalized current density for 3 M 
methanol solution at 5 different temperatures.  

Higher current densities are observed at elevated 
temperatures in all cases. The performance of the 
PtRuTiO2 anode shows the best performance, 
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especially at higher temperatures. It should be 

mentioned that the observed current densities 

(Figure 1) are similar or even higher than the values 

reported in literature for other Pt based 

electrocatalysts [2]. 

Figure 2 shows the effect of potential on the 

current and the normalized current density for 

different concentrations of methanol (0.5-3 M). For 

alcohol concentrations higher than 0.5 M the 

increase of the current density with concentration is 

negligible, especially in the case of TiO2 modified 

electrode.  

 

 
 

Figure 2. Effect of applied potential on the current 

and normalized current density for different 

methanol concentrations. T=25 oC. 

 

 

The performance of the latter (as the best of the 

three) was studied further using the technique of 

differential electrochemical mass spectrometry 

(DEMS). Figure 3 shows the simultaneously 

recorded cyclic voltammogram (CV) and the mass 

spectrometric cyclic voltammograms (MSCVs) for 

m/z=31 (methanol), m/z=44 (carbon dioxide) and 

m/z=2 (hydrogen) for the case of TiO2 modified Pt-

Ru electrode. Figure 4 shows the same date together 

with two more cycles as a function of time. 

 
 

Figure 3. Simultaneously recorded CV (bottom) 

and MSCV for m/z=31, m/z=44 and m/z=2, for the 

case of the TiO2 modified Pt-Ru electrode. Scan 

rate=50 mV/s. T=60 oC. 

 

 
Figure 4. Effect of applied potential on the 

normalized current density and the ion currents for 

m/z=31, m/z=44 and m/z=2 for three continuous 

cycles. Scan rate=50 mV/s. T=60 oC. 

 

The maximum value of hydrogen is observed at 

cathode when the maximum potential is applied 

(1.1 V vs MSE) and thus the maximum current 

density is recorded. Interestingly, a significant CO2 

signal is periodically recorded probably due to CO2 

crossover (from anode to cathode) or CO2 

production at cathode (due to carbon cloth 

oxidation) at low anodic potentials (Figure 3 and 4). 

This feature should be further studied.  On the other 

hand, in agreement with previous studies on direct 

methanol fuel cells, methanol concentration is 

gradually increased with time (Figure 3 and 4) 

showing a significant methanol crossover through 

the membrane. 
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H2O2 and S2O8

2- activation with zero valent Aluminum (ZVA) 
nanoparticles has been investigated for the treatment of the 
commercially important X-ray contrast media Iopamidol in pure 
water, real surface water and tertiary treated wastewater.  
Results have demonstrated that in particular oxidation with 
S2O8

2- can be activated via ZVA addition resulting in a dramatic 
enhancement of aqueous Iopamidol removal rates and 
efficiencies. The remarkable capacity of the proposed redox 
systems in the removal of Iopamidol indicates their potential 
application in the treatment of micropollutant-contaminated 
water or wastewater if shortcomings including costs and mass 
transfer limitations can be solved appropriately. 

 
Increasing attention has been paid to the presence 
of pharmaceutical compounds in aquatic 
environments due to their widespread use and 
incomplete removal during water/wastewater 
treatment. Among the pharmaceuticals, Iodinated 
X-ray contrast media (ICM), composed of water-
soluble iodinated aromatic compounds, are widely 
used to enhance the imaging of organs or blood 
vessels during diagnostic tests. Recently, iodinated 
disinfection by-products have also drawn concerns 
as they are potentially much more cyto-genotoxic 
than brominated-chlorinated DBPs. Among the 
ICM, iopamidol (IOPA) is the most frequently 
detected ICM in the aqueous environment with 
concentrations up to 2.7 g/L in raw water, 15 

g/L in treated sewage, 2.4 g/L in groundwater 
and 0.49 g/L in rivers. Studies on the treatment 
of ICM by advanced oxidation processes (AOPs) 
such as -irradiation, H2O2/UV-C, TiO2/UV-A and 
O3/H2O2 have been reported, but these are only 
few and incomplete regarding their potential for 
real-scale application and ecotoxicological risks. 
Some researchers have demonstrated that in an 
aerated environment, zero-valent aluminum (ZVA) 
nanoparticles were capable of degrading 
chlorophenol, sodium dichloroacetate, phenol and 
nitrobenzene through the production of HO  via 
surface reactions on ZVA. Addition of oxidants 
such as hydrogen peroxide (HP) and persulfate 
(PS)-enhanced redox (charge transfer) reactions 
and free radical formation on the catalyst surface. 
The objective of the present work was to explore 
the degradation of IOPA with ZVA-activated HP 
and PS oxidation under acidic pH. It is believed 
that these two oxidants exert a positive effect on 
IOPA and organic matter (TOC, DOC) removal by 

acting as hydroxyl (HO ) and sulfate (SO4
-) 

radical promoters as shown in the below reactions; 
ZVA/HP oxidation system: 
2Al0 + 3O2 + 6H+ � 2Al 3+ + 3H2O2                          (1) 
Al0 + 3H2O2 � Al 3+ + 3HO- + 3HO                 (2) 
ZVA/PS oxidation system (tentative): 
2Al0 + S2O8

2- + 6H+ + 1.5O2 � 2Al 3+ + 2SO4
- + 3H2O  (3) 

IOPA removal was examined in three different 
effluent matrices; namely distilled water (DW), 
untreated surface water (SW; TOC:6.5 mg/L) and 
tertiary treated sewage effluent (WW; TOC:10.1 
mg/L) to assess the effect of water and wastewater 
constituents on IOPA removal with the 
ZVA/H+/HP and ZVA/H+/PS oxidation systems. 
Experimental results have indicated that PS 
(optimum concentration:0.50 mM) was much 
more effective in IOPA degradation than HP 
(optimum concentration:0.25 mM), resulting in 
more than 90% removal in the presence of ZVA 
after 120 min treatment. Without catalytic 
activation, no significant pollutant abatement was 
obtained (2-4%), and removal with the 
ZVA/H+/O2 system remained at 8%. Removal 
rates dropped dramatically with increasing 
complexity of the effluent matrix from 87% 
(PS/ZVA) and 41% (HP/ZVA) in pure water to 
7% (PS/ZVA) and 15% (HP/ZVA) in real surface 
water. No IOPA degradation occurred in treated 
wastewater, though TOC removals were obtained 
as 8% for activated HP and 16% for activated PS, 
speaking for the selectivity of the treatment 
systems on the basis of organic carbon type. 
Currently, acute toxicity changes being observed 
during application of the selected oxidative 
treatment systems are in progress employing 
battery bioassays. 

S2O8
2- 

SO4
 - HO  

H2O
2 

CO2 + H2O 
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Degradation of ethyl paraben by heat-activated 
persulfate: statistical evaluation of operating factors. 
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 In this work, Ethyl Paraben (EP) was chosen as a 
representative model compound of the EDCs family to 
investigate its decomposition by heat-activated persulfate 
oxidation. The main scope was to evaluate the effect of 
various operating conditions such as initial EP and SPS 
concentrations, reaction time, pH, temperature and water 
matrix on kinetics. A factorial design approach was 
implemented to assess the importance of initial Ethyl Paraben 
concentration (0.5-1.5 mg/L), treatment time (2-30 min), 
Sodium persulfate (100 -500 mg/L), Temperature (40-60°C), 
water matrix (ultrapure water and secondary treated 
wastewater) and initial pH (3-9) on the amount of ethyl 
paraben removed. Initial EP, temperature  and SPS, as well as 
their interaction resulted in the most important, positive effects 
complexity. The effect of water matrix  is negative. 
 
 

 
Parabens, esters of 4-hydroxybenzoic acid with 

an alkyl or benzyl group, have been employed for 
about a century as preservatives in foodstuff, 
cosmetics and pharmaceuticals and personal care 
products. Parabens in the aquatic environment are 
typically present at the ng/L level and are 
suspected to behave as endocrine disruptors [1].   

 In recent years, various efforts are being 
made to eliminate or effectively remove 
xenobiotics in the environment; among them, 
advanced oxidation processes (AOPs) are a viable 
alternative option for water/wastewater treatment 
[2]. The sulfate radical-AOP has recently been 
discussed in the literature as an efficient and 
affordable process.  

Sodium persulfate (SPS) (Na2S2O8) has 
attracted the attention of the scientific community 
as a promising source of sulfate radicals because 
of its moderate cost (i.e. the wholesale price is in 
the order of 1000 USD/tn) and its high redox 
potential of 2.01 V [3].Other advantages of 
persulfate over other oxidants include the fact that 
it is solid at ambient temperature, thus facilitating 
its storage and transport, as well as its high 
stability and aqueous solubility. 

In this work, ethyl paraben was chosen 
as a representative model compound of the EDCs 
family to investigate its degradation by heat-
activated persulfate oxidation. The main scope was 
to evaluate the effect of various operating 
conditions such as initial EP and SPS 

concentrations, reaction time, pH, temperature and 
water matrix on kinetics. 

Oxidation reactions were conducted in a 
120 mL thermostated reactor made of pyrex glass. 
The vessel was open to the atmosphere without 
gas sparging since preliminary runs showed that 
the effect of aeration on degradation was 
negligible. Certain volumes of  EP  and  SPS stock 
solutions were mixed to a predefined volume of 
ultrapure water in order to get the desired 
concentration of each reactant. SPS was added 
after the working EP solution had reached the 
desired temperature (i.e. up to 60ºC).  

All experiments were performed un-
buffered at their inherent pH. Samples periodically 
drawn from the reactor were immediately cooled 
down at 4ºC in an ice bath for about 5 min to 
quench the reaction and then analyzed to assess 
the degradation of Ethyl Paraben by means of  
high performance liquid chromatography (Waters 
Alliance 2695). 
 

Table 1 shows the tested variables of the 25 
factorial design, where each variable takes a low 
and a high value. 

 
Table 1. Levels of variables of the 25 

factorial design. 
 

EP 
(mg/L) 

Time 
(min) 

SPS 
(mg/L) pH Temp 

°C  
 

Matrix 

0.5 2 0.3 3 40 UP 

1.5 30 0.5 9 60 WW 
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Figure 1. Pareto chart of the standardized effects. 

Figure 1 shows the Pareto chart of the statistically 

important variables and their interactions 

according to the Lenth’s method. As seen, all 

variables but initial solution pH have a significant  

effect on the response (i.e. amount of EP removed) 

while the effect of pH is statistical insignificant. 

The effect of the water matrix is negative (i.e. the 

efficiency decreases as the water matrix 

complexity increases from ultrapure water to 

secondary treated wastewater) due to scavenging 

of the reactive radicals. 
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Photovoltaic-driven UV-LED photo-Fenton: a new approach for 
micropollutant removal 
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Photovoltaic (PV) technology has recently attained 
significant development regarding cost reduction and 
energy production yield, achieving electric energy 
productions around 250 W/m2. At the same time, low 
energy consuming LEDs with a wide range of wavelengths 
and radiant flux are currently available. In this work, the 
use of low-cost UVA-LEDs driven by photovoltaic energy 
is explored as radiation source for photo-Fenton process as 
tertiary water treatment. The main goal of the present study 
is to get some insight on the relationships among PV 
energy supply, LED consumption, UVA irradiance and 
reaction rate. Scale-up has also been taken into account. 
 
 
 

 

A new LED photoreactor was used at lab scale 
to remove the pesticides acetamiprid and 
thiabendazole, 100 µg/L each, from aqueous 
solution at pH 2.8. Three UVA wavelengths (365, 
385 and 400 nm) and three values of iron 
concentration (5.5, 11 and 16.5 mg/L) were 
assayed. Initial hydrogen peroxide concentration 
was 50 mg/L to work in slightly excess conditions. 
The experiments were carried out in a 1-L 
cylindrical reactor with 5 cm liquid depth located 
inside the LED box built with 6 high power UV 
LED emitters (PW03UV3) for each wavelength 
able to give UV irradiance up to 110 W/m2. The 
LED array was equipped with a potentiometer 
allowing the electrical intensity be set in the 0–700 
mA range to linearly change irradiance on reactor 
surface. The volumetric rate of photon absorption 
(VRPA, W/m3) was calculated [1] and kinetics of 
micropollutants removal by photo-Fenton was 
studied as a function of VRPA. 

An increase in wavelength gave rise to a 
decrease in the VRPA and a marked reduction in 
the power consumption (Figure 1). A balanced 
situation was reached at 385 nm where VRPA was 
high and power consumption low.  

Hydrogen peroxide followed saturation kinetics 
with VRPA and micropollutants removal rate was 
proportional to the oxidant consumption [1]. 

 
Figure 1. Variation in VRPA with electrical power 

consumption as a function of iron concentration and 
wavelength. Irradiance was 17.5 W/m2. 

Preliminary results showed the potential of UVA-
LED driven photo-Fenton for micropollutant 
removal and enhancement for process scaling-up 
taking into account the treatment economy. 
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Degradation of Naproxen in Aqueous Solution by H2O2, S2O8
2- and 

Combined H2O2/S2O8
2- Activated with Citric Acid Chelated Fe2+ 
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niina.dulova@ttu.ee. 
 

 

 The efficacies of Fe2+-citric acid (CA)-activated hydrogen 
peroxide, persulfate and combined hydrogen peroxide/persulfate 
systems for degrading naproxen (NPX) in aqueous solutions 
were investigated and compared. Among the studied processes, 
the Fenton system showed the highest performance both in NPX 
degradation and mineralization, followed by the combined 
H2O2/S2O8

2-/Fe2+ process. The addition of CA substantially 
accelerated the degradation of NPX by the S2O8

2-/Fe2+ and 
H2O2/S2O8

2-/Fe2+ processes. The studied technologies proved 
promising techniques for in situ treatment of groundwater 
containing NPX, with a particularly high potential for the Fe2+-
CA-activated persulfate and hydrogen peroxide/persulfate 
systems. 
 

 
Naproxen (NPX) is a non-steroidal anti-

inflammatory drug (NSAID) with analgesic and 
antipyretic properties, widely used for the 
treatment of rheumatoid arthritis and in the 
veterinary medicine. Similarly to other NSAIDs, 
NPX has been detected in different environments 
at concentrations ranging from ng L-1 to µg L-1. 
Therefore, developing effective remediation 
technology for elimination of NSAIDs, including 
NPX, from groundwater is of great scientific and 
public interest. In situ chemical oxidation (ISCO) 
is mainly based on the generation of highly 
reactive hydroxyl (HO•) and sulfate (SO4

•-) 
radicals arising from the activated, mainly by iron 
in its ferrous form, decomposition of oxidants such 
as hydrogen peroxide and persulfate. In the present 
study, the use of citric acid (CA)-chelated ferrous 
ion as an activator for H2O2, S2O8

2- and combined 
H2O2/S2O8

2- oxidation of NPX was investigated. 
Additionally, transformation products were 
identified by LC-MS analysis in all studied 
systems.  

Firstly, the efficacy of non-chelated Fe2+ to 
activate H2O2, S2O8

2-, and combined H2O2/S2O8
2- 

was studied. The Fenton process demonstrated a 
high oxidation efficacy, resulting in complete NPX 
removal in less than 1 h at a NPX/H2O2/Fe2+ molar 
ratio of 1/10/1 (pH 3). In the case of the S2O8

2-

/Fe2+ and combined H2O2/S2O8
2-/Fe2+ system, a 

fast decomposition of NPX and oxidant was 
observed during the first minute and then the 
target compound along with oxidant was gradually 
degraded within the remaining reaction time. 

Thus, 42 and ~58% of NPX was removed during 
the first minute and the rest of the 2-h oxidation, 
respectively, in the S2O8

2-/Fe2+ system at a 
NPX/S2O8

2-/Fe2+ m/m/m of 1/10/1 (pH 3). In the 
case of combined H2O2/S2O8

2-/Fe2+ system, 55 and 
~45% of NPX was removed during the first 
minute and the rest of the 2-h oxidation, 
respectively, at a NPX/H2O2/S2O8

2-/Fe2+ m/m/m of 
1/10/10/1 (pH 3). Notably, the efficacy of NPX 
degradation was found to decrease gradually with 
the increase in the initial pH value in all the 
studied systems. The activation of H2O2, S2O8

2-, 
and combined H2O2/S2O8

2- systems by CA-
chelated Fe2+ was studied at pH values 3, 5, 7, and 
9. The addition of CA at a Fe2+/CA m/m of 1/1 
proved effective to accelerate the degradation of 
NPX in the S2O8

2-/Fe2+ and H2O2/S2O8
2-/Fe2+ 

systems at the studied pH values For the Fenton 
process, the positive effect of the chelated 
activator application on NPX removal was 
observed at pH 5, 7 and 9. In the studied 
processes, the mineralization was considerably 
less effective than NPX removal. Irrespective of 
the activator used, the performance of the studied 
processes in NPX mineralization was as follows: 
the activated H2O2 > the activated H2O2/S2O8

2- > 
the activated S2O8

2-. 
To sum up, the findings in this study strongly 

suggested that Fe2+-CA-activated persulfate and 
combined hydrogen peroxide/persulfate oxidation 
could be a promising technology for groundwater 
remediation contaminated by the NPX. 
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Oxidation of priority and emerging pollutants with persulfate     
 activated by Iron. Effect of iron valence and particle size                  

                                                                            

 
  

Persulfate (PS) activated with iron to generate sulfate radicals is a promising oxidation technology and 
it was employed in the oxidation of Diuron (selected as an example of priority pollutant), Caffeine and 
Ibuprofen (examples of emerging pollutants whose consumption is widespread). The effect of iron 
valence (0, 2 and 3) and particle size of Zero-Valent Iron (ZVI) was studied in a batch isothermal reactor 
at 20ºC. The efficiency of the process was evaluated in terms of pollutant and TOC removal, as well as 
oxidant and iron consumption. Moreover Microtox standard procedure was employed in ecotoxicity 
measurements.  

When Fe2+ was employed as PS activator, an undesired reaction consumed both Fe2+ and . However, 
in case of ZVI, the release of Fe2+ to the media occurs at the particles surface through acid corrosion and 
reaction with PS. This allows a controlled production rate of  through a slow release of Fe2+ by 
selecting the proper particle size, which helps minimizing this undesirable reaction increasing the 
efficiency of the oxidant. Better results were obtained with ZVI than with Fe2+ especially when 
regeneration of Fe3+ to Fe2+ through oxidation intermediates did not occur.  

A kinetic model capable of describing the evolution of pollutant, oxidant, and iron concentrations (at the 
different oxidation stages) as well as the mineralization was proposed and validated.  

  

 
  
 Oxidation of Diuron (D), Caffeine (C) and 
Ibuprofen (I), was performed by persulfate 
activated with iron, in order to evaluate the 
influence of iron valence (Fe2+, Fe3+, ZVI) and 
particle size on the effectiveness of the process, at 
20ºC and room pressure. Pollutant abatement, 
oxidant consumption, TOC and chlorine removal 
from Diuron were monitored.   

A kinetic model, considering not only the 
activation of PS with Fe2+ and the undesired reaction 
between Fe2+ and sulfate radicals but also the 
generation of Fe2+ from ZVI (whenever it is the 
employed iron source) was carried out. A shrinking 
core model has been considered, assuming ZVI 
spherical particles of equal equivalent radius 
particle, rp.   

Results showed a quick pollutant descend at initial 
stages when Fe2+ was employed as PS activator, but 
asymptotic values of pollutant and oxidant 
conversion were obtained afterwards if no Fe2+ 
regeneration occurs. The oxidation is ended when 
Fe2+ is exhausted. When an excess of Fe2+ is 
employed in PS activation, an undesired reaction 
occurs that consumes both Fe2+ and .  

 

Minimizing this undesirable reaction is required to 
increase the efficiency of the oxidant. A slow release 
of Fe2+ can be achieved employing ZVI.  

When ZVI is employed, the production rate of 
 can be controlled by changing the particle size, 

since this can modulate the release of Fe2+ to the 
media because reaction takes place at the ZVI 
surface.   

Despite several aromatic oxidation intermediates 
were generated, the ecotoxicity of the samples 
obtained after the treatment was negligible. 
Therefore, oxidation of these pollutants with 
persulfate activated with ZVI allows achieving 
almost complete pollutant removal and non toxic 
effluents.  

kinetic parameters for reactions described in 
proposed kinetic model were obtained by data 
fitting.Proposed and validated kinetic model was 
capable of accurately predict the runs carried out 
with ZVI, regarding not only the parent pollutant 
evolution but also oxidant consumption, TOC 
removal and Fe2+ dissolution.  

S. Rodriguez ,  A .   Santos, and A .   Romero   
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 A facile hydrothermal synthesis protocol was employed to prepare 
hierarchically-structured CuBi2O4 composite by controlling the (i) 
ratios of Cu2+:Bi3+:Co2+, and (ii) amount of ethylene glycol. The 
composite was employed to generate sulfate radicals from 
peroxymonosulfate (PMS) activation for sulfanilamide (SA)
removal. The influence of different pHs, catalyst loadings and 
PMS dosages was studied. Investigation of the dominant radical 
revealed that sulfate radical was responsible for the degradation of 
SA. Indirect technique based on the reaction rate was successfully 
employed to quantify the concentration of sulfate radical at various 
conditions. The catalyst can be reused multiple times without 
severe deterioration to its performance. 
 
 

  

Water pollution due to pharmaceuticals is 
increasingly becoming a concern due to their 
adverse effect to human health and aquatic life. 
One particular class of the pharmaceuticals, i.e. 
sulfonyl drugs, are antibiotics that are difficult to 
be degraded and thus, pollution due to these 
compounds could result in the emergence of 
antibiotic resistance bacteria. Sulfate radical-based 
advanced oxidation process is increasingly gaining 
attention as an efficient and effective technology 
for organic pollutant abatement. Sulfate radical 
can be generated from the heterogeneous transition 
metal activation of peroxymonosulfate (PMS) for 
the treatment of sulfonyl drugs.  

The objectives of this study are to (i) prepare 
and characterize a novel CuBi2O4 composite with 
hierarchical architecture, (ii) investigate the 
performance of the as-prepared CuBi2O4 
composites for sulfanilamide (SA) removal via 
PMS activation and (iii) identify and quantify the 
dominant generated reactive radical. 

The CuBi2O4 composite (Co-EG) was prepared 
by using a facile one-step hydrothermal protocol 
by controlling the ratio of Cu2+:Bi3+:Co2+ and the 
amount of ethylene glycol. The characteristics of 
Co-EG were examined using FESEM, XRD and 
porosimetry. The performance of Co-EG for SA 
removal via PMS activation in water was 
investigated in a batch experiment. The main 

reactive radical was identified and quantification 
of the concentration of radical was conducted 
using indirect technique based on the reaction rate. 

The FESEM characterization revealed that the 
Co-EG has sphere-like hollow core morphology. 
The catalytic performance increases at higher pH, 
catalyst loading and PMS dosage. Radical 
quenching study gave evidence that the main 
reactive radical responsible for the degradation of 
SA was the sulfate radicals at all pH. The 
contribution of hydroxyl radical was found to be 
negligible. For the first time, the concentration of 
sulfate radical in the reaction system was 
successfully quantified using an indirect technique 
based on the reaction rate. The production of 
sulfate radical at various pHs was compared. The 
Co-EG can be reused multiple times without 
severe deterioration to its catalytic activity 
indicating that it is stable. 

In summary, the CuBi2O4 composite was 
successfully-prepared using a facile hydrothermal 
synthesis protocol to activate PMS for SA 
degradation. The effects of several operational 
parameters, namely pH, catalyst loading and PMS 
dosage on SA degradation were investigated. For 
the first time, sulfate radical was successfully 
quantified using an indirect approach based on the 
reaction rate. 
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 A novel CuFe2O4-Fe2O3 magnetic catalyst with cubic morphology
was prepared via a facile low temperature (90 ºC) co-precipitation 
method. The catalyst was employed to generate sulfate radical via 
peroxymonosulfate (PMS) activation for bisphenol A (BPA)
removal. The effects of initial pH, PMS dosage and catalyst 
loading on BPA degradation was investigated and correlated with 
the BPA degradation by-products. At acidic pH, the pseudo-first 
order model fail to describe the BPA degradation curves attributed 
to the interfacial repulsion between the catalyst surface and PMS. 
For the first time, a mechanistic kinetic model taking into account 
the initial pH, PMS dosage and catalyst loading was developed and 
successfully employed to describe the BPA degradation. The 
CuFe2O4-Fe2O3 catalyst could be reused for multiple cycles 
without significant deterioration to its performance. 
  

 

Background 

Environmental pollution due to bisphenol A 
(BPA) is known to cause harmful effect to human 
health and aquatic lives [1]. Many BPA treatment 
methods were proposed such as ozonation and 
activated carbon adsorption. However, these 
methods require high energy and generate 
secondary pollution.  

Sulfate radical-based advanced oxidation 
processes are gaining attention as an eco-friendly 
and efficient method for removing recalcitrant 
organics. Sulfate radical has a relatively high 
oxidation potential (Eo = 2.7 V) with longer half-
life compared with the hydroxyl radical. This 
allows better utilization of the reactive sulfate 
radical for pollutant degradation [2]. An efficient 
way to generate sulfate radical is by heterogeneous 
transition metal activation of peroxymonosulfate 
(PMS)[3]. Current trend of study involves the use 
of Co-based materials as PMS activators which 
suffers from the dissolution of highly-toxic Co 
ions during treatment thus making it less attractive 
[4, 5]. One appealing transition metal which is 
relatively less toxic than Co is Cu. 

Investigation of the kinetics of sulfate radical 
oxidation is relatively limited [6]. In most cases, 
the pseudo first-order kinetics was employed to 
describe the degradation of pollutants over time. 

However, it is inadequate as the pseudo first-order 
model does not take into account the influence of 
initial pH, PMS dosage and catalyst loading. In 
this regard, a more robust kinetic model is 
warranted. 

Objectives 

Herein, CuFe2O4-Fe2O3 catalyst with cubic 
morphology was prepared via a facile low-
temperature co-precipitation method. It was used 
for treating BPA in water via PMS activation. The 
effects of various initial pHs, catalyst loadings and 
PMS dosages on BPA removal were also studied. 
A mechanistic kinetic model taking into account 
the effects of initial pH, catalyst loadings and PMS 
dosages was proposed to describe the BPA 
degradation by sulfate radical via catalytic PMS 
activation. 

Methods 

The CuFe2O4-Fe2O3 catalyst was synthesized via 
a low temperature co-precipitation method at 90 
°C. The characteristics of the catalyst were studied 
using XRD, FESEM, BET and FTIR. Batch 
experiment was conducted to study the catalytic 
activity of the catalyst for BPA removal in water 
via PMS activation. The performance of the 
catalyst was compared with other heterogeneous 
catalysts, namely Fe2O3, Cu-based spinels 
(CuX2O4, X = Bi and Al) and ferrospinels 
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(YFe2O4, Y = Cu, Co and Mn) which were 

prepared using various synthesis protocols 

encompassing of   solvothermal, hydrothermal, 

sol-gel and low-temperature co-precipitation 

methods. Several key parameters, namely the 

oxone dosage, catalyst loading and initial pH were 

also investigated. The Cu leaching, total organic 

carbon and PMS consumption was also 

determined. The correlation between the BPA 

degradation by-products and initial pH was 

assessed using the LC-MS/MS system. 

Results 

The Rietveld refinement was conducted on the 

XRD pattern of CuFe2O4-Fe2O3 catalyst indicating 

that the compositional ratio of CuFe2O4 to Fe2O3 is 

2:3. The FESEM and BET characterizations of the 

CuFe2O4-Fe2O3 catalyst indicate that it consists of 

cubic morphology (Fig. 1) with a specific surface 

area of 62.5 m2 g-1. As indicated in Fig. 2, the 

performance of CuFe2O4-Fe2O3 catalyst was 

significantly better than other catalysts, namely 

Fe2O3, Cu-based spinels (CuX2O4, X = Bi and Al) 

and ferrospinels (YFe2O4, Y = Cu, Co and Mn) 

attributed to (i) its relatively higher specific 

surface area, (ii) eco-friendly preparation method 

without the use of any organic precursor, and (iii) 

synergistic redox coupling of Cu and Fe for PMS 

activation. 

 

 

Figure 1: FESEM micrograph of CuFe2O4-Fe2O3 

catalyst. 

 

Investigation of the influence of different initial 

pHs, catalyst loadings and PMS dosages on the 

BPA removal rate indicated that the pseudo first-

order model could not be used to describe the BPA 

degradation at acidic pH attributed to the intrinsic 

repulsion between the positively-charged catalyst  

surface and PMS. In this regards, a kinetic model 

accounting for the initial pH, catalyst loading and 

PMS dosage was proposed (Eq. 1). 

���� = ������
�	
�


 
�����

(���������)����� !"
#$�%
     (1) 

where CBPA is the BPA concentration over time, 

CBPAo is the initial BPA concentration, k1 and k2 

are the rate constants for BPA degradation and 

PMS consumption, respectively, and CPMSo is the 

initial PMS concentration. Eq. (1) was fitted to the 

experimental data with relatively good fit (R2 

>0.99) compared with the pseudo-first order 

kinetics. The LC-MS/MS study indicated  that the 

major degradation pathways for BPA were 

different at different initial pHs. 

 

 

Figure 2: Comparison of the performance of 

CuFe2O4-Fe2O3 with other catalysts. Conditions: 

[Catalyst]o = 0.2 g L-1, [oxone]o = 1.0 g L-1, [pH]o 

= 7 and [BPA]o = 5 mg L-1.  

 

After several cycles of used, the FTIR study 

indicated the presence of additional band due to 

the reversible adsorption of BPA by-products. The 

CuFe2O4-Fe2O3 catalyst could be reused multiple 

times by simple washing procedure without losing 

significant catalytic activity. 

Conclusions 

The CuFe2O4-Fe2O3 catalyst was successfully 

prepared via a low temperature co-precipitation 

method to activate PMS for BPA removal. A 

kinetic model taking into account the initial pH, 

catalyst loading and PMS dosage was successfully 

used to describe the BPA degradation. Generally, 

the remarkable performance of catalyst provides a 

potential low-cost platform for the treatment of 

hydrophobic pollutant such as BPA.  
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Abstract:  

In this study, the effects of polycarboxylates on both Cr(VI) reduction and S(IV) 

consumption were investigated in acidic solution. Study of the Cr(VI) reduction 

mechanism unprecedentedly indicates that under aerobic conditions, the formations of 

highly active radicals, such as SO4
•− and OH•  accounted for the excess consumption 

of sulfite and these produced radicals can successfully oxidize other pollutants, i.e., 

RhB and As(III). Sulfite- induced reduction of Cr(VI) can be significantly promoted 

by the addition of polycarboxylates, which are greatly influenced by solution pH and 

regent concentrations. Surprisingly, only Ox can induce the enhanced productions of 

active radicals accompanying with the fast depletion of S(IV). Contrarily, in addition 

to scavenging the active radicals, other three tested polycarboxylates, i.e., malic acid, 

tartaric acid and citric acid can effectively play as sacrificial regents for Cr(VI) 

reduction via intramolecular electron transfer, leading to the retrenchment of S(IV) 

and retarded productions of active species. This electron transfer capacity is governed 

by the energies of the highest occupied molecular orbital and chemical structures of 

sacrificial polycarboxylates. In general, this is the first study that an explanation for 

the variant reactivity pattern of Cr(VI) reduction induced by specific polycarboxylates 

is reported. 
 

C1- 6



1 

The unpredictable effect of chloride and carbonate 
radical anions during advanced oxidation processes 

 

A. Bianco, A. B. Touré, G. Mailhot, M. Brigante*, Clermont Université, Université Blaise Pascal, Institut de 
Chimie de Clermont-Ferrand, UMR CNRS 6296, BP 10448,F-63000 Clermont-Ferrand (France). Corresponding 

author: marcello.brigante@univ-bpclermont.fr 

F. Author1, S. Author2, T. Author1,2. (1) Institution, Address, Town, Country, Institution, Address, Town, Country. 
 

 

  
Naturally occurring ions such as chloride and 
hydrogencarbonate/carbonate are considered as scavengers 
during application of radical degradation via advanced 
oxidation processes. 
In this research project, we investigate the reactivity of 
different organic pollutants using the UV/H2O2 system to 
generate hydroxyl radical in the presence of inorganic 
compounds. The main results underline a possible degradation 
enhancement in the presence of chlorine ions due to a better 
selectively of the process. 
  
 
 

 
 
In wastewaters, the concentration of 

hydrogencarbonate (HCO3
-) and chloride (Cl-) ions 

is variable and the assessment of their impact on 

AOPs processes mediated by hydroxyl radical, the 

most important oxidant involving in AOPs [1, 2], 

needs to be deeply investigated [3]. The 

degradation of different pollutants is followed 

under UV/H2O2 process and in the presence or in 

the absence of Cl- or HCO3
- ions. Up to now, these 

anions are considered as inhibitors of the oxidation 

process because they react with hydroxyl radical 

(HO� ) to give chlorine radical anion (Cl2
� -) and 

carbonate radical anion (CO3
� -) generally less 

reactive than HO�  [4]. 

In this work, batch irradiations experiments were 

performed for different compounds: degradation 

rates (Rd, M s-1) are determined to evaluate the 

positive or negative effect due to the presence of 

inorganic ions toward a large range of physico-

chemical conditions. For instance, the presence of 

Cl- ions enhances the photoinduced degradation of 

Ethoxyquin, while plays an inhibition effect in the 

case of Benzenesulphonic acid. 

Second order rate constants between HO� , Cl2
� - or 

CO3
� - and pollutants are determined by using a 

competition kinetics with Laser Flash Photolysis 

(LFP) technique.  

Cl2
� - and CO3

� - are less reactive than HO� but 

could be more selective and could react directly 

with pollutant while HO�  can be partially 

scavenged by other species in solution.  

In conclusion, chloride and carbonates ions could 

have different effects on the disappearance of 

pollutants during AOPs applications and these 

effects should be elucidated using a chemical 

kinetic approach to find the best decontamination 

process for a selected media. Moreover, kinetic 

data will improve the description ability of 

advanced oxidation processes models. 
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Removal of Methylene Blue by Fenton Like Oxidation Process using 
nano-Zero-Valent-Iron supported Pumice stone 

 

  
  

 
 
 
 
 
 

 

 This study investigated the treatment of methylene blue (MB) dye 
from aqueous solution by Fenton like oxidation process using Nano-
zero-valent-iron (nZVI) supported pumice stone as catalyst in the 
presence of hydrogen peroxide. The effect of process conditions such 
as initial dye and H2O2 concentrations, nZVI-Pumice dosage and pH 
of the solution were investigated on the removal efficiency of MB in 
the nZVI-Pumice/H2O2 system. Concentrations of MB (50-250 ppm, 
H2O2 (1.47-7.35 mM), nZVI-Pumice (0.2-10 g/L) were varied at the 
reasonable amounts and the initial pH was kept in the interval of 2-7 
during batch experiments which were conducted in a 100 mL flask 
(active volume 50 mL) placed on a rotary shaker at 200 rpm and at 
room temperature. Initial MB concentration, pH value, nZVI-Pumice 
dosage, and H2O2 concentration were found to influence reaction 
parameters. Degradation kinetics were improved 3-4 times in nZVI 
supported Fenton Like oxidation system. 
 
Keywords: Fenton like oxidation, Methylene blue, Nano-composite, 
Pumice stone, nano Zero Valent Iron 
  

Dyes are widely used in different industries for 
textiles, pulp mills, leather, dye synthesis, printing, 
painting, photography, food and plastics etc. [1]. 
Resistance to removal by biological treatment 
systems of the most dyes have cause a severe 
problem due to toxicity for the ecosystems.  

In recent years, Advanced Oxidation Processes 
(AOPs) which are based on the generation reactive 
hydroxyl radicals have become most popular 
processes for the destruction of non-biodegradable 
dyes [2]. Fenton process has one of the most 
common used AOPs for the destruction of various 
recalcitrant organic pollutants in water using 
ferrous iron as a catalyst and hydrogen peroxide 
(H2O2) as oxidant [3]. However, the loss of reagent 
activity and the need to remove the iron-containing 
waste sludge from the effluent are the limitation of 
this process [4]. To solve these problems, 
heterogeneous iron catalysts and supported 
materials such as activated carbon, clay etc. has 
increasingly been used for toxic pollutants 
treatments in the last decade [4-10]. Researchers 
observed that Nano-zero valent iron (nZVI) is an 
effective catalyst to generate the hydroxyl radicals 
in the presence of hydrogen peroxide for 
wastewater treatment in Fenton like processes. 
nZVI is also inexpensive, non-toxic and has large 
specific surface area, high reactivity and efficiency 
to removal of pollutants, also can be recycle 
because of a magnetic characteristics of the particle 
[11].  

Pumice stone is a light, porous, natural silicate of 

volcanic stone with a large surface area and 
founded easily and cheaply in the environment and 
has been used as an effective adsorbent [12], as well 
as catalyst for different oxidation methods [13]. 

The main objective of this study is to evaluate the 
treatment of methylene blue (MB) dye from 
aqueous solution using Nano-zero valent iron 
supported pumice stone in the presence of hydrogen 
peroxide. The effect of of process conditions such 
as initial dye and H2O2 concentrations, nZVI-
Pumice dosage and pH of the solution were 
investigated on the the removal efficiency of MB in 
the nZVI-Pumice/H2O2 system.  

Methylene blue, hydrogen peroxide (H2O2 35% 
wt), iron, sulphuric acid, nitric acid and sodium 
hydroxide were purchased from Merck. Pumice 
(particle size 0.125 mm) was provided from 
Nevsehir, Turkey. Distilled water was used to 
prepare all the aqueous solutions.The pumice and 
nano-Zero-Valent-Iron concentrations were added 
into 200 mL distilled water. The pH of the solution 
was adjusted to 3.0 with HNO3 and ultrasonificated 
for 10 min and was left at room temperature under 
mixing for 24 h. After pumice adsorbed of iron 
particle, solution was rinsed several times using 
distilled water and nano-ZVI-Pumice stone 
composite was dried at 105°C for 24 h. 

Concentrations of MB (50-250 ppm, H2O2 (1.47-
7.35 mM), nZVI-Pumice (0.2-10 g/L) were varied 
at the reasonable amounts and the initial pH was 
kept in the interval of 2-7 during batch experiments 
which were conducted in a 100 mL flask (active 

D.I.Çifçi1, S.Meriç1. (1) Department of Environmental Engineering, Çorlu Engineering Faculty, Namık Kemal
University, Çorlu 59860- Tekirdağ, TURKEY
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volume 50 mL) placed on a rotary shaker (Biosan 

PSU-10i) at 200 rpm and at room temperature. The 

pH was adjusted to the desired levels using H2SO4 

(1 and 0.1 N) and NaOH (1 and 0.1 N). Samples 

were taken at a given time intervals during the 

reaction and centrifuged at 4000 rpm for 5 min. The 

supernatants were analyzed to determine 

degradation (UV spectrophotometer (Aquamatch) 

at 664 nm as the peak value of MB, mineralization 

(TOC, Schimadzu) and ecotoxicity to Daphnia 

magna. Synthesized and reused nZVI-Pumice stone 

composite was characterized using electron 

scanning microscopy (SEM)-energy dispersive X-

ray analyzer (EDX) and Fourier Transform Infrared 

Spectroscopy (FTIR) methods. 

  Initial MB concentration, pH value, nZVI-Pumice 

dosage, and H2O2 concentration were found to 

influence reaction parameters in the Fenton like 

oxidation system. The effect of all those parameters 

on MB removal efficiency was investigated in both 

pumice stone and nZVI-pumice stone catalysed 

systems. 

 The effect of different pumice and nZVI-pumice 

concentration on MB removal is shown in Fig. 1. 

Accordingly, the removal efficiency of MB could 

not be achieved in pumice stone/H2O2 system 

during 4 hour oxidation. MB removal efficiency 

improved with increasing nZVI-pumice 

concentration up to 1 g/L pumice concentration for 

1.47mM H2O2 concentration and 100% MB 

removal efficiency was achieved at 1 g/L nZVI-

pumice concentration.  

 

 

Figure 1. Effect of catalysts dose on MB removal 
(Initial MB: 50 ppm, pH: 3) 

  As displayed in Fig.2, when a 2.94 mM H2O2 

concentration was added to the system, MB 

removal efficiency increased up to 93% with 

increasing pumice concentration up to 10 g/L while 

100% MB removal was observed even using 0.2 

g/L nZVI-pumice concentration after 4 hour 

oxidation. 

 

 

Figure 2. Effect of H2O2 concentration on MB 
removal (MB concentration: 50 ppm, pH: 3) 

  As seen Figure 3, MB removal in nZVI-

pumice/H2O2 system was to be much higher than 

pumice/H2O2 system. About 75% of MB was 

removed during 3 hour of oxidation using 0.2 g/L 

nZVI-pumice stone and 1.47 mM H2O2. 

 

 

Figure 3. Removal of MB using 0.2 g/L nZVI-pumice 

stone and 1.47 mM H2O2 (Initial MB: 50 ppm, pH: 3) 

  As displayed in Figure 4, when the concentration 

of H2O2 increased to 5.88 mM, MB concentration 

could be completely removed in 4 hours for the use 

of same amount of 0.2 g/L nZVI-pumice stone 

catalyst used in Figure 3.   

 

Figure 4. Removal of MB using 0.2 g/L nZVI-pumice 
stone and 5.88 mM H2O2 (Initial MB: 50 ppm, pH: 3) 

Degradation kinetics at 664 nm are displayed for 

0.2 g/L pumice stone and nZVI-pumice stone 

systems comparatively in Table 1. Pseudo first-

order degradation kinetic fitted very well on the 



3 

degradation of MB in both pumice and nZVI-

pumice H2O2 systems. Reaction rates were 

improved significantly when nZVI-pumice stone 

supported oxidation system was the case. By 

increasing nZVI-pumice catalyst concentration 

from 0.2 to 2 g/L, Pseudo first-order degradation 

kinetic constants (k1) increased from 0.4762 to 

1.5469 h−1 and 0.9597 to 1.7374 h−1 respectively 

when 1.47 mM and 5.88 mM H2O2 concentrations 

were used.   

Table 1. Pseudo first order kinetic constants for 

pumice stone and nZVI-pumice stone composite assisted 
Fenton like oxidation system during 4 hour of oxidation 

(Initial MB dose: 50 ppm; pH: 3; first cycle use results) 

Concen. 

(g/L) 

Pumice stone nZVI-Pumice  

k1 (h-1) R2 k1 (h-1) R2 

1.47 mM H2O2 

2 0.0031 0.8647 1.5469 0.8736 

1 0.0029 0.7045 1.2376 0.8920 

0.5 N.A. 0.7155 0.9750 

0.2 N.A. 0.4762 0.9604 

5.88 mM H2O2 

2 0.2609 0.8969 1.7374 0.9250 

1 0.1914 0.8985 1.0500 0.9389 

0.5 N.A. 1.0379 0.9805 

0.2 N.A. 0.9597 0.9672 
 

 The results of this study showed clearly that 

addition of nZVI to pumice stone improved 

significantly the degradation kinetics. This increase 

was found to be consistent when nZVI-pumice 

stone was reused three times too.  The optimized 

process conditions yielded non-toxic effluent to D. 

magna. Mineralization was not as much as effective 

as it was for degradation however higher 

mineralization efficiency of nZVI supported system 

was obvious for system optimization.  

  It can be concluded that nZVI-pumice stone 

composite can be optimized as an effective catalyst 

to integrate to AOPs to remove recalcitrant and 

emerging pollutants. 
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Different iron-containing catalysts were prepared by simple 
direct synthesis routes and low cost reagents and tested in a 
Fenton system for the treatment of phenol aqueous solution. 
The activity of the iron containing catalysts in terms of TOC 
conversion and oxidant efficiency is almost not affected by 
the type of silica support. The iron incorporation in the 
iron/silica matrix using sodium silicate as silica source 
provides higher stability of the supported iron species. 
Interestingly, higher iron contents promote higher stability 
in the catalyst during the reaction. Fe/SiO2 catalyst prepared 
via sol-gel in absence of organic template and using a 
cheaper silica source, was considered an interesting 
alternative for its application in industrial Fenton processes. 

 
 
Background 

The heterogeneization of Fenton catalytic 
system has been of great interest in the field of 
industrial wastewater treatments based on 
Advanced Oxidation Processes. The combination 
of that powerful process for hydroxyl radical 
generation with a solid catalyst is a desirable 
alternative avoiding the main drawback of the 
conventional homogeneous system. That is, the 
generation of metallic sludges that need to be also 
treated. Several studies have been addressed to the 
incorporation of active and stable iron species over 
different supports [1]. The most promising 
materials in terms of activity and stability 
(zeolites, mesostructured solids, etc.) usually need 
expensive reactants and complex synthesis 
methods, with a strict pH and temperature control, 
and synthesis periods up to 3-4 days. Therefore, its 
industrial application seems to be uncertain and 
difficult to achieve. That is the case of the 
Fe2O3/SBA-15 material [2] which is a highly 
active and stable catalyst for the treatment of a 
wide range of pollutants but it must be prepared 
following a long and complex synthesis route 
involving a costly template reagent. 

Objectives 

The aim of this work is to study different 
approaches for the preparation of iron-containing 
catalysts with simplified synthesis routes, low cost 
reagents and different iron content, but with 
appropriate catalytic properties (activity and 
stability) for the degradation of organic pollutants. 
The new materials have been prepared following a 

sol-gel method reported in literature [3]. This is a 
simple direct synthesis route in with a control of 
the iron content in the material can be achieved in 
a shorter synthesis route. Additionally, this method 
avoids the use of expensive reagents, such as the 
organic templates involved in the preparatiton of 
mesostructured catalysts, being the mesostructured 
material a 43 % expensive, taking into account 
only the cost in reactives. Moreover, sodium 
silicate has been employed as silica source instead 
of expensive organosilicates (as TEOS), with an 
additional 19 % of reduction in the cost. The 
catalytic properties were evaluated in the oxidation 
of phenol aqueous solutions in an intensified 
Fenton system consists of a continuous catalytic 
fixed bed reactor coupled with a stirred autoclave 
[4]. This system is considered an innovative 
process which can bring significant benefits in 
terms of the efficiency of heterogeneous catalysts 
for wastewater treatment by Fenton-like processes. 
This intensified-Fenton process takes advantage of 
the iron dissolved from the heterogeneous catalyst 
for further oxidation by homogeneous Fenton 
reactions in the stirred autoclave. Moreover, a 
mesostructured Fe2O3/SBA-15 material (a 
composite material that contains crystalline 
hematite embedded on a mesostructured SBA-15 
matrix) and an unsupported crystalline hematite 
were tested for comparison.  

Methods 

Several powder iron-silica materials were 
prepared following a sol-gel method based on 
acid-catalyzed hydrolysis and basic condensation 
with ammonium hydroxide using TEOS (samples 

FC PI

TC

PC

LC

FC PI

TC

TC

TC

AIRFC

Phenol

+

H 2O2
Catalytic 

Fixed Bed

Reactor

Off Gas

High Pressure 
Pump

Autoclave

High Flow 
Pump

QA

QR

Treated  Effluent

C1- 9



2 

named TEOS X) or sodium silicate (samples 

named Sil X) as silica sources. The iron content in 

the synthesis was 5 and 20 wt. % (X=5 or 20). A 

mesostructured Fe2O3/SBA-15 material with 

hexagonal mesoscopic order was synthesized 

following the method described elsewhere [2] with 

the porpouse of comparation. Catalysts extrudates 

were prepared by blending of the powder catalyst 

with sodium bentonite (75:25 wt. %) and synthetic 

methylcellulose polymer (10 wt. % of the previous 

mixture) which act as binders in the extrusion 

process [5]. Finally, extrudates of commercial 

hematite were prepared following the same 

procedure.  

Physicochemical and textural properties as well 

as the presence of crystalline phases of the 

extruded catalysts were analyzed by means of 

different conventional techniques: X-ray powder 

diffraction (XRD), nitrogen adsorption and 

desorption isotherms at 77 K, TEM images, and 

iron content of the synthesised materials by means 

of ICP-AES. 

Catalytitic tests were carried out at pilot-plant 

scale. The intensified Fenton system (as shown in 

the Graphical Illustration) consists of a catalytic 

fixed bed reactor coupled with a stirred autoclave. 

The wastewater and oxidant were fed to the 

autoclave at a flow rate of 0.25 L/h. The flow rate 

to the fixed bed reactor was fixed at 2.5 L/h, being 

the partial recirculation flow after the FBR 

2.25 L/h [4]. The temperature in the reactor was 

100°C, whereas the temperature in the autoclave 

was kept constant at 60°C. 5 g of the previously 

synthesized materials were used as catalysts with a 

particle size of 2 mm [6]. The efficiency of the 

treatment under continuous operation was 

evaluated in terms of total organica carbon (TOC), 

phenol and oxidant conversions, as well as 

intermediates produced during the reaction by 

HPLC. The stability of the catalyst was assessed 

by measuring of the iron leached into the solution. 

Results  

Table 1 shows the physicochemical properties of 

the synthesized iron catalysts. Characterization 

data of the materials evidence that catalysts 

synthesized using TEOS as silica source lead to 

higher specific surface areas than those using 

sodium silicate as silica source.  

XRD patterns for the materials prepared by sol-

gel method did not show any sign of mesoscopic 

order. Whereas, at higher angles, clear diffraction 

peaks at 33, 36 and 42 º were observed, which are 

characteristic of crystalline hematite particles, 

except for catalyst with lower iron content (5 %). 

This fact could be related to the small size of the 

crystalline iron oxide particles, which makes the 

crystals less visible to the X ray diffraction. This 

hypothesis was confirmed by TEM analysis, being 

detected crystalline hematite with big sized 

crystals in the cases of high iron content materials 

whereas small iron oxide particles, less than 2 nm, 

were detected for the lower iron content catalysts 

(Figure 1). In the later cases, crystal sizes were 

several magnitude orders lower than those 

observed for higher iron content materials. 

Table 1. Characterization of extruded materials 

Catalyst 
SBET 

(m2/g) 

Fe 

(wt.%) 
Hem1 

Fe2O3/SBA-15 264 14 Yes 

Fe/SiO2 (TEOS 20) 284 17 Yes 
Fe/SiO2 (TEOS 5) 333 3.5 No 

Fe/SiO2 (Sil 20) 25.7 22 Yes 

Fe/SiO2 (Sil 5) 29.6 7.6 No 
Hematite 22.8 61 Yes 

1Presence of hematite 

 

Figure 1. TEM images for Sil20 (a), Sil5 (b), TEOS20 
(c), TEOS5 (d). 

Table 2 summarizes the results of the parameters 

monitored in the outlet stream at steady-state after 

six hours of time on stream for the synthesized 

catalysts. It is noteworthy that phenol is almost 

completely degraded for all the catalysts 

regardless of the synthesis procedure. TOC results 

evidence a high catalytic performance of silica-

based iron catalysts with conversions above 55 %. 

But it is important to note that this high TOC 

conversion could be achieve in some particular 

cases by the homogeneous Fenton process that 

could take place in the autoclave due to the high 

iron leaching obtained from catalysts synthesized 

by the sol-gel method using TEOS as silica source 

(36-62 mg/L). This fact indicates weaker 

interactions between the iron particles and the 

xerogel framework, which is not only contributing 

to a faster catalyst deactivation but also to an 

additional metal pollution in the treated effluent.  
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Table 2. Activity and stability of the catalyst 

under steady-state conditions. 

Catalyst 
XTOC 

(%) 

XPhenol 

(%) 

[Fe]leached 

(mg/L) 

Fe2O3/SBA-15 54 96 15 
Fe/SiO2 (TEOS 20) 59 94 36 

Fe/SiO2 (TEOS 5) 58 95 62 

Fe/SiO2 (Sil 20) 57 98 1.5 
Fe/SiO2 (Sil 5) 56 96 13 

Hematite 44 94 5.6 

Only H2O2, T 37 79 - 

Only T 2.3 3.7 - 

The better stability of Fe/SiO2 (Sil 20) and 

Fe/SiO2(Sil 5), as compared to the other two 

analogous catalysts prepared by sol-gel method 

using TEOS, indicates a stronger stability of the 

hematite particles. This can be related to the 

particular physicochemical properties of the 

xerogel framework for supporting small iron 

clusters. Moreover, the stability of the different 

catalysts synthesized by sol-gel method using 

sodium silicate (Sil 20 and Sil 5) seems to be 

related with the size of iron formed during the 

synthesis. The catalyst with lower iron content 

presents lower crystal size, as can be in Figure 1b 

for Sil5, and are less stable than that with higher 

iron content in which hematite is clearly formed 

(Figure 1a). Regarding the hydrogen peroxide 

conversion, the oxidant is totally consumed under 

the operation conditions for the tested catalysts. 

Finally, it is noteworthy than supported crystalline 

hematite allows an enhancement of the catalytic 

performance, compared with the experiment 

performed with the unsupported crystalline 

hematite (only 44 % of TOC degradation whereas 

over 55 % obtained for the supported hematite 

catalysts).  

Figure 2 shows the intermediates at six hours on 

stream (steady-state) for the different catalyst.  

 

Figure 2. Intermediates at six hours on stream for the 
different catalyst. 1.Phenol, Catechol, Hydroquinone. 2.Formic, 

Acetic, Maleic, Succinic, Oxalic, Fumaric and Glioxylic acids 

As can be seen, the higher percentage of 

carboxylic acids were obtained with the catalyst 

prepared by the sol-gel method and using sodium 

silicate as silica source with a 20 % of iron 

content. It is important to note that carboxylic 

acids could be refractory to this kind of treatments, 

whereas they could be degraded in a later 

biological step.  

Conclusions 

Different iron-containing catalysts prepared by 

simple direct synthesis routes and low cost 

reagents were prepared and tested in an intensified 

Fenton system for the treatment of phenol aqueous 

solution. The activity of the iron containing 

catalysts in terms of TOC conversion and oxidant 

efficiency is almost not affected by the type of 

silica support. The iron incorporation in the 

xerogel framework using sodium silicate provides 

higher stability of the supported iron species. In 

contrast, those catalysts prepared using TEOS 

prove higher losses of iron in the treated aqueous 

solution. Interestingly, higher iron contents 

promote higher stability in the catalyst during the 

reaction. Fe/SiO2 catalyst prepared via sol-gel in 

absence of organic template and using a cheaper 

silica source, such as ºsodium silicate, was 

considered an interesting candidate for its 

application in industrial Fenton processes for 

wastewater treatments. This catalyst achieved a 

total phenol removal with TOC reductions above 

50 % and relative low iron leaching (below 2 

mg/L) operating for six hours on stream, 

accompanied with a reduction of a 54 % in the 

catalyst preparation cost and 2 days less during the 

synthesis step. 
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Decontamination of antibiotics and inactivation of antibiotic-resistant 
bacteria in urban MBR wastewater using novel graphene-based 
composites 

 

P. Karaolia1, E. Hapeshi1, I. Michael1, C. Drosou2, N. Xekoukoulotakis2, D. Fatta-Kassinos1.  
1Nireas-International Water Research Center, University of Cyprus, P.O. Box 20537, 1678 Nicosia, Cyprus. 
2 Department of Environmental Engineering, Technical University of Crete, GR-73100 Chania, Greece. 
 
 

 

 The degradation of three antibiotics (sulfamethoxazole, 
clarithromycin and erythromycin), the disinfection and 
inactivation of antibiotic-resistant bacteria, namely 
Pseudomonas aeruginosa and Escherichia coli in a pilot-scale 
MBR effluent by heterogeneous (TiO2) photocatalysis were 
investigated in this study. Two novel graphene-based 
composites, using hydrothermal (HD) and photocatalytic (PH) 
methods of synthesis were evaluated, along the commercially 
available Aeroxide P25. The results show an effective removal 
of antibiotics with the newly synthesized catalysts 
(clarithromycin = 86%, erythromycin = 84%). There was a 1-
log removal of bacteria using all catalysts while there was a 
high removal (>70%) of antibiotic-resistant P. aeruginosa after 
60 minutes of treatment with the PH catalyst. 

 

The occurrence of antibiotics and of antibiotic 
resistance (AR) has risen in recent years as an 
emerging concern in aquatic environments. The 
pressure which is applied onto bacteria in aqueous 
environments by the extensive use of antibiotics, 
leads to an increase of prevalence of antibiotic 
resistant bacteria and genes (ARB & ARG) [1], 
causing a rise in prevalence of nosocomial 
diseases.  

Despite the acknowledgment of AR as an issue of 
emerging concern in urban wastewater effluents, 
there has been limited research as regards 
alternative actions of controlling AR in wastewater 
treatment plants (WWTPs), i.e. advanced oxidation 
processes (AOPs) and new biological methods 
which have the potential to perform more 
efficiently in the removal of AR. 

Over the last decade, graphene and its composites 
have attracted high scientific interest due to their 
unique electronic, optical, thermal, and mechanical 
properties. As a result, a huge number of graphene-
based composite materials have been synthesised, 
which have been used in a wide range of 
applications, including batteries, fuel cells, solar 
cells and photocatalysis as well as in water and 
wastewater treatment and reuse [2]. 

Therefore, the purpose of this work was to serve as 
an initial feasibility study of selected biological and 
AOPs in the removal of various antibiotics, the 
disinfection and inactivation of ARB in treated 
wastewater matrices.  

The following aspects were examined: i) the 
investigation of the presence of 2 types of ARB 
(Pseudomonas aeruginosa, Escherichia coli) in the 
absence (NO) or in the  presence of: 
sulfamethoxazole (SMX), clarithromycin (CLA), 
erythromycin (ERY) and a mixture of all three 
(MIX), ii) the reduction of antibiotics (spiked 
concentrration of 100 µg L-1) and antibiotic 
resistance removal efficiency of a combination of a 
pilot-scale Membrane BioReactor (MBR) (capacity 
of 10 m3 day-1) and  an advanced wastewater post-
treatment technology, namely bench-scale 
heterogeneous (TiO2)  photocatalysis.  

In the context of the heterogeneous (TiO2) 
photocatalysis investigation, three different types 
of photocatalysts were investigated: (1) the 
commercially available Aeroxide P25, (2) the 
hydrothermally synthesized TiO2-reduced graphene 
oxide (rGO) composite (HD) and (3) the 
photocatalytically synthesized TiO2-rGO 
composite (PH).  

GO was prepared according to the modified 
Hummers method, using graphite as the starting 
material, and potassium permanganate (KMnO4) as 
an oxidant. Composites of TiO2-rGO were 
synthesized photocatalytically and hydrothermally, 
employing commercial Aeroxide P25 as a starting 
material, under UV-A irradiation and under 
hydrothermal treatment. Samples were 
characterized by FT-IR, XRD (Figure 1), Raman 
(Figure 2) spectroscopy and BET analysis.  
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In a typical photocatalytic run, 300 mL of the MBR 

final effluent solution containing the spiked 

concentration of the substrate was loaded in the 

batch reactor (100 μg L-1) along the appropriate 

amount of catalyst (100 mg L-1) followed by 

sonification and stirring to ensure complete 

substrate adsorption on the catalyst surface. This 

concentration of substrate has been chosen as it is a 

close approximation to environmentally relevant 

concentrations of micropollutants in the 

environment. This catalyst concentration is not 

similarly high with that of other studies conducted, 

but it was chosen as it produces lower operational 

cost of catalyst use and easier catalyst regeneration 

and removal. 

The removal of antibiotics over experimental time 

was monitored using an ACQUITY TQD UPLC-

MS/MS system (Waters).  Electrospray ionization 

(ESI) in positive ion mode was used for the 

detection of the target analytes. Data acquisition 

was performed in multiple reaction monitoring 

mode (MRM), recording the transactions between 

the precursor ion and the most abundant fragments.  

The monitoring of the AR bacterial populations 

was done with the use of selective nutrient 

microbiological agars (TBX agar for E. coli, 

Cetrimide agar for P. Aeruginosa). 

Figure 1 shows the XRD patterns of graphite, 

exfoliated GO and Aeroxide P25. Graphite shows a 

very strong peak at 2θ=26.4ο. For exfoliated 

graphene oxide a peak at 2θ=10.9ο is observed, 

which indicates the change of the regular 

crystalline graphite structure during the Hummers 

oxidation. Figure 2 shows the Raman spectra of 

Aeroxide P25 as well as of the PH composite. 

 

Figure 1. XRD patterns of graphite, exfoliated 

graphite oxide and Aeroxide P25. 
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Figure 2. The Raman spectra of Aeroxide P25 

(left) and HD composite (right). 

 

The three examined antibiotics exhibited varied 

removals during the heterogeneous photocatalysis 

in the MBR effluent. The final removal percentage 

after 60 minutes of treatment is shown in Figure 3. 

PH catalyst seems to exceed the removal 

performance of the other two catalysts in the case 

of CLA and ERY, while Aeroxide P25 is shown to 

perform better in the removal of SMX. 

  

Table 1. The removal percentage (%) of the 

examined antibiotics after 60 minutes of treatment. 

Next to each removal percentage the relative 

standard deviation(RSD, %) is given. 

Removal 

(%) and 

RSD (%) 

Aeroxide 

P25 
PH HD 

CLA 19 ±5 86 ±6 29 ±4 

SMX 87 ±2 50 ±5 15 ±4 

ERY 10 ±8 84 ±2 42 ±2 

 

The disinfection of E.coli and P. aeruginosa in the 

MBR effluent after photocatalytic treatment in the 

absence of antibiotics can be seen in Figure 3. The 

most eficient disinfection was performed by PH 

catalyst.  

Figure 4 demonstrates the inactivation of AR E. 

Coli to the three  examined antibiotics, separately 

and in mixture.As can be seen after 60 minutes of 

heterogeneous photocatalysis with Aeroxide P25 

there is an inactivationn of E. Coli over 95%.   

Figure 5 shows the evolution of antibiotic 

resistance   in MBR effluent samples containing P. 

Aeruginosa. The results indicate a tolrance of the P. 

Aeruginosa populations to SMX and ERY. 
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Figure 3. The disinfection of E. Coli by 

heterogeneous photocatalysis with the three 

examined catalysts, in MBR treated effluent 

(SD<0.05). 

 

Further down the course of photocatalytic 

treatment with PH, an increased prevalence of P. 

Aeruginosa is observed in the presence of ERY 

compared to other antibiotics, (difference of 

40%)but this prevalence is greatly reduced after 60 

minutes of treatment. 

 

 

Figure 4. The inactivation of AR E. Coli after 

heterogeneous photocatalysis (Aeroxide P25). 

 

 

Figure 5. The inactivation of AR P. Aeruginosa 

after treatment with the PH catalyst. 

 

In conclusion, it can be seen that that newly 

synthesized graphene-based composites may have 

a significant role to play in the disinfection of 

wastewater matrices from AR pathogenic bacteria, 

and in the removal of contaminants of emerging 

concern, such as antibiotics, compared to already 

commercially available TiO2-based catalysts such 

as Aeroxide P25.  
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Mechanistic model for bacteria photo-inactivation in water using 
solar radiation 
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 This work aims at developing a mechanistic model to describe 
the kinetics of the basic phenomena involved in the solar water 
disinfection process, so-called SODIS. This process consists on 
the solar exposure of small volumes (<2L) of polluted water to 
sunlight in transparent plastic containers for at least 6 h, 
producing significant bacterial inactivation due to the action of 
sunlight and mild thermal heating. This paper proposes a 
mechanistic approach of the solar radiation effects over bacteria 
cells, considering the UV part of the spectrum, which is the 
primary cause of the bactericidal action. The photo-inactivation 
of catalase by UV is considered to induce accumulative ROS 
inside the cell and enhancing the damage on it. 

 

Introduction 

Solar disinfection treatment (SODIS) is a house-
hold water treatment technique approved by the 
World Health Organization in those areas that 
have no access to safe drinking water. Disinfection 
efficiency against several microorganisms has 
been proved. However, the mechanisms that 
govern the process are still unknown. 

SODIS consists in the solar exposure of the 
water usually in plastic bottles without adding any 
reactive or catalysts. Among this, the main factor 
in the process is the solar radiation. The solar 
spectrum ranges from UV-B (280 nm) to infrared 
(1000 � m), being the most harmful part the 
UVA&B ranges. No direct damages on cells are 
reported by solar radiation, in contrary UV-C does. 

The objective of this work is to find out a 
suitable mechanistic description of the main 
phenomena that govern solar disinfection. In line 
with this, a mechanistic kinetic model is proposed 
to predict how bacterial concentration change 
along the time of exposure to solar radiation. 

 

Mechanistic model 

This model suggests that bacterial inactivation in 
water by solar radiation is mainly produced by the 
generation of Reactive Oxygen Species (ROS) and 
eventually by the photo-inactivation of the catalase 
enzyme that prevents the oxidative action of ROS 
inside cells.  

In the electron transport chain during cell 
respiration cycle, different ROS are generated as 
superoxide radicals (O2

•-), hydrogen peroxide 

(H2O2) and hydroxyl radicals (HO•). Bacteria have 
a defensive mechanism to regulate the amount of 
ROS inside cells through some enzymes. Catalase 
is one of these enzymes that cause the 
decomposition of H2O2 and maintain the 
concentration of HO• at not toxic levels [1]. 

Intracellular catalase activity decreases when it 
is exposed to UV, which leads to the accumulation 
of ROS inside cells. In the model this inactivation 
is considered by the following reaction (1): 

(1)hv
iCAT CAT���  

ROS can cause damages in several sites of the 
bacterial cell, i.e. DNA lesions, pyrimidine dimer 
formation or proteins oxidation. After all these 
damages, bacteria inactivation finally occurs. The 
most reactive ROS is the HO•, which is considered 
as the main lethal factor. Also, the model proposes 
three stages of bacteria according to their viability 
to represent the progress of the inactivation 
process by generated hydroxyl radicals, these are, 
undamaged (Bu), damaged (Bd) and inactivated 
bacteria (Bi). 

(2)

(3)
u d

d i

B HO B

B HO B

�

�

+ •� �

+ •� �
 

Kinetics and mass balance equations of each 
compound or component involved in the process 
have been taken into account for this model.  

The solution for the couple set of two 
differential equations (4 and 5) will give a 
predictive model that describes the behavior of 
viable bacteria concentration, changing with solar 
exposure time, at different UV-A irradiances, and 
different initial bacteria concentrations.  
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(4)
1 exp

u u

a
u d CAT

d B B

dt B B k e t

 
 

      

 

     
     

(5)
1 exp

d u d

a
u d CAT

d B B B

dt B B k e t

  
 

      

 

where [Bu] and [Bd] are the concentrations of 

undamaged and damaged bacteria, respectively, at 

time t, α, β and γ are kinetics parameters of the 

model, k is the kinetic constant of the catalase 

photo-inactivation reaction and a

CATe  is the local 

volumetric rate of photon absorption of catalase. 

 

Photo-inactivation of CAT by solar radiation 

The aim of this part of the work was to 

determine activity of catalase and its photo-

inactivation under solar UVA radiation. For this, 

the activity of catalase was also determined under 

UVA irradiation under different irradiance 

conditions. 

The experimental conditions of this work are 

described elsewhere [2]. By definition, one unit of 

activity of catalase (U) is equal to one µmol of 

H2O2 decomposed in one minute, according to 

reaction (6). 50 mM of H2O2 was prepared in 50 

mM potassium phosphate buffer at pH 7.0, this 

was added to catalase bovine solution. Absorbance 

at 240 nm (A240nm) of this solution was measured 

every 10 s to follow the decomposition of H2O2. 

 

2 2 2 2

1
(6)

2

catalaseH O O H O   

 

 The specific activity of catalase As, in terms of 

U/L, was determined using Beer’s Law 

( mM(240nm) = 0.0436) according to equation (7). 

 

 2401000
(7)

0.0436

nm

s

A min average
A

 
  

 

Several activity measurements were done for 

concentrations of catalase, in the range 0.005 – 

0.070 g/L, to obtain a calibration curve that gives 

the concentration of active catalase (CCAT in terms 

of g/L) and specific catalase activity (As in terms 

of U/L). The calibration curve obtained is given by 

equation 8. 

 

7 27.22 10 1.50 10 (8)CAT sC A     
 

 

Experiments of photo-inactivation of catalase 

were done with a solution of bovine catalase in 

distilled water at a concentration of 0.030 g/L. 

Catalase was irradiated in a crystallizer with a 

diameter big enough to consider a one-

dimensional light transport. Experiments were 

done in a solar simulator to control the irradiance 

values set for each experiment. Several samples 

were taken to measure the active catalase 

concentration according to the method described 

above; the catalase concentration was measured 

using a Nanodrop Lite Spectrophotometer 

(Thermo Scientific), which was constant during all 

the experiment. Figure 1 shows the inactivation of 

the enzyme at different solar UVA irradiance 

values (30, 40 and 50 Wm-2). Kinetics constant of 

the catalase reaction (6) was determined to be 7.3 · 

106 cm3/Einstein. 

 

 

Figure 1. Photo-inactivation of catalase at different 

irradiances. 

 

Local volumetric rate of photon absorption of 

catalase 

The local volumetric rate of photon absorption 

of catalase was also determined according to the 

following considerations. The value of a

CATe  
depends on the absorption coefficient of catalase 

(κCAT) and incident radiation (G): 

 

(9)a

CAT CATe G  
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Figure 2 shows the specific absorption 

coefficient of catalase (κ*) obtained with the 

measurements of absorbance at different 

concentrations in a spectrophotometer (PG 

Instruments Ltd T-60-U), and the spectrum of the 

solar simulator used in the experiments. 

 

 

Figure 2. Specific absorption coefficient as a function 

of wavelength for catalase (black line) and solar 
simulator spectrum (red line). 

 

Empirical determination of kinetic constants 

To determine the kinetic parameters of the 

model (α, β and γ), bacterial inactivation 

experiments were run in a solar simulator. 

Escherichia coli was chosen as the target bacteria 

and the source of water was distilled water with 

NaCl to avoid osmotic stress and the effect of 

others ions or organic matter. Experiments under 

controlled conditions of irradiance and 

temperature were done in the solar simulator. 

Several UV-A irradiance values, from 25 to 40 

W/m2, and several initial bacterial concentration 

values, from 103 to 106 CFU/mL, were evaluated. 

Kinetics parameters were obtained by an 

optimization solution using MATLAB software. 

Normalized root mean square logarithmic error 

was used as the objective function of the 

optimization. Figure 3 shows some of the 

experimental results (in squares) and model 

simulations (in lines). Future efforts have to be 

focus on get a better optimization of the model and 

to validate it in solar real conditions. 

 

 

Figure 3. Bacterial inactivation at different initial 

concentration of E. coli under 30 W/m2 UV-A 

irradiation. Experimental data is shown in square and 
model data in lines. 
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Visible Light Photolytic/Photocatalytic Disinfection of Water Samples 
Using Cu-deposited Titanate Nanotube-based Catalysts 
T. Tišler, B. Erjavec, M. Plahuta, A. Pintar  
Laboratory for Environmental Sciences and Engineering, National Institute of Chemistry, Hajdrihova 19, SI-1001 
Ljubljana, Slovenia.  E mail: tatjana.tisler@ki.si

One of the promising alternative methods for water disinfection 
is photocatalytic oxidation. In this study the removal of bacteria 
Escherichia coli from water samples was studied in photolytic 
and photocatalytic disinfection runs by means of visible light. 
For this purpose different Cu-deposited titanate nanotube-based 
catalysts were developed using advanced photoreduction 
method, in order to deposit cluster-size Cu on the nanotube 
surface. The as-prepared photocatalysts were further subjected 
to the heat-treatment in oxidative or reductive atmosphere, in 
order to anchor Cu on the support. The obtained results clearly 
showed that the presence of reduced Cu-deposited titanate 
nanotubes enabled the most rapid inactivation of E. coli in water 
samples.  

BACKGROUND 

According to the WHO report [1], 1.1 billion 
people lack access to safe drinking water and 
consequently every year about 2.2 million people 
died, mostly children under the age of five due to 
diarrhea. For this reason, effective disinfection 
technology should be used to remove pathogenic 
microorganisms and organic pollutants from 
drinking water supplies.  

Traditional disinfection methods are effective in 
controlling pathogens; however, the formation of 
potentially toxic and carcinogenic disinfection 
byproducts during water chlorination could result 
in treated water after addition of chemical 
disinfectants. This has led to development of new 
alternative disinfection methods such as advanced 
oxidation processes and one of the promising 
methods is photocatalysis [2].  

Escherichia coli is prokaryotic organism, widely 
accepted as indicator of the existence of faecal 
contamination of water. E. coli is Gram-negative 
bacteria, which is present in intestinal tract of 
many warm-blooded animals [3].  

TiO2-based nanostructures are widely applied as 
photocatalysts. However, these materials suffer 
from considerable electro-hole recombination rates 
and insufficient visible light activity. Therefore, 
the use of copper ions as dopants has recently 
attracted attention, because copper species 
including Cu2O and CuO can serve as the electron 
mediator and can extend the absorption to the long 
wavelength region [4].  

OBJECTIVES 

The aim of this study was to synthesize and 
assess disinfection potential of modified Cu-
deposited TNT-based catalysts in visible light 
photo(cata)lytic oxidation process using bacteria 
E. coli. 

METHODS 

Titanate nanotubes (TNTs) were prepared via 
alkaline hydrothermal synthesis route in a teflon-
lined autoclave held at 130 °C for 24 h. The Cu-
deposited TiO2/TNTs were prepared by the 
photodeposition method. Typically, 1 g/L of 
calcined/uncalcined TNTs were dispersed in 
distilled water under vigorous stirring and anoxic 
conditions. Then, a sufficient amount of Cu(NO3)2
was added into the solution to get the final amount 
of 1 wt.% of Cu on the support. Formate at 
concentration of 1 mM was also added as hole 
scavenger. The suspension was irradiated by 365 
nm UV light for 4 h at 30 °C, and the obtained Cu-
deposited photocatalysts were harvested by 
filtration and dried in N2 stream. The product was 
further annealed in oxidative or reductive 
atmosphere at 500 °C. 

The textural, surface and morphological 
properties of Cu-deposited photocatalysts were 
investigated using TEM-SEM-EDX, XRD, UV-
Vis-DR, EPR, etc. analytical techniques. 

In this study the bacterial strain Escherichia coli
K12 (ER2925) supplied by New England, BioLabs 
(UK) was used.  
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Photolytic/photocatalytic disinfection of aqueous 
samples with of Escherichia coli strain K12 (initial 
concentration was 106 CFU/mL) was tested at 
atmospheric pressure in a batch slurry reactor 
(glass vessel, V = 250 mL) thermostated at T = 20 
oC (Julabo, model FP 25), magnetically stirred 
(360 rpm) and continuously sparged with purified 
air (45 L/h). The concentration of photocatalyst 
was 30 mg/L. After 30 min “dark” period (for the 
establishing of equilibrium of the sorption 
process), the reactor content was illuminated by 
halogen lamp (150 W, with a maximum at λ = 580 
nm) laid in a water-cooling jacket immersed 
vertically in the aqueous solution. The loss of 
viability of E. coli in treated aqueous solutions, 
which were withdrawn from the reaction 
suspension in regular intervals, was determined by 
viable count procedure on Luria Bertani agar 
plates after serial dilutions [3].  
 

RESULTS 

In the present study, five different photocatalysts 
were synthesized and subsequently examined as 
photocatalysts in visible light disinfection process 
(Table 1).  

Table 1. Description of photocatalysts used in 
the study. 

Sample Catalyst description 

Untreated TNT Pristine TNTs 

Cu/TNT 
Cu deposited on 
pristine TNTs 

Cu-(TNT_O) 
Cu deposited on 
calcined (in air stream) 
TNTs  

Cu-(TNT_R) 
Cu deposited on 
calcined (in H2/N2 
stream) TNTs 

Cu-(TNT_O)_R 

Cu deposited on 
calcined (in air stream) 
TNTs, followed by 
calcination in H2/N2 
stream 

Cu-(TNT_R)_O 

Cu deposited on 
calcined (in H2/N2 
stream) TNTs, followed 
by calcination in air 
stream 

 
The XRD patterns did not confirm the loading of 

Cu species on the TNT surface, since only Bragg 
reflections typical for anatase and titanate 
crystalline structure could be assigned, depending, 
whether the sample was calcined or uncalcined. 

The detailed HRTEM analysis proved that 
deposited Cu species existed in cluster-size, and 
TEM-EDX analysis showed that these species are 
distributed evenly over the surface of TNTs. 

The photoreduction method produces zero valent 
Cu species, which are immediately oxidized to 
Cu2O and CuO, when exposed to air/water. The 
formation of these copper oxides is not a 
disadvantage regarding the photocatalytic activity 
in visible light region, since both oxides can 
absorb visible light. Therefore, the diffuse 
reflectance UV-Vis spectroscopy was used to 
characterize the optical properties of synthesized 
materials. Figure 1 demonstrates that CuO is the 
prevailing form of Cu species in water 
environment; however, this form can be 
transformed via Cu2O to Cu0, when annealed in 
reductive atmosphere and vice versa, if the 
reduced form is subjected to calcination in air. 

 

 
Figure 1. UV-Vis-DR spectra of Cu-

(TNT_O)_R during heat-treatment (from RT to 
500 °C) in reductive and oxidative atmosphere. 

 
Furthermore, CuO species were confirmed with 

EPR spectroscopy as well. Samples containing 
CuO exhibited typical four-lined hyperfine 
interactions, while reduced titanates, additionally, 
possessed energy splitting effect caused by Ti3+ 
centres. 

The results of elimination of E. coli during 
visible light photolytic/photocatalytic oxidation 
processes using different titanate-nanotubes 
catalysts are given in Figure 2. 
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Figure 2. Photocatalytic/photolytic inactivation of 
E. coli using Cu-deposited titanate-nanotube 
catalysts.  

 
Disinfection of water samples by means of 

photolytic/photocataytic oxidation using untreated 
titanate nanotubes and Cu/TNT catalyst without 
heat treatment was not highly effective in removal 
of E. coli from water, as between 20 and 30 % of 
bacterial removal was detected after 120 min. 
However, when catalysts were treated by 
photoreduced Cu(II) ions and heat-treated in 
oxidative or reductive atmosphere, significantly 
higher removal of E. coli from water was observed 
as complete removal of bacteria was detected after 
90 min. The most effective catalysts was found to 
be copper titanate-based catalyst treated at 500 oC 
in nitrogen atmosphere (Cu/(TNT-500-O)-R) as 
about 80 % of bacteria was inactivated after 45 
min of exposure. This can be attributed to two 
major properties of the photocatalyst: (i) the Cu 
species are highly dispersed over high surface area 
support and absorb light in the visible region, and 
(ii) the reduced form of TiO2 contains Ti3+ centres, 
which further enhance photocatalytic activity in 
visible light region. 
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H2O2/solar-simulated process was carried out at lab scale in order
to assess the simultaneous inactivation of an indigenous multi-drug 
resistant E.coli strain and the removal of ampC, qnrS and tetW, 
which have been selected as target antibiotic resistant genes
(ARGs). DNA was extracted from both E.coli bacterial cells grown 
on selective culture media and wastewater samples. The 
investigated disinfection process was effective in the inactivation
of the tested multi-drug resistant strain (detection limit reached 
after 90 min), but not in the removal of ARGs, which were still
present in the treated samples. On the base of the obtained results, 
the disinfection process may contribute to the release into the 
environment of antibiotic resistance determinants and mobile 
genetic elements. 

 
 

Introduction 

Urban wastewater treatment plants (UWTPs) are 
regarded as one of the main anthropogenic sources 
for antibiotic resistant bacteria (ARB) and –genes 
(ARGs) spread into the environment [1]. UWTPs 
and conventional disinfection processes may be 
not successful in the removal of ARB [2, 3] and 
antibiotic resistance may spread into the 
environment. The occurrence of ARB and ARGs 
in UWTP effluent can also pose a serious risk to 
human health if an effective tertiary treatment is 
not applied before wastewater reuse, especially for 
agricultural purposes [4].   

Screening campaign of selected antibiotic 
resistance determinants and mobile genetic 
elements in UWTPs have been carrying out in 
Europe [5,6,7] and scientific literature is starting to 
focus on disinfection processes in order to 
minimize ARB and ARGs release into the 
environment [8]. 

Advanced oxidation processes (AOPs) have 
been successfully investigated for the removal of a 
wide range of emerging contaminants and 
microorganisms. Due to the possibility to save 
money of energy costs, solar driven AOPs are an 
attractive option for wastewater treatment in small 
communities. 

In this light, aim of the present study is to assess 
the efficiency of H2O2 (20 mg L-1)/solar simulated 
treatment in the simultaneous inactivation of 
multi-drug resistant E. coli and removal of ARGs 
from real urban wastewater. 

Materials and Methods  

Multi-drug resistant E. coli strain was selected 
from UWTP of Salerno, Italy, from the effluent of 
the activated sludge process, by membrane 
filtration and subsequent cultivation on selective 
medium supplemented with a mixture of three 
antibiotics (ampicillin, ciprofloxacin and 
tetracycline). The antibiotics concentrations were 
chosen according to the respective minimum 
inhibiting concentrations for E. coli listed in 
‘‘Clinical and Laboratory Standards Institute’’ 
documentation [9]. 

Wastewater samples were freshly collected from 
UWTP of Salerno, Italy, then autoclaved (15 min 
at 121 °C) to remove indigenous bacteria and then 
spiked with the selected E. coli strain. Bacteria 
count was performed by spread plate method.   

H2O2/solar-simulated experiments were carried 
out in 2.2 L cylindrical glass batch reactor (13.0 
cm in diameter) filled in with 500 mL wastewater 
sample (5.0 cm water height). The reactor was 
placed in a water at room temperature (roughly 25 
°C) during the experimental procedure. The 
wastewater solution was continuously stirred 
during the experiments. Solar irradiation was 
provided by a wide spectrum 250 W lamp 
equipped with a UV filter (Procomat, Italy), fixed 
at 40 cm from the upper water level in the reactor. 
A spectrometer model HR-2000 from Ocean 
Optics (Florida, USA), equipped with cosine 
corrector with Spectralon diffusing material, was 
used to measure irradiance spectra of UV lamp. 20 
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mg L-1 of H2O2 was used in experiments in order 
to minimize the dose of oxidant. 

DNA was extracted from both E. coli bacterial 
cells grown on selective culture media and 
wastewater samples collected at different 
treatment times by using the DNeasy Blood & 
Tissue Kit (Qiagen; Valencia, CA, USA). The 
extraction yield and the quality of the DNA were 
verified by agarose gel electrophoresis and 
spectrophotometry (NanoDrop 2000C, NanDrop 
Technologies, Willmington, DE). All DNA 
samples were stored at -20 °C until analysis.  

PCR assays were used to detect the presence of 
three ARGs, namely ampC, qnrS, tetW. PCR 
analyses were carried out using specific primers 
and amplification conditions reported elsewhere 
[7, 10]. For each PCR reaction a negative and 
positive control were amplified in order to confirm 
the adequate implementation of the applied 
protocol.  

Results and discussion 

The disinfection process investigated at lab scale 
in the present work resulted in the inactivation of 
the tested multi-drug resistant strain below the 
detection limit after 90 min of H2O2/solar-
simulated treatment (Figure 1). Control tests were 
also performed; solar simulated irradiation 
experiments, without hydrogen peroxide, did not 
show any significant inactivation of the tested 
strain (data not shown). 

 

 

Figure 1. MDR E. coli inactivation 

 

Simultaneously the absence/presence of the 
target ARGs was investigated. qnrS was neither 
detected in bacteria cells nor in wastewater 
samples. ampC and tetW were detected both in 
bacteria cells and in wastewater samples. 
Particularly, ARGs were detected in wastewater 
samples collected after 90 min and 120 min of 
treatment, when the multi-drug resistant E. coli 
strain was inactivated. Results in figure 2 show the 
electrophoretic run of the amplified genes on 

agarose gel.  

 

Figure 2. Electrophoretic run of PCR product on 
agarose gel. 

 

The expected molecular weight of ampC and 
tetW genes were ≈500 bp and  ≈200 bp, 
respectively. The results of the DNA amplification 
extracted at 90 min and 120 min of treatment from 
wastewater samples suggest that the target ARGs 
were not affected by degradation induced by 
H2O2/solar-simulated process. However, this 
treatment may be effective in the inactivation of 
selected bacteria. 

Conclusion 

H2O2/sunlight disinfection process can 
effectively inactivate MDR E. coli but it may be 
not effective in controlling release of ARGs. The 
results of present study are not conclusive but 
further investigations need to elucidate the 
potential for antibiotic resistance spread after 
treatment. In particular, ARGs may be quantified 
through qPCR and H2O2/solar treatment tests on 
real urban wastewater will be carried out. 
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 In this work, disinfection by 5 oxidation processes was 
preceded by 3 different secondary treatment systems at 
the wastewater treatment plant of Lausanne, 
Switzerland. 5 AOPs after two biological treatment 
methods and a physiochemical process were tested in 
laboratory scale. The inactivation and regrowth of total 
coliforms were monitored and the disinfection 
capabilities were correlated with the physicochemical 
characteristics of the previous. Finally, the changes of 
long term survival of total and fecal coliforms after 
secondary treatment and solar exposure was assayed, 
by simulating the discharge of the effluents in lake 
water. 

 
In this work, effluents of activated 
sludge/secondary sedimentation, supported 
activated sludge/moving bed bioreactor and a 
physicochemical treatment (coagulation-
flocculation) were collected and treated by AOPs 
in lab scale. The link between AOPs efficiency 
and secondary (pre)treatment was assayed by 
estimating the bacterial concentration i) before 
secondary treatment, ii) after the secondary 
treatment methods and iii) after the AOPs. 
Disinfection and regrowth of the total coliform 
content were the evaluation indicators. Also, a 
combination of cheap methods, potentially 
sustainable in developing or sunny countries 
(secondary treatment + solar light), followed by a 
simulation of discharge of total and fecal coliforms 
in nature was also assayed. 
The most efficient methods for bacterial 
inactivation were the UV-based techniques, as the 
residence time was <5 min. The order of efficiency 
was Moving Bed Bioreactor > Activated Sludge > 
Coagulation-Flocculation > Primary Treatment. 
As far as the different AOPs are concerned, the 
disinfection kinetics were: UV/H2O2 > UV and 
solar photo-Fenton > Fenton > solar light. The 
Fenton-related methods were efficient for as long 
as dissolved iron was still present in the sample.  
Regrowth was the major drawback of UVC light; 
in many cases doubling the irradiation time 
resulted in resolution of the phenomenon. 
UV/H2O2 application, completely suppressed these 
phenomena in shorter exposure times. After the 
Fenton-related methods, bacterial regrowth was 
nearly eliminated only when extended exposure 
times were applied.  

The tendency in the long term survival study 
revealed a required time of higher than 4 h to 
completely inactivate the total coliform load. The 
necessary dose to ensure total inactivation was 
linked to the efficiency of the pretreatment. 
Dilution of the treated samples in Lake Geneva 
water determined shorter survival times, linked 
with predation and unfavorable osmotic conditions 
for the microorganisms. Finally, samples that were 
exposed for an extended period never presented 
regrowth, regardless of the pretreatment methods 
and the dilution conditions, verifying an energy 
threshold after which bacteria are permanently 
unable to recover.  
In conclusion, UV/H2O2 and solar-based methods 
alone can be perfectly viable options of 
wastewater disinfection, for developed and sunny 
countries respectively, considering that, if not a 
biological treatment, at least a physicochemical 
treatment step has already taken place. However, 
the residence times should be decided in 
conjunction with the necessity to remove organic 
pollutants, since their persistence entails higher 
treatment needs and their elimination could 
indicate an already completed disinfection stage. 
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UV-C radiation and TiO2 photocatalysis were evaluated in the 
inactivation of antibiotic-resistant Salmonella Typhimurium 
TA102 and formation of mutants. Experiments were performed 
with different initial bacterial cell densities (109, 108 and 107 
CFU mL-1) and samples were taken at different irradiation 
times). In UV-C tests a total inactivation was reached in 45, 15 
and 10 min, respectively, while in photocatalytic tests total 
inactivation was reached after 60, 30 and 15 min, respectively. 
However the mutation rate increased compared to background 
mutants value (21, 1868 and 26 fold for 109, 108 and 107 CFU 
mL-1 initial bacterial density, respectively) as UV-C dose 
increased. In photocatalytic tests a fold increase of 41, 1469 and 
42 compared to background level  was reached respectively. 

 

1. Introduction and Objectives 

Salmonella serovars are increasing in 
importance in bacterial infections, as significant 
pathogens to both humans and animals (Turki et 
al. 2012). Moreover, the increased frequency of 
MDR Salmonella strains in human infections is an 
emerging issue of major health concern too 
(Lightfoot, 2004; Rahman et al. 2014).  

Different studies have investigated the 
inactivation of Salmonella strains by disinfection 
processes in water and wastewater. The effect of 
different disinfection processes on Salmonella 
strains in synthetic wastewater effluent was 
studied by Koivunen and Heinonen-Tanski (2005). 
In particular, the treatment with peracetic acid and 
UV radiation, has been shown to be faster than UV 
radiation alone and chlorine processes in the 
inactivation of Salmonella enteritidis. Moreover, 
Salmonella has been found to be more resistant to 
chlorine and UV radiation than others indicator 
bacteria, including total coliforms and 
Enterococcus, (Li et al. 2013; Sciacca et al. 2011).  

However conventional disinfection by either 
chlorination or UV radiation may be not effective 
in controlling antibiotic resistance spread (Rizzo et 
al., 2013), therefore new disinfection methods, 
such as Advanced Oxidation Processes (AOPs) 
have been recently investigated (Rizzo, 2011; 
Sannino et al., 2013; Murcia et al., 2013). Among 
AOPs, TiO2 photocatalysis is an effective water 
disinfection option, due to its capacity to inactivate 
a wide range of pathogens in water; however, to 
the best of our knowledge, the effectiveness of 

TiO2 photocatalysis on the inactivation of 
Salmonella strains and/or its possible effect on 
mutagenicity has not been investigated so far. 

The objective of the present work was to 
investigate the effects of the TiO2 photocatalysis 
process in terms of inactivation and mutagenicity 
on a model antibiotic resistant microorganism. 
Salmonella was chosen as target/model organism 
(its genus belongs to the same family as 
Escherichia, which includes the species E.coli) 
because of (i) its spread in aqueous matrices 
(particularly in natural water and wastewater), (ii) 
the related concern for human health (it can cause 
illnesses such as typhoid fever and paratyphoid 
fever), (iii) its role in antibiotic resistance spread 
and (iv) the availability of a well-established test 
(Ames test) to evaluate the formation of mutants. 
Moreover, the effect of TiO2 photocatalysis on the 
inactivation and mutants formation of Salmonella 
was compared with a conventional disinfection 
process such as UV-C disinfection.  

 

2. Material and Methods 

S. Enterica serovar Typhimurium strain TA102 
was used as tester strain for general mutagenicity 
testing according to Maron and Ames (1983). 
Briefly, TA102 colonies were unfrozen and 
reactivated by streaking on minimal glucose agar 
and incubated at 37 °C for 48 h. A single colony 
from the plate was inoculated into 10 mL sterile 
Luria Bertani broth (LB, Sigma-Aldrich, USA) 
and incubated at 30°C for 18 h under agitation 
(160 rpm) in a rotating shaker to obtain a 

UV-C RadiationSolar UV/TiO2

Salmonella 
Typhimurium
TA102

Formation of mutant 
species during treatment
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stationary phase culture. The final volumes were 
adjusted to obtain cell concentrations at either 109, 
108 or 107 CFU mL-1; these suspensions were then 
used in disinfection experiments. 

UV-C experiments were carried out in 40 mL 
glass Petri dishes (diameter: 90 mm) filled in with 
25 mL of sample by a UV-C lamp. 

Photocatalytic tests were carried out in a 2.2 L 
cylindrical glass reactor (13.0 cm in diameter) 
filled in with the 400 mL of sample, by a wide 
spectrum 250 W lamp. 

 

3. Results 

Experiments using UV-C lamp were performed 
with different initial bacterial cell densities, (109, 
108 and 107 CFU mL-)1. Fig. 1 shows the evolution 
of the different cell counts and mutation rates as a 
function of UV energy. For all those experiments, 
the bacterial cultivability did not change over the 
course of control experiments in dark. 

 

 

Figure 1. Inactivation of S. Typhimurium TA102 and 
formation of mutants (His+ revertants) following 
exposure to UV-C. Three different initial cell loads 
investigated: 109 (A), 108 (B) and 107 (C) CFU mL-1. 

Whatever the initial cell load, a progressive loss of 
cultivability of S. Typhimurium TA102 was 
observed as the UV-dose increased. For the 
highest initial cell load (109 CFU mL-1), the total 
cell count dropped down by 9 log units and total 

inactivation was reached after about 45 min of UV 
exposure (Fig.1A), which correspond to a 30 mWs 
cm-2 (45 min irradiation time) UV-C dose. As the 
initial bacterial density was decreased to 108 and 
107 CFU mL-1, the total S. Typhimurium TA102 
inactivation was achieved in 15 and 10 min, 
respectively while the corresponding UV-C doses 
were relatively close in both experiments 
(approximately 5-10 mWs cm-2) 

The bacterial inactivation mechanism during 
disinfection by TiO2 photocatalysis is possibly 
related to the formation of radicals (e.g., hydroxyl 
radical) with no significant contribution of UV-A 
dose. Accordingly, the results of S. Typhimurium 
TA102 inactivation by TiO2 photocatalysis were 
plotted as function of irradiation time (Fig.2).  

 

 

Figure 2.  

Fig. 2 Inactivation of S. Typhimurium TA102 and 
formation of mutants (His+ revertants) during TiO2/UV 
treatment with three different initial cell loads: 109 (A), 
108 (B) and 107 (C) CFU mL-1 

The initial bacterial density strongly affected the 
inactivation rate of S. Typhimurium TA102 by 
TiO2 photocatalysis (Fig. 2). The complete 
bacterial inactivation was achieved after 60, 30 
and 15 min of irradiation for an initial bacterial 
density of 109, 108 and 107 CFU mL-1 respectively. 
At a first glimpse, the cell complete inactivation 
was faster in the UV-C disinfection experiments 
compared to photocatalytic disinfection 
experiments for all initial bacterial densities 
investigated. However, considering the energy 
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engaged in both treatments, the photocatalytic 
process was more efficient than the UV-C process 
because a lower energy was required to achieve a 
total S. Typhimurium TA102 inactivation (in the 
range 2 - 20 mWs cm-2). 

UV-C disinfection experiments on S. 
Typhimurium TA102 maintained in aqueous 
suspensions resulted in a transient increase of the 
mutation rate, visible as a reversion of the His- 
mutation of strain TA102 back to a His+ wild type 
allele (Fig.1). The mutation rate, increased with 
the UV-C dose up to a maximum of approximately 
4×10-5, 6×10-3 and 2×10-3 - corresponding to a 21, 
1868 and 26 fold increase compared to 
background mutants value - for 109, 108 and 107 
CFU mL-1 initial bacterial density, respectively.  

In photocatalytic tests the mutation rate reached 
a maximum of approximately 2×10-5, 1×10-2 and 
2×10-3, which corresponds to a 41, 1469 and 42 
fold increase compared to background level  for a 
109, 108 and 107 CFU mL-1 initial bacterial 
density, respectively.  

 

4. Conclusion 

UV-C and TiO2 were found to be effective in the 
inactivation of Salmonella Typhimurium aqueous 
suspensions with the latter more energy efficient 
than the UV-C process because of the lower 
energy required to achieve a total inactivation. The 
formation of Salmonella’s mutants was observed 
under both disinfection processes which suggests a 
possible effect from radicals too. Further 
investigations need to understand better the 
possible role of radicals in mutants formation as 
well as to evaluate the operating conditions that 
can minimize the formation of mutants. 
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The present work reports the renewable hydrogen 
production by photocatalytic degradation of glucose over 
Pt loaded on platinum, the crystalline structure of F-TiO2, 
and of the solution pH were investigated. In particular, the 
photocatalysts are activated with UV-LEDs used as a light 
source.  
The results show that the photocatalytic H2 production 
from the glucose solution can be significantly enhanced in 
the presence of Pt on Fluorinated TiO2.  
The hydrogen evolution rate increased by decreasing the 
initial pH of solution reaching the highest value of about 
590 µmol h-1 g-1 after 3 hour of irradiation time. 

 

Background and objective 

The generation of H2 via semiconductor is a 
promising route for the production of a sustainable 
green fuel. With respect to commercial titania 
samples, TiO2 modified with fluorine (F-TiO2) 
inhibites the recombination rate of holes and free 
electrons, enhancing the photocatalytic activity 
[1]. F-TiO2 was effective in the photocatalytic 
removal of not biodegradable contaminants (such 
as phenol)[2]. However no article reports the use 
of F-TiO2 as support for noble metals in the 
photocatalytic production of hydrogen from 
aqueous samples. For this reason, in the present 
work, Pt on F-TiO2 photocatalysts were used to 
reform biomass, such as glucose to hydrogen. The 
effects of the presence of Pt, the crystalline 
structure of F-TiO2 and the initial pH of solution 
on the hydrogen evolution and degradation of 
glucose were investigated.  

Methods  

TiO2 was prepared by hydrolysis of titanium 
tetraisopropoxide in isopropanol solution. 
Commercial TiO2 P25 was used as received. 
Fluorinated samples were prepared by adding 10 
mM NaF to an aqueous suspension of uncalcined 
home prepared TiO2 (hp TiO2) or P25. Precipitate 
was recovering by filtration, dried and calcined at 
650 °C for 2 h. Platinum was deposited on the 
surface of the fluorinated samples by a 
photodeposition method by illuminating the 

suspension for 120 min with an Ultra-Vitalux lamp 
(300 W).The final amount of Pt was 0.5 wt%. All 
the prepared photocatalysts are reported in Table 
1. The photocatalysts were characterized using 
different techniques: XRD, SBET, UV-Vis DRS, 
XRF and XPS. Photocatalytic experiments were 
carried out with a pyrex cylindrical reactor. The 
photoreactor was irradiated by a UV-LEDs strip. 
0.12 g of catalyst was suspended in 80 ml of 
aqueous solution containing 2000 mg/L of 
glucose. The initial pH of solution was changed by 
adding nitric acid or Ammonium Hydroxide. The 
analysis of gaseous phase was performed by 
continuous analyzer and concentration of glucose 
was measured by a spectrophotometric method [3].  

Results 

By XRD it was observed that hp TiO2 contain 
rutile and anatase phases, after fluorination only 
anatase was observed. Characterization results is 
presented in Table 1. Fluorination or Pt addition 
did not induce any significant changes on P25 
properties; in the case of the hp TiO2, the 
fluorination leads to the increase of the SBET and 
crystallite size of anatase; this can be explained 
taking into account that F species on surface 
prevent the rutilization process during the 
calcination at higher temperatures. A slight 
decreasing of band gap value was observed after 
fluorination of hp TiO2. By XPS analyzes it was 
detected the presence of fluoride species on the 
surface fluorinated samples, indicating that � Ti-
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OH2 species could be substituted by ≡Ti-F leading 

to the generation of free •OH, which are more 

reactive than bounded OH. The better and 

homogeneous distribution of Pt nanoparticles on 

titania surface was observed in the F-TiO2 

samples. As it can be seen by TEM analyzes.  

Table 1. Summary of the characterization results. 

Times DAnatase 

(nm) 

SBET 

(m2/g) 

Band gap 

(eV) 

P25 22 51 3.23 

F-P25 23 50 3.20 

Pt-F-P25 21 47 3.20 

Hp-TiO2 17 11 3.30 

F-TiO2 24 51 3.21 

Pt-F-TiO2 23 42 3.24 

Figure 1a and 1b show, respectively, the behaviour 

of glucose relative concentration (C/C0) and 

hydrogen production during the irradiation time at 

the spontaneous pH of solution (pH=6) for the 

different catalysts. The results showed that the 

photocatalytic H2 production from the glucose 

solution can be enhanced in presence of Pt on F-

TiO2. In particular, the highest glucose 

degradation and H2 production has been achieved 

on Pt/F-TiO2 sample. This could in part be due to 

the better distribution of Pt nanoparticles on the 

catalyst surface. Thus, Pt/F-TiO2 catalyst has been 

chosen to evaluate the effect of initial pH of the 

solution on the hydrogen production (Figure 3). 

The best hydrogen evolution rate has been 

obtained at pH=2. It has been reported that, in 

acidic conditions, the redox potential of H+/H2 

would become more positive that is advantageous 

for an efficient hydrogen photocatalytic generation 

[4-5]. However, the adsorption of glucose in dark 

and acidic conditions, is improved. Comparing the 

obtained results with those reported in the 

literature it is possible to confirm the beneficial 

effect of fluorinated titania which allows to obtain 

a greater production of hydrogen than the 

sulphated titania [5]. 

Conclusions 

F-TiO2 represents an interesting support for noble 

metals to be used in the photocatalytic process for 

the hydrogen production starting from glucose 

aqueous solution. H2 production is significantly 

enhanced in presence of Pt on F-TiO2. Furthermore 

by changing the pH of the solution, it is possible to 

obtain a different performance of the 

photocatalytic reaction. In particular the best 

hydrogen evolution rate has been obtained at 

pH=2 while the degradation of glucose is higher at 

pH=6. 

 

Figure 1. Glucose degradation (a) and H2 production (b) 

in the photocatalytic treatment of glucose aqueous 

sample; pH of solution: 6 

 

Figure 2. H2 production rate after 3 hours of UV 

irradiation. 
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Two different C-3 alcohols (glycerol and propan-2-ol) were 
tested as sacrificial agents for H2 production through photo-
reforming on M/TiO2 solids. The effect of metal of choice (Pt, 
Pd and Au) and the incorporation method, the catalyst 
reduction pretreatment and the reaction temperature on 
catalytic performance were studied. Propan-2-ol led to 
unexpectedly higher H2 productions than glycerol and did not 
result in catalyst deactivation. Results were explained in terms 
of different reaction mechanisms: pure photo-reforming 
(glycerol) or isopropanol oxidation into acetone. In contrast, 
propan-2-ol oxidation seemed to be a more structure-sensitive 
process.

Background

The social and political concern about a more 
sustainable future, together with the increasing 
energy demand have resulted in a significant need 
for technologies and raw materials more benign to 
the environment than the currently existing 
alternatives. Hydrogen is an important energy 
molecule whose combustion produces only water, 
thus resulting in a clean and non-polluting energy 
process. However, hydrogen is not readily available 
in sufficient quantities and the production cost is 
still high for transportation purpose. 

Various photocatalysts have been developed 
during the last decade to produce H2.  The ideal 
process is to obtain H2 through water splitting 
(WS), but the efficiency remains very low. The 
addition of sacrificial organic reagents, leads to an 
improvement in hydrogen production through the 
so-called photo-reforming process. The 
development of this technology could offer a route 
to H2 that, unlike thermal reforming or gasification, 
may be exploited under ambient conditions and 
using sunlight. 

The efficiency of the traditional photocatalysts, 
such as TiO2, is increased with the addition of the 
small amount of metals. The role of the metals is 
still a matter of debate. Some authors support the 
theory that it works as assistant of the 
semiconductor facilitating the transfer of electrons. 
So, it is easy to think that the different metal 
oxidation states could have a great influence on the 
reaction. 

In 2012, Murcia et al. [1] published a study which 

evaluated the effect of Pt oxidation state and 
particle size on photocatalytic activity. It was found 
that with Pt in the oxidation state of Pt0, activity was 
improved, but for samples with the same fraction of 
metallic Pt (Pt0), particle size was also influential 
on activity. The problem is that the initial oxidation 
state and the metal particle size can change during 
the reaction. 

An additional factor to consider is the different 
rates on hydrogen production and byproducts 
obtained depending on the molecules used as 
sacrificial agent [2-3]. Therefore, for instance, 
ethanol produces methane, as well as CO2 and H2,
while butan-1-ol gives propane. On the other hand, 
some polyols produce only CO2 and hydrogen, 
glycerol being one of the most studied substrates, 
showing the highest production rate combined with 
100 % atom efficiency to H2.   Some reports showed 
that for the same number of carbon atoms, the H2
production rate depends on the number of hydroxyl 
groups, following the order glycerol> 1,2-
propanodiol> propanol [4-6]. Somehow it can be 
related to the byproducts generated during the 
reaction, since they can block the metallic particles 
or the oxidation sites in the semiconductor. The H2
production rate depends strongly on some typical 
reaction parameters, such as the temperature. Small 
variation in the reaction temperature could 
influence the adsorption-desorption equilibrium of 
the different byproducts.  

The aim of the present work is to study the 
influence of different variables on the 
photoreforming of two C-3 chain alcohols (glycerol 
and propan-2-ol) on several M/TiO2 solids.  The 
effect of the metal of choice (Pt, Pd and Au) and the 

C2- 2



1 

Influence Of Process Parameters on Photocatalytic Hydrogen 
Production 

 

M. Gmurek1, K. Bednarczyk2 and M. Stelmachowski2.  
(1) Lodz University of Technology, Faculty of Process and Environmental Engineering, Department of Bioprocess 
Engineering, ul. Wólczańska 213, 90-924 Łódź, Poland, marta.gmurek@p.lodz.pl 
(2) Lodz University of Technology, Faculty of Process and Environmental Engineering, Department of Safety 
Engineering, ul. Wólczańska 213, 90-924 Łódź, Poland. 
 

0.07 0.03 0.015 0.003 0.005 0.0015
0

20

40

60

80

100

120

140

160

 

H
2 p

ro
du

ct
io

n 
ef

fic
ie

nc
y,

 

 [m
m

ol
/h

 g
ca

t ]

amount of Pt/TiO
2
, [g]

 

  
Hydrogen is considered as the fuel of the future. The greatest 
advantage is the lack of CO2 emissions during combustion. 
Since over twenty years, in many research centers, intensive 
studies have been conducted in order to find of the energy-
efficient and economical methods of hydrogen production 
using renewable sources of energy. Currently, many studies 
have focused on the processes using photocatalysts, which 
could be applied for water splitting or to convert organic 
waste into hydrogen.  
The paper presents the results of the studies that were 
performed in order to find the optimal conditions of 
photocatalytic production of hydrogen in the system glycerol-
water. 
 
 

 
 
Background 
Biofuels are produced by processing of by-
products animal of or vegetable origin. One of the 
liquid biofuels is biodiesel obtained by the 
transesterification of vegetable oils. The result of 
the implementation of the EU Directive 2009/28 / 
EC was essential increasing the amount of biofuels 
in the fuel market. One of the major barriers to the 
further development of this industry is the surplus 
of glycerol, which is obtained during the 
production of biodiesel. Therefore, intensive 
studies have been carried out to find a new method 
or modify one of known methods that would allow 
for profitable use of large quantities of waste 
glycerol. Traditional methods of disposal 
(reforming, fermentation, dehydration, 
hydrochlorination, etc.) are ineffective. Hopes 
have been placed on bio- or photocatalytic 
conversion of waste glycerol into hydrogen or 
other energy carriers (methane, methanol) [1-3]. 
There are known other methods of hydrogen 
production (e.g. via steam reforming, splitting of 
water by  electrolysis) but they require energy, 
which has to be probably produced from fossil 
fuels. 
 

)(2)(2)(2)(383 373 2
gg

hvTiO
lqlq COHOHOHC +���� ��+� �  (1) 

 

As a result of the photocatalytic conversion of 
glycerol to hydrogen (eq.1) 7 hydrogen molecules 
and three molecules of carbon dioxide could be 
generated. This reaction does not require high 
energy if the photocatalyst could be active in 
visible range [4]. 

Modified photocatalysts based on TiO2, which 
have a higher activity under the visible light can be 
prepared by metals or sensitizer dyes (absorbing 
visible light) doping. The application of the 
modified photocatalyst gives possibility of 
efficient use of sunlight, without generating 
additional pollutants [3,5]. 

Objectives 
Herein we present results of the photocatalytic 
production of hydrogen under simulated sunlight. 
The paper presents the results of the studies that 
were performed in order to find the optimal 
conditions of the process  for  the system glycerol-
water. The catalysts based on TiO2 - doped by 
gold, palladium and platinum (0.1, 0.5%, 1% by 
weight) have been  used in the performed 
experiments. The research aimed at selecting a 
photocatalyst with  high yield and selectivity as 
well finding an optimal concentration of the 
catalyst in the glycerol solution. 

Methods 
Photocatalytic reactions were carried out in the 
semi-batch quartz reactor (40cm3). The external 
xenon lamps (3-4 lamps Xe-arc XBO 75W each) 
were used to simulate sunlight. The reactor was 
charged with the mixture of glycerol aqueous 
solution and photocatalysts. The volume of the 
reaction solution was 16 cm3. The temperature of 
the reaction mixture was in the range of 35-55oC. 
Argon was used as a carrier gas, with the flow rate 
30 cm3/min. The suspension has been obtained by 
stirring with argon (inert gas) prior and during the 
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reaction to remove the dissolved oxygen. Each of 

the experiments lasted approximately 4-6 hours.  

The gas chromatograph (Perkin Elmar) with TCD 

detector was used for performing  the analysis of 

the gas phase. The injection volume of the gas 

sample was 1 cm3. The evolved gases were 

analyzed every 15 minutes by a gas 

chromatography (using an Altech silica gel Packed 

Columns 5651 PC). Photocatalysts modified by 

noble metals have been prepared by the sol-gel or 

photodeposition methods according to the 

procedures presented by Stelmachowski et al. [6]. 

Results 

At the beginning, preliminary experiments were 

carried out. Firstly, the possibility of  water 

splitting with the presence of (pure) TiO2 as the 

catalyst has been studied. No hydrogen production 

has been observed. Next, TiO2 - modified by Au 

(0.1% wt.) or Pd (0.1% wt.) have been added to 

the water and the efficiency of H2  production 

slightly increased to ~ 2 [mmol/h gcat]. If  Pt/TiO2 

(0.5% wt.) has been used as the catalyst, the 

hydrogen productivity increased  to ~ 3 [mmol/h 

gcat].  In the case of the glycerol solution (4.5% 

wt.) and using pure TiO2 the  hydrogen production 

rate was about 1 [mmol/h gcat]. 

Influence of the doped metal  

The influence of doped metal on H2 productivity 

in the glycerol solution (4.5% wt.) was studied for 

the photocatalysts prepared by the sol-gel method. 

Small concentrations  of hydrogen in the gas phase 

has been observed in the gas  stream flowing out 

from the reactor -  in the presence of pure TiO2 in 

the liquid. Modification of the base catalyst (TiO2) 

by addition of noble metal dopants significantly 

increases productivity due to increased activity in 

sunlight (Fig.1). The type of the doped metal, its 

concentration as well as its calcination have the 

impact on the efficiency of hydrogen production. 

The best results were obtained for Pt/TiO2 if the 

concentration of platinium in the catalyst was 

0.1% wt. In the case of Pd/TiO2 the calcination 

process of the catalyst also slightly had improved 

efficiency of H2 production. In the case of 

Au/TiO2  no differences have been observed  in 

hydrogen productivity for the different 

concentration of the noble metal in the catalyst 

(0.1% wt. and 0.5% wt. of Au). However, it should 

be noticed that experiments with Pt/TiO2 were 

carried out with higher photon flux. 

Influence of the preparation method of the 

photocatalysts  

For the Pt/TiO2 as photocatalyst the influence of 

its preparation method was also studied. The 

preparation method has a significant impact on 
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Figure 1. Efficiency of hydrogen production; 4.5% wt. of 

glycerol; 0.07g of catalyst; E0=0.5 mE m-2s-1 for Au and 
Pd; E0=0.68mE m-2s-1 for Pt 

efficiency of H2 production. Similar hydrogen 

yields were obtained for both the sol-gel method 

as well as for the photodeposition method if the 

concentration of Pt in the catalyst was equal to 

0.1% wt. However, when the concentration was 

equal to 0.5% wt., the highest hydrogen 
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productivity was obtained for the catalyst prepared 

by the photodeposition method. (Fig.1 E). 

Influence of solvent additives 

In order to prove that glycerol (GLC) is the best 

one from different possible additives to the water 

that allows to increase the hydrogen productivity, 

different organic additives such as: methanol 

(MeOH), ethanol (EtOH) as well as ternary system 

(GLC+MeOH+EtOH) were investigated. The 

concentration of the  investigated compounds in 

the water was always equal to 4.5% wt. In the case 

of the system GLC+MeOH+EtOH – the total  

concentration of these compounds was equal 4.5% 

wt. As can be seen on Fig.2 the best results were 

obtained if glycerol was used. Moreover, when 

three additives were used, antagonistic effect was 

observed. 
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Figure 2. The average production efficiency of hydrogen 

for different solvent additives, 0.07g of catalyst; E0=0.5 
mE m-2s-1; Pt/TiO2 (0.1% wt. Pt) 

Influence of the photocatalyst amount  
In this step of the study, experiments were carried 

out for a photocatalyst 0.5% Pt/TiO2 obtained by 

photodeposition. The amount of photocatalyst was 

used in a range from 0.0015g to 0.07g (Fig.3). The 

concentration of glycerol was equal to 4.5%, while 

the photon flux was equal 0.5 mE m-2s-1. During 

the reaction temperature increased from 35 oC to 

40oC. The volume of the reaction mixture was 

equal to 16 cm3. Distribution of light dispersion 

depends on the amount of the photocatalyst. It has 

a large impact on the performance of hydrogen 

production. The highest H2 production was 

obtained for the lowest catalyst amount. 
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Figure 3. The average production efficiency of hydrogen 

for different amount of photocatalyst; 4.5% wt. of 
glycerol; Pt/TiO2 (0.5% wt. Pt) 

Conclusion 

It was shown that hydrogen could be produced  

with good results  in the case of aqueous solutions 

of glycerol that have been used as the reaction 

mixture. The modification of TiO2 by the noble 

metals give expected results – increase the 

hydrogen yield. The type of the metal doped, the 

concentration of the noble metal in the catalyst,  

the concentration of the catalyst in the solution,  

the method of catalyst preparation, calcination of 

the catalyst as well the type of the organic 

compound that is added to the water have the 

essential  impact on the efficiency of hydrogen 

production. The highest efficiency of hydrogen 

production was achieved for the catalyst (Pt/TiO2 

(0.5% wt of Pt). The results show that the smaller 

concentration of the photocatalyst in the slurry 

gives the higher efficiency of hydrogen production 

[in mmol/h gcat]; of course it exists the optimal 

concentration of the catalyst in the solution. The 

highest hydrogen productivity was obtained for the 

aqueous solution of glycerol (4.5% wt.), 0.5% 

Pt/TiO2 (prepared by the photodeposition method 

and calcined) as catalyst and the smallest studied 

concentration of the catalyst in the solution 

(0.0015 g/16 cm3 of the solution). It exceeds 140  

mmol H2/(h gcat). 
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Production of energy-rich gases via catalytic decarboxylation of 
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(1) National Institute of Chemistry, Hajdrihova 19, SI-1001 Ljubljana, Slovenia, albin.pintar@ki.si. (2) Centre of 
Excellence for Low Carbon Technologies, Hajdrihova 19, SI-1001 Ljubljana, Slovenia

Catalytic decarboxylation is a novel and prospective pathway 
for continuous and efficient conversion of organic wastewaters. 
In this study, stable and complete conversion of acetic acid to 
CH4 and CO2 mixtures (T≥225 °C, Sp>80 %, 70 h TOS) was 
demonstrated. On the other hand, accompanied by unwanted 
gas-phase side reactions and thermally-stable deposition of 
carbonaceous-residues, operation with formic acid feed resulted 
in lower selectivities (SCO2<60 %) and catalyst deactivation.
The presented exploration of an alternative low temperature 
indirect approach for valorization of highly oxygenated organic 
compounds into CH4 and H2 shows a promising route for 
utilization of acetic acid. Efficient decarboxylation of formic 
acid, however, faces further challenges in the fields of catalyst 
design and reactor engineering.

Introduction
Carboxylic acids offer high potential for waste-

to-energy or waste-to-product conversion, as they 
can be sourced from various industrial waste 
streams (e.g. wastewaters of textile, polymer and 
food and beverage industries) as well as in the 
form of intermediates during treatment of complex 
organic substances by means of advanced 
oxidation processes [1]. However, due to low 
energy content (5.4, 13.5 and 44 MJ/kg LHV for 
formic, acetic acid and gasoline, respectively) as 
well as high reactivity and corrosivity, it is 
required to catalytically convert carboxylic acids 
via various intermediates (such as H2, CO, CO2
and CH4) into useful products of high-added value.
In the case of decarboxylation of formic acid 
(reaction 1), H2 and CO2 are produced.
Furthermore, in decarboxylation of acetic acid 
(reaction 2), the produced CH4 and CO2 could be 
transformed to syngas (e.g. via dry reforming of 
CH4) and further into synthetic fuels or fuel 
additives [2].

)(2)(2)( ggl HCOHCOOH +�                   (1)
)(2)(4)(3 ggl COCHCOOHCH +�                (2)

Studies of catalytic low-chain carboxylic acid 
decomposition focus mostly on high-temperature 
(Tr>600 °C) steam reforming processes. These 
reactions are, despite the large water surplus in the 
feed, plagued by severe carbon deposition and 
catalyst deactivation, occurring in a complex 
reactive environment [3].

In this study, the possibility of performing low-

temperature decarboxylation of aqueous solutions 
containing acetic and formic acid in a three-phase 
trickle-bed reactor with the aim to produce CH4,
H2 and CO2 was examined. The window of 
relevant operating conditions was established and 
the network of competing side reactions was 
analyzed and discussed.

Experimental
The 3 wt. % Ru/TiO2 catalyst [4] was prepared 

by means of incipient impregnation of TiO2 P25 
extrudates (Degussa-Hülls, Aerolyst type, 
SBET=47.3 m2/g) with an aqueous solution of 
RuCl3 × H2O (Acros Organics).

Prepared and used catalysts were characterized 
by means of N2 physisorption measurements, XRD 
analysis, H2-temperature programmed reduction 
(H2-TPR), temperature programmed oxidation 
(TPO) and CHNS elemental analysis. The organic 
nature of the accumulated carbonaceous deposits 
was elucidated using DRIFTS technique (FTIR 
apparatus, Perkin Elmer, equipped with DiffusIR 
diffuse reflectance accessory by PIKE 
Technologies).

Catalyst testing was performed in an automated 
computer-controlled multiphase reactor system 
(PID Eng&Tech, model Microactivity Reference).
Initially, the as prepared heterogeneous catalyst 
was reduced in a quartz fixed-bed reactor for 1 h at 
300 °C and pure hydrogen (Linde, 5.0) flow of 
250 mL/min. The activated material was cooled to 
RT and transferred (mcat=3 g) to a pressure-
resistant co-current down-flow trickle-bed reactor 
(Autoclave Engineers, Hastelloy C-276 stainless 
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steel reactor, I.D.=9 mm), which was fed with a 
degassed aqueous solution of either formic or 
acetic acid (cacid=2 to 20 g/l, Φvol,L=0.5 ml/min) by 
means of a positive alternative displacement 
pump. Nitrogen gas was fed through an electronic 
mass flow controller (ΦN2=50 ml/min, PN2=10 bar) 
and maintained at 10 bar partial pressure. Prior to 
the test, the catalyst bed was soaked with ultrapure 
water and primed with the feed, both steps lasting 
60 minutes. The reactor outlet was separated in a 
high-pressure G/L Peltier separator. Discharged 
gas stream was coupled to a GC (Agilent, model 
7890A). Liquid effluent was collected by an 
autosampler and subsequently analyzed for TOC 
content (Teledyne Tekmar, model Torch) and 
carboxylic acid concentration by HPLC (Agilent, 
model 1260 Infinity). 

Results and discussion 
Initially, temperature programmed tests were 

performed with a low concentration of carboxylic 
acid feed (c=2 g/L) to define the corresponding 
windows of operation. For reactions (1) and (2), 
calculated equilibrium values for carboxylic acid 
conversions (using Gaseq 0.79 software) were 
above 99.9 % in the 50–300 °C and 1–50 bar 
range, meaning these reactions are not limited by 
equilibrium. Catalytic degradation of HCOOH was 
observed even at initial reaction conditions (60 
°C), reaching full reactant and TOC conversions at 
temperatures above 180 °C. With CH3COOH feed, 
greater resistance of the reactant was observed, as 
the start of degradation did not occur until 120 °C 
with complete removal of organic carbon from the 
liquid phase at temperatures above 210 °C (results 
not depicted). 

During HCOOH conversion at T<165 °C, H2 
and CO2 were identified as reaction products, 
confirming decarboxylation as the only occurring 
reaction. At T>165 °C, CO was also detected as 
the reaction product, indicating further conversion 
of the obtained reaction products in the 
simultaneous reverse water gas shift (RWGS) side 
reaction (reaction 3). 

)(2)()(2)(2 lggg OHCOCOH +↔+
                     (3) 

In the case of acetic acid conversion, exclusively 
decarboxylation to CH4 and CO2 was observed at 
T>150 °C. Besides unconverted HCOOH or 
CH3COOH, no other organic compounds could be 
identified in the reactor effluent. 

At higher reactor loadings (cfeed=10 g/L), full 
HCOOH conversions were reached at 
temperatures above 195 °C (Fig. 1a, test FT10). In 
the temperature range where full formic acid 
conversion was achieved (T>195 °C), CO2 and 
traces of CO (195–210 °C) and CH4 (195–240 °C) 

were identified in the gas phase. Due to partial 
wetting of the catalyst surface (60–75 %) in the 
trickle-bed at the employed reaction conditions, 
the gaseous products of formic acid decomposition 
were directly exposed to the Ru/TiO2 particles. 
Thus, H2 could not be confirmed due to being 
consumed in the RWGS reaction (to generate CO) 
as well as in CO and CO2 hydrogenation reactions 
[5,6], which represent the origin for methane 
formation (reactions 4 and 5). Furthermore, during 
prolonged 50 h TOS stability test (test FS10, 
results not depicted), gradual catalyst deactivation 
was observed. 

)(2)(4)(2)(2 3 lggg OHCHHCO +↔+
                 (4) 

)(2)(4)(2)(2 24 lggg OHCHHCO +↔+
              (5) 
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Figure 1. Conversion of (a) formic acid at Tr=150–240 
°C and (b) acetic acid at Tr=165–225 °C, both at feed 
concentration of 10 g/L. Outlet gas-phase composition is 
also shown. 

 
In the case of 10 g/L acetic acid feed (Fig. 1b, 

test AT10), high conversion (95 %) was achieved 
at 225 °C, yielding a roughly equimolar mixture of 
CO2 and CH4 (n(CH4)/n(CO2)=1.13/1), while no 
other gaseous products were detected. Catalyst 
operation was stable at 225 °C after prolongation 
of the temperature programmed test to 70 h TOS 
(test AS10, results not depicted). 
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Table 1. Morphological properties of bare TiO2 P25 
support and 3 wt. % Ru/TiO2 catalysts: BET surface area 
(SBET), pore diameter (dPT) and amount of accumulated 
carbon (wC). 

Sample SBET 
(m2/g) 

dPT 
(nm) 

wC 
(wt. %) 

Bare TiO2 P25 47.3 27.0 0.3 
Fresh catalyst 47.2 25.4 0.1 
Reduced catalyst 48.3 25.5 0.1 
Spent cat. (test FT10) 45.5 26.2 0.3 
Spent cat. (test FS10) 26.4 34.1 6.1 
Spent cat. (test AT10) 32.4 33.0 2.9 
Spent cat. (test AS10) 42.7 27.4 0.4 

 
Morphological properties of TiO2 P25 (Table 1) 

were not altered after Ru impregnation, drying and 
catalyst reduction. During tests FS10 and AT10, 
accumulation of carbon-rich deposits (6.1 and 2.9 
wt. %) was detected within the catalyst bed, 
decreasing the BET surface area. Taking into 
account all the recorded mass fluxes, over 90 % 
carbon mass balance was achieved confirming 
good experimental determination of the studied 
system (e.g. for AT10 test, 92 wt. % of C mass 
balance was represented by the following weight 
fractions: Cfeed=1, Ceffluent=0.26, Cgas=0.62, 
Cdeposits=0.04, Cintermediates=n.a.). The test FS10 
resulted in a high degree of catalyst deactivation 
and the highest absolute amount of carbon 
deposition. However, the selectivity for carbon 
accumulation (nC-deposits/(nC-feed - nC-effluent)) was 
increasing in the following order: AT10 > FS10 > 
FT10 > AS10, corresponding to values: 8.4 > 5.4 > 
1.7 > 0.3 mol. %, respectively. To gain further 
insight into the nature of the carbonaceous 
deposits, DRIFTS and TPO (temperature 
programmed oxidation) analyses were performed. 

DRIFTS spectra of Ru/TiO2 catalyst analyzed 
after FS10 and AT10 tests revealed peaks at 2980, 
2940, 2880, 1686, 1473 and 1464 cm-1, which are 
indicating that the structure of carbonaceous 
deposits is paraffinic and oxygenated (such as 
acids, aldehyde and esters). The deposits thus 
originate from adsorbed acetic and formic acid and 
reactions between such adjacent surface species 
(dehydration, polymerization, etc.). 

Furthermore, a combination of C elemental 
analysis and TPO results (Table 1 and Fig. 2) 
revealed 63 wt. % carbon content (the rest is O and 
H) in accumulated deposits after AT10 test 
(ΔmTPO=4.6 wt. % vs. 2.9 wt. % C) indicating 
strong adsorption of reactants and intermediates, 
possibly undergoing polymerization during 
operation at temperatures below 225 °C. On the 
contrary, C-rich (91 wt. % C; ΔmTPO=6.7 wt. % vs. 
6.1 wt. % C) less oxygenated deposits were 

identified over FS10, compared to AT10 
experiment. 
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Figure 2. Weight change derivative during TPO of spent 
Ru/TiO2 catalyst samples. Gray-shaded area is 
demarking the 105-225 °C range. 

Conclusions 
Efficient process for low-temperature catalytic 

decarboxylation of acetic acid in a trickle-bed 
reactor over 3 wt. % Ru/TiO2 was demonstrated 
(XAA<95 %, SCH4>80 %). At concentrations up to 
10 g/L and sufficiently high temperature that 
enables full conversion of acetic acid (225 °C), no 
carbonaceous residue accumulation takes place, no 
catalyst deactivation occurs and pure CH4-CO2 
product streams are obtained. The presented 
exploration of an alternative low temperature 
indirect approach for valorization of highly 
oxygenated organic compounds into CH4 and H2 
shows a promising route for utilization of acetic 
acid. Efficient decarboxylation of formic acid, 
however, still faces challenges in the fields of 
catalyst design and reactor engineering. 
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 The effect of pre-treatments on the change of 
wastewater sludge properties was investigated using 
different Advanced Oxidation processes (AOPs). 
Ultrasound is a very effective mechanical pre-
treatment method to enhance solubilisation of the 
organic matter. It was compared to other AOPs such 
as Fenton and combined systems sono-fenton, photo-
Fenton and sono-photo-Fenton. The pre-treatment 
processes break-up sludge flocs, destroying cell walls 
and membranes and resulting in the release of 
organics in liquid phase. The aim of this study is to 
maximize the production of biogas in a subsequent 
anaerobic process by means of the evaluation of the 
properties, composition and the biochemical methane 
potential (BMP) assays of pre-treated sludges. 
 
  

The sludge management is one of the major 
issues of wastewater treatment plant and their 
disposal legislation is becoming increasingly 
stringent. The treatment and disposal of sludge 
accounts of 50-60% of the operational costs in a 
wastewater treatment plant (WWTP). Various 
technologies, including chemical, thermal and 
mechanical methods, have been proposed to 
minimize the excess sludge production. In 
addition, increasing the biodegradability of the 
sludge can be an economically favourable 
alternative due to its revaluation by biogas 
production. In this study, the sludges were treated 
by different methods including ultrasonication 
(US), Fenton (F) and combined systems sono-
fenton (US/F), photo-Fenton (UV/F) and sono-
photo-Fenton (US/UV/F).  

The effect of ultrasound is mainly attributed to 
hydro-mechanical shear forces that can 
disintegrate sludge aggregates and disrupt cells, 
breaking the microbial slurry and resulting in 
reduced floc strength. As a chemical process, 
Fenton oxidation caused sludge small particle to 
flocculate and form larger particles. It implies a 
partial oxidation (hydroxyl radical production) of 
cells and organic matter leading to enhanced lysis 
or disintegration of sludge cells. As it can be seen 
in the figure above, the effect on solubilization 
(SCOD) was observed to be more pronunced after 
US (ca. 1600 mg/L) compared to the other 
oxidation systems. The soluble COD obtained 
after the US/UV/F system (ca. 180 mg/L) was 
lower than the values of both coupled systems 
US/F and UV/F (ca. 800 mg/L). It is known that 

the yield of •OH produced during the combined 
systems is higher than when only applying a 
individual system, as a results of a snynertetic 
increase in the generation of hydroxyl radicals. It 
might be that, the highly oxidative Fenton-based 
coupled processes, could degrade the soluble 
organic matter released towards mineralization, 
observing lower values of SCOD after 60 minutes. 

Proteins and polysaccharides increased with all 
the pre-treatments studied hereby, realising the 
maximum concentration when ultrasound was 
applied (ca. 0.150 and 320 mg/L, respectively), in 
accordance with the soluble COD obtained. It is 
known that augmentation of nutrient availability 
(increase in solubilization) and amelioration of 
mass and oxygen transfer (decrease in particle 
size) are the main reasons for the enhancement of 
biodegradability observed after the US pre-
treatment. Biochemical methane potential (BMP) 
assays were carried out to measure the methane 
yield of all pre-treated sludge samples studied 
hereby. It is an important test as it is known that 
increased solubilisation does not hundred percent 
induce an improved anaerobic digestion 
efficiency. The ideal comparison of pre-treatments 
effectiveness in anaerobic digestion besides SCOD, 
are other key factors as type of method applied, 
composition of soluble organics released, etc. that 
should also be taken into account.  
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 The solar efficiency of photocatalytic materials is limited 
due to the use of wide band semiconductor materials such 
as TiO2 which can utilise only UV photons.  Much 
research has been focused on the development of novel 
materials mainly based on doping TiO2 with metals and 
non-metals.  An alternative approach to the development 
of novel visible light active photocatalytic materials is 
surface modification of titania with molecular clusters of 
other metal oxides.  Computational modelling indicates 
that small clusters of metal oxides on TiO2 can induce 
band narrowing and therefore lead to visible light activity.  
This paper will present initial results investigating TiO2 
modified with MnOx clusters with the aim of developing 
photocatalytic systems for carbon dioxide reduction to 
fuels using solar energy.  
 
 

The global potential of solar energy is vast; for 
example, more of the sun’s energy hits the face of 
the earth in two hours than is consumed globally in 
a year.  Yet, we currently tap only minor amounts 
of this energy to meet an ever-growing world 
demand.  The artificial photochemical fixation of 
CO2 to energy rich hydrocarbons for solar energy 
storage, or potential feedstock chemicals for 
industry, is an attractive, albeit daunting, challenge 
that attracts a great deal of recent interest. The 
challenge for reduction of CO2 reduction is, 
however, is characterized by a large, negative 
reduction potential and the steep uphill 
thermodynamic barrier.   Consequently, the overall 
feasibility of chemical CO2 conversion is limited 
by the availability of highly efficient photo-active 
materials that can meet the energetic requirements 
for CO2 reduction, while also being optically 
matched to the solar spectrum. The use of solar 
energy to convert CO2 to fuels would help to 
address the problems of carbon emissions, security 
of energy supply and the sustainable provision of 
platform chemicals.   The conversion of CO2 to 
CO and hydrocarbons fuels by photocatalysis 
(truly photosynthesis) has been demonstrated on 
wide band gap metal oxides under UV irradiation 
[1,2]. However, only 5% of the solar spectrum is 
in the UV domain and therefore it is necessary to 
improve the efficiency under solar irradiation 
using materials with visible light activity.  

While some approaches to increased efficiency 
have successfully addressed individual issues such 

as recombination or visible light activity, the 
ultimate goal is the rational design of a 
multifunctional catalyst with optical, electronic, 
and chemical properties tailored to CO2 
adsorption, activation, and reduction. Ideally, the 
moieties responsible for these functions are 
independently tunable and the catalyst can couple 
the reduction of CO2 to the oxidation of water.  

One promising group of materials is metal oxide 
nanoclusters on titania supports. It has been 
demonstrated that very small domains of metal 
oxides can create band gap states, enhancing the 
visible light absorption of the underlying support.  
At the same time, these supported metal oxides 
have been extensively studied as heterogeneous 
catalysts for numerous (thermochemical) reactions 
and their surface chemistry is relatively well 
understood. Simple synthesis techniques can be 
used to control the size, dispersion, and 
coordination environment of the metal centers and 
they are also amenable to reduction and oxidation 
at relatively mild conditions compared to their 
bulk counterparts. This allows a degree of control 
over the distribution of surface sites that is not 
possible with traditional approaches such as 
doping or discovery of new crystalline mixed 
oxides. Among the various supported, 
substoichiometric metal oxide phases, manganese 
oxides (MnOx) are of particular interest. They 
have been studied as catalysts for selective 
catalytic reduction of NO with NH3 and numerous 
oxidation and combustion reactions. The ability of 
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these materials to support oxygen vacancies and 

the degree to which they interact with C-O bonds 

makes them particularly appealing for CO2 

reduction. 

In this work new materials based on surface 

cluster modification of existing photocataysts are 

being explored [3]. DFT modelling is being used 

to identify possible surface clusters that can 

influence the local conduction or valence band 

position of the host semiconductor narrowing the 

band gap. This approach of material modelling and 

testing has previously been utilized to predict and 

confirm band gap narrowing in photocatalysts [4]. 

Initial results of computational modelling, along 

with photoelectrochemical measurements 

concerning MnOx clusters on TiO2 will be 

discussed. 
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Titanium dioxide based nanotubes (TN) were prepared via 
alkaline hydrothermal synthesis method, treated in the different 
temperature ranges and modified with hydrogen peroxide (TNp) 
and gold (TN/Au). The obtained catalysts were used for the 
degradation of methyl orange (MO) in the catalytic wet 
peroxide oxidation (CWPO) process under ambient conditions. 
The experimental results showed that more than 70 % of 100 
ppm MO aqueous solution can be removed in the 1.0 g/L 
suspension of the catalyst with the usage of the stoichiometric 
amount of hydrogen peroxide under mild operating and reaction 
conditions. 

 
 

Background 

Water pollution represents one of the most 
pronounced environmental risks nowadays. The 
main problem in water pollution is presented 
through the existence of highly toxic and 
refractory organic pollutants, which can cause 
severe problems for the environment. One of the 
representatives of these pollutants are synthetic 
dyes. They are widely used in different branches 
of industry (i.e. textile, painting, leather etc.) and 
enter easily in the environment where they can 
cause aesthetic and biologic problems. The 
greatest threat is presented through usage of azo 
dyes whose functional group contains double 
nitrogen bond (-N=N-). Their products of 
degradation, aromatic amines, are mutagenic and 
carcinogenic [1]. 

Degradation of above mentioned and similar 
pollutants demands high and efficient 
decomposition what sometimes isn’t possible to 
accomplish with the utilization of simple and 
conventional methods, such as adsorption and 
biological degradation [2]. 

One of the most promising techniques for the 
removal of organic pollutants from water are 
advanced oxidation processes (AOPs). They 
include different types of chemical treatment 
procedures designed to remove organic pollutants 
through oxidation reaction with highly reactive 
and nonselective hydroxyl radicals. Catalytic wet 
peroxide oxidation (CWPO) represents one of the 
AOPs, in which the generation of hydroxyl 

radicals is obtained through the decomposition of 
hydrogen peroxide in the presence of an 
appropriate heterogeneous catalyst. Application of 
the proper catalyst in the CWPO process not only 
reduces the severity of reaction conditions, but 
also enables more facile decomposition of 
refractory pollutants under ambient conditions [3]. 

 

Objectives 

In the present study, TN were synthesized via 
alkaline hydrothermal method followed by heat-
treatment at different temperatures ranging from 
300 to 700 °C. Non-treated TN were also 
subjected to chemical treatment with hydrogen 
peroxide to form surface peroxo groups and used 
further as a support for the deposition of gold 
nanoparticles. 

The obtained catalysts were used in the CWPO 
of aqueous MO solution under ambient conditions. 
It has been observed that the formation of peroxo 
groups on the surface of TN highly influences the 
decomposition of hydrogen peroxide and 
consequently mineralization of MO. More than 70 
% removal of MO was accomplished during the 
four hour treatment. With the usage of TN/Au 
solid more that 50 % removal of MO was achieved 
in the acidic solution what is 40 % more than in 
neutral pH region. The size of gold nanoparticles 
should still be varied to achieve even higher 
mineralization extent of MO. 
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Methods 

TiO2-based nanotubes were synthesized 

following the procedure reported by Erjavec et al. 

[4]. The obtained solid was then heat-treated 

(calcined) at 300, 400, 500, 600 and 700 °C for 1 h 

in air in order to affect on the structural and 

surface properties of the catalyst. 

Uncalcined TN material was submerged in 

concentrated hydrogen peroxide solution and kept 

there for 2 h under ambient conditions. After 

surface modification, the obtained TNp was 

washed in order to remove surplus of H2O2 and 

dried in vacuum under cryogenic conditions. 

Nanoparticles of gold where deposited following 

urea deposition precipitation procedure reported 

by Zanella et al. [5]. The obtained catalyst was 

thoroughly characterized using BET, UV-VIS-DR, 

XRD, SEM-EDX, CHNS etc. analytical 

techniques and compared with the precursor 

material TiO2 P25 Degussa. 

TN (300-700), TNp and TN/Au solids were then 

examined in the CWPO experiments carried out in 

the 250 mL glass batch reactor containing 100 

ppm MO solution thermostated at 25 °C and 1.0 

g/L catalyst (typically, waste streams from the 

textile industry exhibit concentrations of azo dyes 

slightly below this value [3]). Experiments were 

conducted during 4 hours and liquid-phase 

samples were continuously collected every 30 min. 

Degradation efficiency was monitored by 

measuring temporal total organic carbon (TOC) 

content and UV-VIS absorption spectra. 

 

Results 

SEM images of the as prepared catalyst revealed 

that the alkaline hydrothermal synthesis 

transformed initial TiO2 powdered precursor into 

the well developed and randomly oriented TN 

(Figure 1). These TN are several hundred 

nanometers long with the outer diameter of about 

10-15 nm with the proposed structure Na2xH2-

xTi2O4(OH)2. After the calcination TN are 

transformed into the solid nanorods accompanied 

with extensive recrystallization and formation of 

anatase structure. BET specific surface area values 

and XRD data reveal that the phase transformation 

occurs already at 400 °C and is more pronounced 

as temperature of the calcination increases what is 

followed with the extensive loss in the BET 

specific surface area and total pore volume. For 

instance, BET specific surface area decreases from 

383 m2/g (for the as prepared material) to 49 m2/g 

as calcination temperature increases to 700 °C. 

  

Figure 1. SEM micrographs of (a) precursor material 
(TiO2 P25 Degussa) and (b) hydrothermally prepared 

TN. 

 

Chemical treatment with concentrated H2O2 did 

not provoke any phase transformation and/or 

crystallite growth, but the partial dissolution of 

pristine TN after the treatment was expressed in 

terms of increased BET specific surface area and 

total pore volume. Formation of peroxo groups on 

the surface of TN was observed visually in the 

changes of color of synthesized material from 

white to yellow as well as confirmed by means of 

UV-VIS-DR measurements, detecting these 

functional surface groups at 420 nm. Deposited 

gold nanoparticles show narrow size distribution 

of small particles centred around 2 nm with the 

approximate amount of 2 wt. % Au. 

 

0

10

20

30

40

50

60

70

80

90

100

 P25 (pH=7)

 TN (pH=7)

 TN_300 (pH=7)

 TN_400 (pH=7)

  TN_500 (pH=7)

 TN_600 (pH=7)

 TN_700 (pH=7)

 TNp (pH=7)

 TN/Au (pH=7)

 TN/Au (pH=3)
 

 

%
 M

O
 r

em
o
v
al

 

 

Figure 2. CWPO degradation of 100 ppm aqueous 
solution of methyl orange. 

 

CWPO experiments conducted in the batch 

slurry reactor indicate that the utilization of 

catalyst samples with more pronounced crystal 

structure enhances absorption of light in collected 

UV-VIS spectra of methyl orange without any 

production of hydroxyl radicals. This can be 

attributed to stronger acidic character of catalyst 

samples calcined at higher temperatures that 

interact with the protonated methyl orange 

molecule (pKa=3.47 in water at 25° C). This was 



3 

also confirmed with the exponential shift in the 

absorption peak in collected UV-VIS spectra from 

464 to 527 nm for the methyl orange aqueous 

solution. 

Conversions obtained during CWPO of aqueous 

MO in the presence of catalysts examined in this 

study are presented in Figure 2. The highest extent 

of MO removal was observed in the presence of 

pristine TN and it reaches 22 %, what is 20 % 

higher in comparison to commercial TiO2 P25 

Degussa sample. After the chemical treatment with 

H2O2, conversion of methyl orange significantly 

increases up to 72 % (the corresponding TOC 

conversion equals to 63 %) after the 4 hour 

treatment with the stoichiometric amount of H2O2 

under the ambient conditions. To exclude the 

effect of adsorption on measured data, the same 

experiment was conducted in the absence of H2O2; 

it could be seen that adsorption reaches its 

maximum after 30 min of exposure, and keeps 

constant during the next 4 hours. As one can see, 

low degradation was observed with the use of 

TN/Au catalyst in the neutral pH range, so further 

experiments by using this solid were conducted at 

acidic conditions (pH=3). In such experimental 

conditions, removal of methyl orange increased to 

more than 50 % over TN/Au catalyst present in the 

reaction suspension. In order to further enhance 

removal of MO, it is believed that lower loadings 

of Au would be beneficial; this is currently under 

investigation. 

 

Conclusions 

TiO2 based nanotubes prepared by the alkaline 

hydrothermal synthesis method were investigated 

as a potential metal free catalyst for the CWPO 

process. From the obtained results it can be 

observed that after the chemical modification with 

H2O2 they show high potential for the degradation 

of methyl orange under the ambient reaction 

conditions reaching after 4 hours conversion as 

high as 72 % for the 100 ppm model solution with 

rather low amount of the catalyst (1.0 g/L). As far 

as we know, the use of this type of the catalyst for 

CWPO process carried out under ambient 

conditions hasn’t been reported yet in the open 

literature. The results of this study confirm that it 

is a promising catalyst for this area of applications. 

In the case of TN/Au solids, catalyst preparation 

procedures should be further varied in order to 

achieve optimal nanoparticle size distribution and 

loading of deposited gold clusters in order to 

enhance degradation of MO under mild reaction 

conditions. 
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The special attention is paid to use of nanocomposites catalysts 
for environmental protection. CWAO of phenols is an important 
process of environmental catalysis, allowing one to reach nearly 
complete oxidation of phenols to non-hazardous compounds. 
Catalysts based on Ru-containing nanoparticles (NPs) formed in 
the pores of hypercrosslinked polystyrene (HPS) were 
synthesized. 

 
The purification of wastewaters from phenol 

compounds (phenol, chlorophenols, m-, p-, and o-
cresols, pyrocatechin, resorcin, etc.) is one of the 
most  essent ia l  tasks  of  “green chemistry” 
considering the hazardousness of phenols. 
Although numerous methods are known for the 
elimination of phenols from water, the majority of 
them are physical methods that preserve the 
phenol mass balance, i.e., lead to the pollutant 
redistribution/concentration without its 
transformation to non-hazardous substances. 
Nowadays there is a large amount of phenols in 
the environment, hence, novel technologies for the 
conversion of phenols to non-hazardous or useful 
substances should be developed and implemented 
at the industrial scale [1,2]. The ideal purification 
is a complete oxidation of phenols to CO2 and 
H2O. (Although CO2 is one of the greenhouse 
gases, it is far less dangerous than initial phenols.) 
This can be achieved by a microbiological method, 
but this method is constrained by the high phenol 
content in wastewaters. The application of 
chemical non-catalytic methods is limited by high-
energy consumption and high-capital costs [3]. 
Catalytic conversion is considered to be the best 
solution to this problem. A great challenge in this 
field, however, is to provide a nearly 100% phenol 
compounds conversion in mild conditions and 
thus, the search for the most efficient and selective 
catalyst is one of the vigorously developing areas 
of the environmental catalysis.The promising 
methods of dephenolization include catalytic wet 
air oxidation (CWAO). CWAO allows the sewage 
treatment at ambient temperatures and pressures. 
The use of the catalyst accelerates considerably the 
oxidation rate and reduces waste concentration to 
the level at which the sewage can be used for 
technological needs. The key to the successful 

application of the CWAO process is the 
heterogeneous catalysis due to stability of such 
catalysts compared to homogeneous or colloidal 
ones. Platinum and ruthenium metals and cerium, 
titanium, manganese and iron oxides deposited on 
zeolites, alumosilicates and alumina have been 
employed as catalysts, however, they all use a high 
content (up to 25%) of the active metal in the 
catalyst and they are often unstable due to metal 
leaching. These problems can be solved by the use 
of more efficient catalysts requiring less active 
metal and by its stronger interaction (or enclosing) 
with support. 

Here we report the synthesis of nanocatalysts 
based on Pt-containing nanoparticles (NPs) formed 
in the pores of hypercrosslinked polystyrene 
(HPS) and their catalytic properties in the phenol 
CWAO under mild conditions. The Pt species 
were incorporated in HPS using wet impregnation 
of platinic acid in tetrahydrofuran followed by 
NaHCO3 treatment. The catalysts containing from 
0.11 to 4.85 wt.% of Pt were studied by X-ray 
fluorescence analysis, transmission electron 
microscopy, X-ray absorption spectroscopy, X-ray 
photoelectron spectroscopy, and liquid nitrogen 
physisorption methods. The NP sizes were found 
to be independent of the amount of platinic acid 
used for impregnation, but rather controlled by the 
pores of HPS. Three types of Pt species: Pt(0), 
Pt(II), and Pt(IV), constituted the NP composition. 
The effects of the phenol and catalyst initial 
concentrations and temperature were investigated 
in the phenol CWAO. Removal of 97% of the 
phenol (Table 1) with 94.2% selectivity to CO2 
and H2O were observed along with the lowest 
value of apparent energy of activation for the most 
active catalyst containing 0.95 wt.% Pt. 
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Table 1. Catalytic activity and selectivity of the 

catalysts at optimal conditionsa) in the phenol 

CWAO 

a)Reaction conditions: the catalyst concentration 

(Cc) of 5.15·10-3 mol(Pt)/L, phenol concentration 

(Co) of 0.44 mol(Phenol)/L, temperature of 95°C, 

pressure of 0.1 MPa, time of 5 hrs, and the oxygen 

flow rate of 0.018 m3·h-1 

 

It was demonstrated that the impregnation of 

HPS with platinic acid in THF followed by the 

NaHCO3 treatment leads to the formation of mixed 

Pt-containing NPs, the sizes of which are 

independent of the amount of incorporated Pt 

species and measure about 2.1-2.3 nm. The Pt 

species include Pt(0), Pt(II), and Pt(IV), the ratio 

of which varies insignificantly. Despite the similar 

NP sizes and composition, the catalysts containing 

different amount of Pt display very different 

catalytic properties in the phenol CWAO. The 

highest conversion, activity, and selectivity were 

obtained for the HPS based catalyst containing 

only 0.95 wt.% Pt, while the catalyst containing 

4.85 wt.% Pt is least active and selective. These 

differences are explained by the shielding of the 

catalytic sites when the Pt load is too high. 
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A series of surfactant encapsulated heteropolyanion (SEH-n) 
based on molybdovanadophosphates with biological membrane-
like structure was prepared and used as a wet air oxidation 
catalyst for removal of bisphenol-A. The as-prepared materials 
were characterised by TEM, XRD, FTIR and TGA. The 
performance of SEHs as wet air oxidation catalysts for the 
removal of bisphenol� A under ambient conditions was 
evaluated, showing promising potential. The hydrophobic 
property of the nano� sized SEHs provides good aqueous 
stability and allows excellent recoverability of the catalyst from 
the aqueous solution after treatment. 
 
 

 
 

Background 

Wet air oxidation usually require a combination 
of high temperature and high pressure for the 
removal of recalcitrant organic pollutants from 
waste water.[1] However, such processes are 
energy intensive and thus results in high operating 
cost which imposes a limit on practical 
application. Catalytic wet air oxidation allows the 
degradation of organic pollutants under milder 
conditions making it an effective process for the 
treatment of wastewater highly concentrated with 
organic pollutants. The use of heterogeneous 
catalysis in catalytic wet air oxidation would be 
highly desirable, allowing easy recovery of 
catalyst from the treated wastewater. 

Polyoxometalate (POM) is a molecular metal 
oxide with fascinating properties, they have been 
applied mainly as catalyst due to their multiple 
electron redox properties and the stability under 
such redox processes.[2] A major difficulty in the 
application of POM for wet air oxidation is the 
solubility in aqeous medium which makes it 
difficult for post treatment recovery. An emerging 
methodology of heterogenization of POM is the 
use of amphiphilic cations for the formation of an 
organic-inorganic hybrid which imparts a degree 
of hydrophobicity to the catalyst. 

Dimethyldiocatadecylammonium (DMDOA) has 

been applied extensively as the cationic modifier 
in the past decade. The amphiphile is able to 
conform to a biological membrance-like 
structure[3] and this property will allow 
improvement in surface properties in addition to 
the catalytic properties of POM. The organic part 
of the hybid formed by the combination of the 
amphiphile would provide hydrophobic 
microenvironment for the trapping of organic 
pollutants in wastewater while the POM part will 
be able to act as the catalytic centre. 

POMs with has been extensively used for 
photocatalytic oxidation of organic pollutants[4]. 
The molybdovanadophosphoric acid (H3+xPMo12-

xVxO40) (x = 1, 2, 3) type of transition metal 
substituted heteropolyacid/heteropolyanion (HPA), 
is stable and can be easily reoxidized by oxygen. 
They are suitable candidate of choice for the 
catalytic centre in the aforemention organic-
inorganic hybrid to study their feasibility in 
application as a wet air oxidation catalyst. The 
stability of POM and the activation of POM with 
oxygen in air makes it an inherantly green catalyst. 

 

Objective 

Molybdovanadophoshate encapsulated by a 
model amphiphile forming a biological membrane-
like structure is prepared using a simple ion 
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exchange reaction for use as a wet air oxidation 

catalyst. The morphological controls are well 

established[5] and the molybdovanadophosphoric 

acids used are well suited for the formation of the 

desired morphology (i.e. biological membrane-like 

structure) desired in this study. Primary 

characterisation of the material prepared is 

performed using transition electron microscopy, 

X-ray diffraction, Fourier transform infra-red 

spectrocopy and thermo-gravimetric analysis. The 

material is tested for removal of an endocrine 

disrupting organic pollutant, bisphenol-A, under 

wet air oxidation with mild conditions. 

 

Methods 

Molybdovanadophosphoric acid (H3+xPMo12-

xVxO40) was preparedas reported elsewhere.[6] 

The surfactant encapsulation of 

molybdovanadophosphate uses as single phase one 

pot mixed solvent synthesis method.  In the typical 

synthesis of (DMDOA)4[PVMo11O40], SEH‒1, 

DMDOA was firstly dissolved into a mixed 

solvent system of chloroform and n‒butanol in a 

volume ratio of 3:1. H4PVMo11O40 was added into 

the mixture until the molar ratio of DMDOA to 

[PVMo11O40]4- is 1:4. Ultra-sonication was applied 

to the mixture until a clear solution was obtained. 

The mixture was then allowed to evaporate of its 

solvent and the solid product collected. The same 

was performed for molybdovanadophosphoric acid 

of x = 2, 3,; with the stoichiometric ratio adjusted 

respectively. 

In the catalytic oxidation experiment using the 

SEHs, 1.0 g L−1 loading of SEH was added into an 

aqueous solution of bisphenol-A (BPA) (20 mg 

L−1, 100 mL) at the natural pH of the solution 

under ambient conditions.  The reaction vessel was 

covered during the oxidation experiment to 

preclude any interaction with light and reduce the 

loss of water.  The reaction was deemed to have 

started upon the addition of the SEHs, which 

excludes any time for the attainment of 

adsorption‒desorption equilibrium.  To understand 

and explore the influence of aeration on the 

catalytic activities, atmospheric air was bubbled at 

a rate of 3.5 L min−1 through the solution for 

interfacial dissolution of oxygen. BPA 

concentration at fixed intervals was determined 

using HPLC analysis. 

 

Results 

Figure 1 show the TEM micrograph of the as-

synthesised SEHs. Due to the high content of 

molybdenum, electron beams can only pass 

through spherical aggragates of smaller sizes. All 

SEHs prepared showed a spherical morphology 

analogous to that of a biological membrane-like 

structure. Nano-sized regions within the SEHs also 

shows the presence of the HPA anionic cluster, 

indicating successful encapsulation of the HPA 

with DMDOA. 

 

Figure 1. TEM micrograph of (a), (b) SEH‒1; 

(c), (d) SEH‒2; (e), (f) SEH‒3 showing spherical 

morphology of all SEHs prepared. 

 

Figure 2.  (a) XRD diffractogram of 

H4PVMo11O40, DMDOA, SEH‒1, SEH‒2 and 

SEH‒3; (b) FTIR of (i) H4PVMo11O40, (ii) 

DMDOA, (iii) SEH‒1, (iv) SEH‒2 and (v)SEH‒3; 

(c) TGA profile of (i) SEH‒1, (ii) SEH‒2 and 

(iii)SEH‒3 
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Figure 2(a) and (b) shows the XRD 

diffractogram and FTIR spectrum of the materials 

and catalyst, which indicates the transformation 

structurally and chemically from the surfactant 

encapsulation process. Figure 2(c) shows the 

weight loss profile of the SEHs which is due to the 

loss of the DMDOA surfactant. 

 

Figure 3. (a) Removal efficiency of BPA using 

SEHs without aeration. (b) Removal efficiency of 

BPA using SEHs and MVPA‒2 with aeration. (c) 

Comparison of removal efficiency of BPA by 

SEH‒2 under conditions with aeration and argon 

purged solution. 

Figure 3 shows the removal efficiecy of BPA 

use BPA under various conditions. The catalytic 

wet air oxidation process (Figure 3(b)) shows 

improved removal of BPA from the solution, 

while Figure 3(c) shows a lack of catalytic activity 

under anoxic condition. 

Conclusion 

The SEHs prepared in this study shows potential 

to be used as a wet air oxidation catalyst under 

mild conditions. The SEHs are activated by 

presence of oxygen in solution and are 

heterogeneous, allowing excellent recoverability 

after the treatment of the water. Further 

improvements to the surface properties of the 

SEHs will allow improved efficiency of this 

catalyst under room temperature and pressure. 
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2.5 billion people lack adequate sanitation facilities
with devastating consequences for human health and
the development of new technologies is becoming a
matter of urgency for 40% of the world’s population.
As part of the Nanomembrane toilet project, we have
investigated the combination of an ultrafiltration
barrier and a LED-driven UV/TiO2 photocatalysis
system to remove odorous compounds from the
treated urine. The results revealed that this double
barrier was able to produce pathogen and odour free
water with reduced amount of energy compared to the
currently used membrane distillation option. The
study showed that the 14 volatile organic compounds
tested were removed below their odour threshold
within 600 mJ cm-2.

1. Background

2.5 billion people (40% of the world’s population)
lack adequate sanitation facilities with devastating
consequences for human health as well as the
environment [1]. Poor sanitation contributes to
about 700,000 child deaths from diarrhea each
year. The toilets, sewers, and wastewater treatment
systems used in the developed world require vast
amounts of land, energy, and water, and are
expensive to build, maintain and operate. Existing
alternatives that are less expensive are often
unappealing because they don’t kill disease-
causing pathogens, have impractical designs, or
retain odors and attract insects.

In 2012, the Bill and Melinda Gates foundation
launched the Reinvent the toilet challenge.
Cranfield University, one of the grantees, is
developing the Nano Membrane Toilet which is
able to treat human waste on-site without external
energy or water. The toilet is designed for single-
household use (equivalent to 10 people) and
accepts urine and faeces as a mixture. The toilet,
still under development, works as follow: a toilet
flush using a unique rotating mechanism transports
the mixture into the toilet without demanding
water whilst simultaneously blocking odour and
the user’s view of the waste. Solids separation
(faeces) is principally accomplished through
sedimentation [2]. Loosely bound water (mostly
from urine) is separated using membrane
technologies. Following release of unbound water,
the residual solids (around 20-25% solids) are
transported by mechanical screw into a gasifier

which converts them into ash and energy which
will power the membrane process (and eventually
a secondary treatment).

Figure 1: Current design of the Nanomembrane
toilet.

During the first phase of the project, the work has
focused on membrane distillation as this unique
nanostructured membrane wall facilitates water
transport in the vapor state rather than as a liquid
state which yields high rejection of pathogens,
inorganic salts, organic compounds and most
odorous volatile compounds. Whilst the process is
highly effective at producing water of a drinkable
quality, a survey in Ghana demonstrated that the
users would not be prepared to drink the water due
to its origin, however most of the customers
confirmed that they would be willing to use the
water for irrigation or washing. Therefore, such
high quality water might not be necessary, and
particulate, odour and pathogen free water would
be sufficient for such applications. As a
consequence, a passive membrane filtration
system (ultrafiltration) rather than membrane
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distillation which requires temperature and
pressure (vacuum) differentials is less energy
demanding and would produce the desired
pathogen free water. The survey demonstrated that
odour was the most important factor that
influences the willingness to use water for
irrigation and washing. Yet, the pathogen free
water obtained from ultrafiltration would contain
these volatile organic compounds (VOCs)
responsible for the pungent odors of faeces/urine
mixtures. Therefore, an additional treatment able
to remove the VOCs below their odour threshold
becomes of great interest. TiO2 photocatalysis has
been successfully applied to the removal of VOCs
in air [3], however, no data is currently available
on their degradation in water. Our research is
looking at the use of UV/TiO2 photocatalysis using
high power LEDs as a low energy and chemical
free water treatment alternative to produce odour-
free water.

2. Methods

Ultrfiltration experiments were carried out in a
crossflow filtration cell with a fixed channel width
of 0.09 m, length 0.17 m and height 0.009 m,
yielding an active membrane surface area of 0.015
m2. The membrane used for this study was an
ultrafiltration polyvinyldifluoride (PVDF) flat
sheet membrane with a nominal pore size of 80
nm. The permeate was then use for photocatalytic
experiments.

UV/TiO2 experiments were conducted in a UVC-
LED system consisting of a high power
UVCLEAN lamp with multi-chip arrays of UV
LEDs enclosed in a metal and glass housing from
Sensor Electronic Technology (Columbia, South
Carolina). UV light emitted by the LEDs was at
254 nm. The chips were packaged in a
standardized transistor outline TO-3 with an
internal heat sink for heat dissipation. The
irradiance was set at 15 W m-2 for each
experiment.

The samples were analysed by GCMS, preceeded
by a solid-phase extraction step for sample clean-
up and concentration. 14 volatile organic
compounds known to be responsible for bad
smells in faeces-contaminated urine were detected
by the method with limits of detection well below
the odour threshold in water.

3. Results

The high power UV-LED/TiO2 system was
effective in the removal of all 14 compounds

below the odour threshold, with most of the VOCs
exhibiting a very high reactivity (k•OH) towards
hydroxyl radicals (Table 1). As individual
compounds, each VOCs were degraded below the
odour threshold in less than 7 minutes (UV fluence
= 320 mJ cm-2).

Table 1: HO• rate constants for typical odorous
compounds in urine.

VOCs k•OH (M-1.s-1)

2-butanone 1.8x109

1-butanol 4.2x109

Pyridine 4.5x109

Ethyl butyrate 1.6x109

Butyric acid 2.2x109

Isovaleric acid 1.4x109

Alpha pinene 3.3x1010

Dimethyl disulphide 1.7x1010

Dimethyl trisulphide 1.9x1010

Benzaldehyde 4.4x109

Limonene 1.0x1011

Phenol 1.4x1010

p-cresol 1.2x1010

Indole 3.2x1010

Skatole 1.2x1011

When treated as a mixture, the removal of VOCs
followed second order rate constants with skatole
being removed preferentially at a fluence of 80 mJ
cm-2 only. The compound which required the
longest exposure time to achieve below odour
threshold removal was isovaleric acid (UV fluence
of 600 mJ cm-2).The full study will look at the
energy required by the combination
ultrafiltration/AOP to treat 15 L of urine per day
and the results will be compared to the current
pressure driven membrane distillation process.

4. Conlusions

This work demonstrates that a two barrier
treatment process including a passive
ultrafiltration module and a high intensity UV-
LED/TiO2 photocatalytic system was able to
produce pathogen and odour free water which can
be used in developing countries for irrigation and
washing up.
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 Iron oxide has been anchored on SBA-15 to synthesize a stable 
and active catalyst-sorbent named Ace-FeMS. Ace-FeMS was 
characterized by XRF, XRD and TEM. The oxidation and 
adsorption of As(III) in aqueous solutions by Ace-FeMS with 
persulfate as oxidant has been investigated in different 
conditions. The influencing factors (Fe/Si ratio, pH) and the 
recycling of Ace-FeMS were investigated. Results showed that 
removal rate of As(III) reached to the highest at pH 5, as well as 
the catalytic oxidation efficiency. The removal rate of As(III) 
could still reach up to 95% for five recycling runs for the 
removal of 1000 μg L-1 As(III) in five fresh persulfate solutions. 
This catalyst-sorbent might offer a potential application for 
arsenic removal from waters. 
 
  

 

Background and Objectives. Problematic arsenic 
contamination deserves world concerns because of 
its carcinogenicity and toxicity. This has promoted 
intensive researches on the removal of arsenic in 
the environment[1]. In natural waters, arsenic 
exists in two main inorganic forms–arsenite and 
arsenate. It is well recognized that arsenite is about 
60 times more toxic than arsenate[2]. Different 
arsenic species have been widely found in the 
surface and groundwater sources[3]. Therefore, 
arsenic pollution requires more urgent attention to 
develop effective and economical techniques for 
the remediation of polluted water source and 
removal of arsenic species especially inorganic 
arsenic species. Recently, extensive researches 
have provide various ways to remove arsenic from 
waters, and various materials were discovered for 
the removal, including nano-materials[4], bio-
material[5] and mesoporous silica materials[6]. 
Iron and iron-based sorbents has drawn a great 
attention due to the high affinity of iron for 
arsenic[7]. And the oxidation of As(III) by the 
Fe(II)-persulfate reaction has also been studied[8]. 
However, there is little information about the 
removal of arsenic by Fe-doped SBA-15 (FeMS) 
in persulfate solutions. In this paper, we present a 
new way to synthesize FeMS with high porosities 
using acetone (Ace-FeMS). In K2S2O8 solutions, 
Ace-FeMS with various Fe content were employed 
as catalysts to accelerate the oxidation of As(III) 
by SO4•-and adsorbents for the generated As(V). 
Characterizations of the Ace-FeMS and the effects 
of influencing factors were investigated. This work 
might provide a novel composite material for the 

oxidation and adsorption of arsenic from waters. 

Methods. Particulate hydrated iron oxides colloid 
was synthesized by Li et al [9]. Acetone was 
added into the generated colloid. After stirred for 1 
h, the intermixture was dried at 60 oC. Then the 
solid iron oxide was produced. The solid iron 
oxide and 4 g triblock copolymer P123 were 
dissolved in 150 ml deionized water. After that, 
8.5 g tetraethyl orthosilicate (TEOS) was added in 
the solution under stirring for 24 h at 40 oC. The 
solution was aged at 100 oC for 24 h in an 
autoclave. After suction filtration, the sample was 
dried at 80 oC. Finally, the samples were calcined 
at 550 oC for 2 h in N2 to form the Ace-FeMS-p (p 
for the molar ratio Fe/Si). 

Results. X-ray fluorescence (XRF) spectroscopy 
were recorded to calculate the actual molar ratio 
Fe/Si. The actual molar ratios Fe/Si of Ace-FeMS-
0.2, Ace-FeMS-0.5, Ace-FeMS-1.0 were 0.14, 
0.32, 0.65. This indicated that part of Fe lost 
during the sample preparation.  

The X-ray diffraction (XRD) patterns of Ace-
FeMS-0.2, Ace-FeMS-0.5, Ace-FeMS-1.0 were 
shown in Figure 1. There is not any crystalline 
phase associated with iron oxide in three samples, 
which indicated that the iron oxides were 
amorphous and highly dispersed on the 
mesoporous framework. However, weak 
diffraction peaks of Fe3O4 were observed. With 
the increase of Fe content, the intensity of the 
diffraction peaks increased, indicating that the 
samples had a good magnetism for separation. 
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Figure 2 shows the transmission electron 

microscope (TEM) of three Ace-FeMS. The TEM 

images showed that the three samples consisted of 

irregular nano-particles. The high-resolution 

transmission electron microscopy (HRTEM) 

images showed apparent ordered mesoporous 

structure. The mesoporous structure decreased 

with the increase of Fe content, indicating iron 

oxides were highly dispersed on mesoporous 

framework . 
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Figure 1. XRD patterns of Ace-FeMS-0.2, Ace-

FeMS-0.5, Ace-FeMS-1.0. 

 

 

Figure 2. TEM and HRTEM of Ace-FeMS-0.2(a), 

Ace-FeMS-0.5(b), Ace-FeMS-1.0(c). 

 

Figure 3 showed the removal of As(III) in 0.15 

mmol L-1 K2S2O8 solution with 1000 μg L-1 

arsenite and 1.0 g L-1 Ace-FeMS-p at pH 5. The 

results showed that the Ace-FeMS-p had an 

excellent efficiency on As(III) removal. The 

removal efficiency increased with the increase of 

Fe content. 

0 10 20 30 40 50 60 70 80
20

30

40

50

60

70

80

90

100

 

 

R
em

o
v

al
 r

at
e 

(%
)

Time (h)

 Ace-FeMS-0.2

 Ace-FeMS-0.5

 Ace-FeMS-1.0

Figure 3. Removal rate of As(III) by several 

materials in heterogeneous system. Experimental 

conditions: [As]0 = 1000 μg L-1, [Ace-FeMS-p] = 

1.0 g L-1, [K2S2O8] = 0.15 mmol L-1, pH 5. 

 

Compared with these results in the experiments 

without K2S2O8 or Ace-FeMS-p, the results of 

catalytic oxidation efficiency of As(III) were 

shown in Figure 4. The results showed that the 

Ace-FeMS-p had an excellent promotion in As(III) 

oxidation. The catalytic oxidation efficiency 

increased with the increase of Fe content. 
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Figure 4. Catalytic oxidation efficiency of As(III) 

by several materials in heterogeneous system. 

Experimental conditions: [As]0 = 1000 μg L-1, 

[Ace-FeMS-p] = 1.0 g L-1, [K2S2O8] = 0.15 mmol 
L-1, pH 5. 

The experiment was presented to determine the 
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effect of pH in the range of 5-9. The results were 

shown in Figure 5. The highest removal rate was 

observed at pH 5, and reached nearly 100% in 45 

min. In contrast tests without K2S2O8, the 

adsorption efficiency of As(III) changed relatively 

little in pH 5-7. However, the adsorption 

efficiency of As(V) decreased significantly with 

the pH up to 9. In alkaline solution, the excessive 

HO- would compete with the generated HAsO4
2- 

for adsorption on Ace-FeMS-1.0, which led to the 

decrease of As(V) adsorption. Compared with the 

adsorption efficiency of Ace-FeMS-1.0 and the 

oxidation by K2S2O8 respectively, the catalytic 

oxidation efficiencies of Ace-FeMS-1.0 at pH 5, 7, 

9 were 75.2%, 73.2%, 5.4% respectively. This 

indicated that the excellent catalytic oxidation 

activity of Ace-FeMS-1.0 was the major factor for 

As(III) removal in K2S2O8. 
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Figure 5. Influence of pH on As(III) removal rate. 

Experimental conditions: [As]0 = 1000 μg L-1, 

[Ace-FeMS-1.0] = 1.0 g L-1, [K2S2O8] = 0.15 

mmol L-1, pH 5-9. 

 

In order to investigate the possibility of several 

recycling runs for Ace-FeMS-1.0, the solid 

catalyst was separated from the reaction mixture 

centrifugation. The solid catalyst was added into 

1.0 mol L-1 NaOH solution for desorption. Then 

the solid catalyst was washed by deionized water 

and centrifugation. The used and washed Ace-

FeMS-1.0 was used again in a fresh reaction. The 

Ace-FeMS-1.0 was recycled five times for As(III) 

removal. The removal rate of As(III) by recycled 

Ace-FeMS-1.0 were shown in Figure 6. When the 

oxidation and adsorption of As(III) was repeated 

five times with the same Ace-FeMS-1.0, the 

removal rate of As(III) was still up to 95%. 
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Figure 6. Recycling of Ace-FeMS-1.0 for the 

removal of As(III). Experimental conditions: [As]0 

= 1000 μg L-1, [Ace-FeMS-1.0] = 1.0 g L-1, 

[K2S2O8] = 0.15 mmol L-1, pH 5. 

 

Conclusions. In this paper, we synthesised the 

Ace-FeMS-p by a simple template-catalysis 

method, which was an excellent heterogeneous 

catalyst-absorbent for As(III) removal in the 

presence of persulfate as oxidant. Ace-FeMS-p 

was stable and recyclable for 5 times. This 

composite provides a potential pathway for 

effective removal of inorganic arsenic from waters 

through simultaneous oxidation and adsorption. 
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A novel, fully automated Photocatalytic Membrane Reactor (PMR)
pilot unit is presented and evaluated herein. PMR combines two 
modern processes; i.e. heterogeneous photocatalysis and membra-
ne ultrafiltration, employing dispersed TiO2 nanoparticles with 
UV-C irradiation and hollow UF fibers in a submerged module,
respectively. The PMR-pilot aims at the continuous photocatalytic 
degradation/mineralization of recalcitrant organic compounds,
commonly encountered in natural waters at very low concentrati-
ons. The performance of PMR pilot was evaluated by studying the 
degradation of the pharmaceutical diclofenac, a typical recalcitrant 
micro-pollutant, at different operating process parameters. In the 
specific conditions tested, it is shown that catalyst loading and UV-
C radiant power per unit volume significantly affect DCF removal;
however, hydraulic retention time has a rather insignificant effect. 

The contamination of surface- and ground-
waters from hazardous for the public health, toxic 
organic micro-pollutants [e.g. Pharmaceutically 
Active Compounds (PhACs), herbicides, industrial 
chemicals, dyes, etc.] is a well-known problem. 
Therefore, pursuing the development of effective, 
economic and environment-friendly technologies 
is an issue of great importance. Among such 
technologies, Advanced Oxidation Processes 
(AOP) are considered much promising candidate 
methods to efficiently remove and simultaneously 
destroy a wide spectrum of non-biodegradable 
organic substances from water. AOP have many 
advantages compared to currently widely used 
conventional water treatment methods, such as 
coagulation/flocculation, activated carbon 
adsorption, ion-exchange and membrane filtration.  

In recent years, researchers at CERTH (Natural 
Resources and Renewable Energies Laboratory-
NRRE) have gained significant experience in 
AOP, mainly on heterogeneous photocatalysis. 
Specifically, NRRE has specialized on design and 
construction of laboratory scale hybrid photo-
catalysis/ultrafiltration systems, with novel 
characteristics. Continuous-mode Photocatalytic 
Membrane Reactors (PMR) of different 
configurations have been successfully tested, 
regarding the oxidation/degradation of   
recalcitrant micropollutants, including Sodium 
Alginate (SA), Humic Acids (HA), Diclofenac 
(DCF) and Atrazine (ATR) [1-4]. Details on the 
construction and the experimental results of 
previous PMR systems can be found elsewhere [1-
4]. The laboratory results paved the way for 
scaling-up one of the aforementioned hybrid 
systems which was tested under real filtration 

conditions. The experimental results of continuous 
treatment of DCF with the pilot-scale PMR are 
presented in this study. 

Titanium dioxide (Aeroxide® P25, Degussa), 
comprising 75% anatase and 25% rutile, with a 
BET surface area 50 m2/g, average primary 
particle size 21 nm and an energy band gap of 
3.18eV, was used as photocatalyst. However, in 
aqueous dispersions, TiO2 nanoparticles tend to 
aggregate and form fairly large agglomerates of 
size depending on various parameters [4]. 
Diclofenac sodium salt of analytical grade, 
purchased from Sigma-Aldrich, was used as a 
representative toxic organic micro-pollutant in all 
experiments. DCF is a non-steroid, anti-
inflammatory drug, frequently encountered in 
natural and surface waters in very low 
concentrations, affecting both human health and 
environment [5]. Tap water from a well (serving 
CERTH) was used as feed water; the feed solution 
pH was natural, without any adjustment and all 
reagents were used as received, without any pre-
treatment. DCF concentration was determined by 
reversed-phase HPLC (LC-10AD VP, Shimadzu 
Co.) fitted with a XTerra MSC (Waters) column, 
(18.5 � m, 150 mm x 2.1 mm (i.d)) at 40oC, 
coupled with a UV/Vis detector (SPD-10A VP, 
Shimadzu Co.) at 270 nm, after pre-concentration 
by solid-phase extraction (Discovery® DSC-18 
SPE Tubes, 500 mg, 3 mL) [3]. Total Organic 
Carbon (TOC) concentration was measured in a 
TOC analyzer (TOC-5000A, Shimadzu Co).  

A schematic diagram of the pilot PMR unit is 
provided in Figure 1. The main parts of the unit, 
designed and constructed in NRRE laboratory, are 
the cylindrical membrane vessel, made of 

C3- 3



2 

Plexiglas with a working volume of 10 L, and the 
commercial UV sterilization system, made of SS 
316L with a working volume of 15 L. The 
membrane module, comprising UF hollow fibers 
with total surface area 4.19 m2, is submerged in 
the membrane vessel. UF fibers, made of PVDF, 
with nominal pore size 0.03 μm and OD 2.6 mm, 
were purchased from Koch Membrane Systems, 
Inc. Four UV-C lamps, emitting at 253.7 nm, with 
nominal power 39 W, are encased within four 
quartz sleeves. The latter are immersed in the UV 
sterilization system, purchased from PURO srl.   
All operations of the UV system, are monitored 
through an advanced control panel. The total 
effective PMR-unit volume is 25 L, with max 
system capacity 1.2 m3/d, at 52 W UV-C power.  

A number of pilot PMR unit automations are 
included: i) level control in membrane vessel, ii) 
periodic membrane backwashing with treated 
water, to mitigate membrane fouling, iii) an 
automatic mechanical cleaning system of quartz 
sleeves with adjustable frequency, to avoid UV 
light scattering phenomena, iv) a cleaning in place 
(CIP) system, to implement chemical cleaning of 
the membranes when necessary.  

 

 
Figure 1. Schematic diagram of the pilot scale 
continuous PMR. 
 

An air compressor supplies sufficient air at the 
bottom of the membrane vessel, through a porous 
diffuser, at a rate of approx. 150-220 L/h. A gear 
pump is used to feed the DCF solution from the 
200 L feed tank to the membrane vessel. TiO2 
suspension is fed to the system from a 3 L catalyst 
vessel, with a volumetric rate of 7 L/h, provided 
by a dosing pump. DCF solution and catalyst 
suspension recirculation, in the system, is achieved 
by a centrifugal pump, operating at a volumetric 
rate of approx. 480 L/h. Another gear pump is 
used for permeate suction, from the membrane 
vessel to the 1 L backwashing vessel. Appropriate 
instruments and meters, connected to a PC with a 
touch-screen and a data logging system, are used 
to monitor and record temperature, pH, electrical 

conductivity, trans-membrane pressure (TMP), 
permeate flux and air flow. 

The pilot PMR unit described herein has many 
innovative features and distinct advantages. It is 
portable and simple to operate. It is fully 
automated and can run either unattended for a long 
time period or remotely monitored through a novel 
wireless communication system. Continuous 
operation is implemented with no reject stream 
(that would need further care), thus permitting 
nearly total clean water recovery. No chemical 
additives or other oxidants (e.g. Cl2, O3) are 
needed, except H2O2 in some applications. Finally, 
the system energy consumption is relatively low 
compared with conventional water treatment 
processes, thus rendering the unit a cost-effective 
and environment-friendly technology. 

The effect of catalyst loading, UV-C Radiant 
Power per unit volume (PR) and Hydraulic 
Retention Time (HRT) on system efficiency, 
regarding the degradation (% DCF removal) and 
mineralization (% TOC removal) of DCF was 
investigated. Two catalyst concentrations (0.5 and 
0.75 g/L), HRT (30 and 60 min) and PR (1.04 and 
2.08 W/L) values were tested. The latter 
corresponds to two or four UV-lamp operation, 
respectively. Filtration cycles of 10 min (1 min 
backwash after 9 min suction) were selected. 
Before each experiment, the system (membranes, 
vessels, TiO2 catalyst) was saturated with DCF 
(considering the increased hydrophobicity of the 
DCF molecules). A DCF stock solution was 
prepared and diluted with tap water to a feed 
solution concentration of approx. 0.2-0.65 mg/L 
and final volume of 200 L. Initially, the system 
was continuously operated overnight in the dark 
(without UV irradiation), where recirculation of 
the permeate stream to the feed tank was taking 
place, until [DCF]feed = [DCF]perm. In the next 
stage, the system was fed with fresh dispersion of 
TiO2, which was diluted until final volume of 25 
L. The suspended catalyst particles were 
recirculated under aeration for about 30 min, to 
achieve uniformity of catalyst concentration. 
Finally, the experiment was started (t=0) and UV-
C lamps were turned on. The experimental time 
period was 3 or 5 h, whereas samples from feed 
and permeate stream were collected at specific 
time intervals for DCF and TOC determination.   

Figure 2 shows the rather small effect of HRT 
on DCF percentage removal. Indeed, doubling the 
HRT value, from 30 to 60 min, increases the DCF 
removal by approx. 3.5% (from 82.3 to 85.8%). 
An increase of HRT is associated with longer 
irradiation time and contact time of DCF 
molecules with the generated hydroxyl radicals 
(·OH), which theoretically would lead to greater  
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degradation system efficiency. The system reaches 
steady state conditions after 30 min and the DCF 
percentage removal tends to slightly increase at the 
end of the experiments. 

The influence of catalyst loading on system 
efficiency is depicted in Figure 3. Increasing TiO2 
concentration from 0.5 to 0.75 g/L, results in 
approx. 10% higher DCF removal (from 72.3 to 
82.3%). This is possibly related to the increase of 
active sites in the catalyst surface and the greater 
surface-area availability for oxidation of DCF 
molecules, as confirmed in previous experimental 
studies [1-4]. Moreover, the system attains a 
steady state slower (within 60 min) when a smaller 
catalyst concentration (0.5 g/L) is employed, 
compared to 0.75 g/L TiO2 concentration. 

 

Figure 4 presents the results of two experiments 
carried out with different PR values. It is evident 
that, DCF removal is increased from 72.3 to 
90.6%, with the use of four UV-C lamps instead of 
two. In addition, the effect of UV-C irradiation on 
DCF degradation efficiency is greater than that of 
UV-A irradiation [3]. This may be attributed to the 
higher energy provided by the UV-C irradiation. 
Moreover, the effect of UV-C irradiation on DCF 
degradation efficiency is greater compared to other 
organic micropollutants [1-4], due to UV-C lamps 
emission wavelength (254 nm), which is near the 
DCF maximum UV absorbance (276 nm). 

 

Concerning membrane filtration performance, 
TMP has shown exactly the same behavior in all 
experiments; i.e. practically constant TMP values 
were observed, regardless of experimental time, 
which indicates negligible irreversible membrane 
fouling (data not shown). This TMP stability 
essential proves the effectiveness of the employed 
automatic backwashing protocol, during PMR unit 
operation, in connection with the rather low 
permeate flux implemented (7.5 or 15 L/m2/h). 

In summary, the continuous PMR system attains 
a steady state within approx. 0.5-1 h. Complete 
retention of dispersed catalyst particles by the UF 
membranes is achieved. DCF removal varies 
between 72 and 91%, and 46% TOC removal is 
recorded. Catalyst loading and PR have satisfactory 
positive effect on system efficiency, increasing 
DCF removal by 10 and 20%, respectively, 
whereas HRT has a rather low effect. The novel 
PMR unit exhibits many advantages and holds 
promise for extensive practical applications in 
water and tertiary wastewater treatment. However, 
needed further research, involving more realistic 
conditions, is already in progress, aiming at system 
optimization (based on technical and economic 
criteria) and at even greater scale implementations. 
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 A tertiary treatment which combines adsorption and solar 
photocatalysis was carried out. Adsorption was by a sequence of 
two column filters; the first included granular activated carbon 
(GAC) and the second included a granulated nano-composite of 
micelle-montmorillonite mixed with sand (20:100, w/w). The 
Solar Advanced Oxidation Processes (SAOPs) applied were 
heterogeneous, using suspended TiO2, and homogeneous Photo-
Fenton Photocatalysis using peroxymonosulfate as agent oxidant. 
The aims were to remove faecal micro-organisms such as 
Escherichia coli and Enterococcus spp., and emerging 
contaminants (ECs) present in wastewater (WW) secondary 
effluents. The final effluent presents an improved sanitary level 
with acceptable chemical and biological characteristics.  

The domestic and industrial use of large amounts 
of water in developed countries generates large 
amounts of wastewater. The need to recuperate 
this water for new uses, makes practically essential 
the purification of wastewater to achieve the 
desired degree of quality. For this reason 
wastewater treatment plants (WWTPs) should be 
designed for achieving the removal of 
micropollutants and pathogens in order to 
minimize their sanitary and environmental 
impacts. So, it is necessary to improve the 
efficiency of existing WWTPs with new eco-
friendly technologies. 
A promising way can be a tertiary treatment which 
combines adsorption and Solar Advanced 
Oxidation Processes. 
Several improvements have been recently 
achieved by our research groups to increase the 
efficiency of adsorption phase and of titanium 
dioxide photocatalysis and photo-Fenton. 
An efficient removal of bacteria and 
Cryptosporidium from water by micelles of two 
organic cations complexed with the clay-mineral 
montmorillonite was demonstrated [1]. On the 
other hand solar advanced oxidation processes 
were demonstrated to yield efficient removal of 
emerging contaminants in wastewater effluents [2-
5].  
The aim of the present study is to apply these 
coupled systems for decontamination and 

disinfection of wastewater secondary effluents 
(WWSE). 
We proceeded through several steps: (i) 
identification of the micropollutants and faecal 
coliforms present in the secondary effluent; (ii) 
assessment of filtration and (iii) of solar advanced 
oxidation processes.  
The efficiency of these processes was evaluated 
through: 
1) the inactivation of faecal bacteria and removal 
of emerging contaminants; 
2) the decrease of Total Organic Carbon (TOC); 
3) analytical determinations by LC coupled to high 
resolution mass spectrometry to identify and 
monitor transformation products. 
 
Materials and Methods  
Materials. Real WW effluent collected 
downstream of the WWTP secondary biological 
treatment stage had the following mean 
characteristics: pH = 7.2 ± 0.2; conductivity = 669 
± 21 µS cm-1; [TOC] = 26.3 ± 0.6 mg L-1; [Cl−] = 
77.9± 0.3 mg L-1; [NO3

−] = 9.9± 0.2 mg L-1; 
[HCO3

−] = 108.8±7.2 mg L-1; [Ca2+] =52 ± 4 mg 
L-1; [Na+] = 67 ± 3 mg L-1; [K+] = 15 ± 2 mg L-1. 
Filtration. Experiments were carried out using 
either GAG (AquacarbTM  207C 12x30), or 
composite micelle-clay (MC), obtained adding 
montmorillonite (Montmorillonite Minerals 
Society, Columbia, MO) to 
octadecyltrimethylammonium (ODTMA) 
surfactant (Sigma Aldrich) in micellar aqueous 
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concentration at a rate 4.5:2 (w:w). Sand of 

Fontainebleau (particle size 150-200 µm), was 

used as drainage material to improve hydraulic 

conductivity. 

Filtration setup consisted of two stainless steel 

columns (50 cm x 2 cm i.d.) in series; the first was 

filled with GAC; the second with 5-cm sand layer, 

40 cm 100:20 (w/w) mixture of sand and MC, 5-

cm sand layer again. The flow rate was 0.8 L/h for 

effluent filtration. 

Solar Advanced Oxidation Processes. 
Heterogeneous photocatalysis was performed 

using 0.7 gr L-1 of Evonik-Degussa P25, while, 

Photo-Fenton was carried out using iron sulfate 

(100 µM), peroxymonosulfate (200 µM) and 

sulfuric acid to adjust water pH to 3. 

Solar photocatalytic experiments were carried out 

in laboratory setup previously described [2]. The 

photoreactor consisted in a module of three 

independent 30-cm wide, 100-cm high, 2-cm thick 

flat “panels”. Solar panels were oriented 

southwards and inclined at an angle of about 42°. 

The irradiated volume was 6 L. A stirred-reservoir 

was filled with the WW secondary effluent. The 

solution was continuously re-circulated by a 

volumetric pump (New-Jet 3000) from the bottom 

to the top of the photoreactor panels and from 

there to the reservoir. Reactor panels were covered 

by a special polymethyl methacrylate sheet, which 

transmits 85% of the incident light irradiation. 

ECs analysis. ECs were measured by liquid 

chromatography high resolution mass 

spectrometry (LC-HRMS, Exactive Plus Orbitrap, 

ThermoScientific). 

Microbiological analysis. Membrane filtration 

method was followed, using chromogenic medium 

Colinstant (Scharlab, Spain) for the detection and 

enumeration of E. coli, and Slanetz and Bartley 

medium (Scharlab, Spain) for Enterococcus spp. 

(ISO 7899-2:2000 method).  

 

Table 1. Bacterial concentration after filtration 

(Volume treated 14L) 

a CFU/100 ml 

 

Results 

The proposed technology combining a filtration 

step by MC composite and SAOPs allowed several 

log-units reduction in E. coli and Enterococcus 

spp. In fact, the MC column filtration step was 

efficient in bacteria removal from 6.96 E+04 to 

1.60 E+02 CFU/100 mL and from 8.00 E+03 to 

5.30 E+01 CFU/100 mL for E. coli and 

Enterococcus spp., respectively. In contrast, GAC 

filter was barely able to reduce the effluent 

bacteria content. 

Besides, the combined system (filtration and 

photocatalysis) allowed for the reduction of TOC 

values from 26 to 1 mg L-1, and the obtained 

effluent showed an improved sanitary level with 

acceptable chemical and biological characteristics. 

The tertiary treatment proposed produced effluents 

that can be considered for the reuse in agriculture 

for irrigation of crops and fruit trees. In fact, the 

system assembled yields complete removal of 

fecal bacteria. 
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Figure 1. Degradation curve of TOC during applied 

processes  

Future research will be devoted to the treatment of 

larger volumes of wastewater secondary effluents. 
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Assessment of the key parameters of the photocatalytic properties for 
construction materials: LIFE-MINOX-STREET European Project
B. Sánchez1, S. Suárez1, I. Jansson1, O. Vilanova1, B. Cadavid2, J. Perez2, J. O. Marrón2, A. Moral2, M. Sánchez2, M. 
Palacios3, L. Nuñez3, B. Artiñano3, M. Pujadas3and D. Iglesia4 (1) CIEMAT-FOTOAir,  Avda. Complutense 40, 28040 
Madrid Spain e-mail:benigno.sanchez@ciemat.es; (2) CEDEX-CET, Madrid Spain; (3)CIEMAT-Dpto. 
Medioambiente, Madrid Spain;(4)Alcobendas Council, Madrid Spain.

The ‘MINOx-STREET’ project, funded by EU (Life12 
ENV/ES/000280), aims to evaluate the strategies for the 
abatement of traffic related NOx levels. It will offer to the 
local authorities a guide to optimize the use of commercial 
photocatalytic materials designed for air purification in 
urban environments. The potential usefulness of a range of 
commercial photocatalytic materials to act as NOx sinks 
was studied. Facades, asphalts, sidewalks and roof covering 
were analysed and more than 160 analysis (ISO 22197-1 
standard) on 23 photocatalytic products distributed in the 
European market were performed. The most promising 
solutions will be implemented on urban surfaces in real 
condition in the Alcobendas District next to Madrid.  

Nitrogen oxides (NOx) contribute to several key 
atmospheric phenomena such as the 
photochemical smog, greenhouse effect or acid 
rain. Nowadays, and especially in big cities, there 
is a great concern about the atmospheric pollution 
provoked by nitrogen oxides. Heterogeneous 
photocatalysis with solar irradiation has started to 
be considered a plausible, clean and low cost, 
technology for NOx removal [1,2,3]. TiO2 

commercial materials or precursors of titania 
nanoparticles [4], are included with different 
formulations into construction materials, e.g. 
asphalts, pavements, facades. Incorporated 
materials (where the precursor is included in the 
preparation of the block) or coated samples 
(prepared by spray or dip coating techniques) are 
the two most common procedures to incorporate 
semiconductors into construction materials. The 
photo-oxidation process can be described, in a 
simple way, as a two-stage reaction occurring on 
the surface of the photocatalyst [2]:

  NO + OH• �  NO2 + H+                       (1) 

NO2 + OH• �  NO3
- + H+                                                   (2) 

Therefore, NO2 is the first oxidation product and 
the key precursor for further oxidation to nitrate 
ions. The nitrate species adsorbed on the 
photocatalyst surface are expected to be washed 
away from the surface as weak nitric acid.  
In this context, the European Project “LIFE 
MINOx-STREET” arises in order to implement 
photoactive materials in a neighbourhood of the 
Alcobendas District (Madrid, Spain). Four entities, 
INECO (Transport Engineering and Consultancy), 

the Alcobendas Council, two Research Centres 
CIEMAT (Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas) and CEDEX
(Centro de Estudios de Experimentación y Obras 
Públicas) with a total budget of 1.982.619 € are 
involved. In the first stage of the project, 
photoactive materials already available in the 
market, such as concrete, asphalt, paints and roof 
coverings, were evaluated under the parameters 
reported in the ISO22197-1 standard (Table 1, 
total flow = 3 L min-1, [NO] = 1,000 ppbv, R.H. = 
50 %, I = 10 Wm-2, irradiation time = 300 min).  

Table 1. Materials evaluated according to 
ISO22197-1 standard 

Nº ISO Test 228 Description 

Facades Types 3 - Bricks 
- Rough concrete 

Pavements Types 10 - Tile 
- Paving stones 

Asphalts 3 -Porous/non 
-Aged/non 
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Short Abstract 

The use of biodegradable chelating agents(EDDS) 
for removing heavy metals from soils is a very 
promising ex-situ process for the treatment of 
contaminated soils . The main drawback of the soil 
washing is the need of a successive treatment of 
the wastewater which contains the extracted heavy 
metals and chelating agents. The studies on the 
possibility to decontaminate EDDS containing soil 
washing effluents are restricted to synthetic 
solutions or real soil washing solutions but using 
exclusively artificial solar radiation. The present 
investigation proposes, for the first time, an 
integrated “outdoor“  photocatalytic process for 
lowering the high concentration of copper, iron 
and zinc and EDDS present in soil washing 
wastewaters to values below the limits defined by 
the Italian legislation for discharge in civil sewers. 
The effluents were produced through a soil 
washing process using EDDS as chelating organic 
agent. The polluted soils were  taken from the 
“Land of Fires”, an area in Campania region, 
Southern Italy, near Naples, known for its high 
incidence of cancer mortality also due to a marked 
presence of  toxic residues in the environment. The 
“outdoor“  runs under sunlight were carried during 
the spring 2015 at University of Naples (Italy, 
local latitude 40° 50� 00��  N, longitude 14°12� 00�� 
W) by means of a solar tubular collector supported 
by an aluminium structure. The unit comprised 8 
parallel borosilicate glass tubes (i.d. 4 mm, length 
34.6 cm and width 6 mm) connected by plastic 
junctions. 
An experimental campaign was carried out 
“ indoor” , by using a simulated solar radiation 
(sodium vapour lamp), aiming at the establishment 
of an optimal sequence of photocatalytic processes 
capable to ensure the highest efficiency of removal 
Cu, Zn, Fe and EDDS. The best choice resulted to 
be firstly the removal of Fe, Zn and EDDS through 
a TiO2-photocatalysis with oxygen, followed by a 
photocatalytic step  under inert atmosphere 
(sacrificial TiO2-photocatalysis) for the abatement 
of the residual metals, particularly Cu, and 
organics (scheme 1)  

 

Scheme 1. Sequence of photocatalytic steps 

 
The solar process was able to reduce the Fe and Zn 
concentration in 16 kJ/L and Cu content after 
35kJ/L below the limits permitted by the actual 
Italian legislation. In general, removal efficiencies 
of 100% for Fe, Zn and EDDS, and over 65% for 
Cu were achieved after 25.4 kJ/L of accumulated 
energy by means of solar tubular reactor.  
The high removal efficiency reached with the 
photocatalytic processes suggests that the system 
could be proposed as useful solution for removing 
some heavy metals and chelating agents from soil 
washing wastewater. 
Ecotoxicological tests were carried out to evaluate 
the ecotoxicity of the soil washing wastewaters 
before and after the solar photocatalytic treatment. 
The ecotoxicological assessment was performed 
on four different target organisms: a bacterium 
(Vibrio fischeri), a green microalga 
(Pseudokirchneriella subcapitata), a crustacean 
(Daphnia magna) and a seed (Lepidium sativum). 
Preliminary ecotoxicity test showed the efficiency 
of the photocatalytic system to modify the toxicity 
of the soil washing effluents. 
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Elimination of antibiotic activity of waters contaminated with 
oxacillin by photo-Fenton, TiO2-photocatalysis, sonochemical and 
electrochemical processes - A comparative study on the effects of 
additives 
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In this work the effect of several additives of the pharmaceutical 
industry: Mannitol (MAN), tartaric acid (TA), calcium 
carbonate (CC) and sodium lauryl ether sulfate (LES), is 
evaluated in the degradation of oxacillin (OXA) by several 
advanced oxidation processes (TiO2 photocatalysis (PC), photo-
Fenton (PF), sonochemistry (SC) and electrochemical oxidation 
with DSA anodes mediated by chloride ions (EO). Depending 
on both the process and the additive type, interesting enhancing 
or inhibiting effects were found on the kinetic of the 
antimicrobial activity removal of the treated solutions. The 
results are the high relevance in the choice of the most suitable 
technology to the treatment of waters containing β-lactam 
antibiotics such as oxacillin.. 

 
 

 
Antibiotics are among the therapeutic groups 
commonly detected in wastewaters. The pollution 
by antibiotics in the biosphere induces a bacterial 
selection and the production of microbial 
resistance1. The resistance genes at the 
environmental bacteria can be transferred to 
humans increasing the risk and diminishing our 
ability to treat the illnesses2. Consequently, 
processes able to eliminate the antibiotics in 
polluted waters are a need.  
 
As antibiotics in pharmaceutical wastewaters are 
accompanied with other substances such as 
excipients, active principles and surfactants used 
for cleaning proposes, their effect on both the 
efficiencies of the antibiotic degradation and the 
elimination of the associated biological activity 
should be considered. A special attention at the 
antimicrobial activity (AA) must be paid, taking 
into account that in several cases, although the 
pollutant is effectively removed, the treated 
solutions can still conserve the antimicrobial 
activity. In spite of that, in most of papers dealing 
about the treatment of wastewaters containing 
antibiotics the evolution of the AA has been not 
considered.  
 
In this work we evaluated the potential of anodic 
oxidation mediated by chloride ions and several 
AOPs (TiO2 photocatalysis, photo-Fenton and 
high frequency ultrasound) to remove the AA in 
waters contaminated with the antibiotic oxacillin. 
Special attention is paid to the influence of 
substances that can also be present in 

pharmaceutical wastewaters. Therefore, two well-
known excipients (mannitol. MAN, and tartaric 
acid, TA) in the preparation of antibiotics, a 
common active principle (calcium carbonate, CC, 
i.e. bicarbonate ion according to the pH of the 
solution) and one of the most popular surfactant 
(sodium lauryl ether sulfate, LES) used for 
cleaning proposes in pharmaceutical industries, 
were considered in a concentration 10 times higher 
than the antibiotic. Then, the mentioned processes 
in the degradation of OXA in presence of mannitol 
(MAN), or tartaric acid (TA), or calcium carbonate 
(CC) or sodium lauryl ether sulfate (LES) were 
studied. The progress of oxidative species such as 
hydrogen peroxide or HClO upon the different 
processes was determined and the UV spectrum of 
solutions was measured in order to provide a 
comprehensive understanding of the effects of the 
additives on both the OXA and AA elimination. 
The kinetic constants of the antimicrobial activity 
removal were obtained and used to compare 
quantitatively the action produced by the additives. 
Finally, the above information was used to depict 
the more appropriate oxidation process in function 
of the type of additive present in the wastewater.   
 
 
Photo-Fenton and photocatalysis with TiO2 
processes were done in a homemade aluminum 
reflective reactor, equipped with 5 lamps Philips 
(TL-D Actinic BL) of 30 W. For the two 
processes, 150 W of light were applied to 100 mL 
of OXA solutions (47.23 μmol L-1) placed in 
beakers, under constant stirring. In photo-Fenton 
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process, 1000 μmol L-1 and 90 μmol L-1 of H2O2 

and Fe (II), respectively, were employed. Before 

analysis, the H2O2 residual was eliminated using 

sodium meta-bisulfite. In photocatalysis 
experiments, 0.50 g L-1 of TiO2 was used. The 

lamps were turned on after 30 min, time in which 

the adsorption equilibrium was reached. Previous 

to analysis of treated solutions, catalyst was 
precipitated by centrifugation and filtered using a 

cellulose filter. 

 

Sonochemical experiments were carried out in a 
cylindrical glass reactor containing 250 mL of 

OXA solutions (47.23 μmol L-1), using a 

homemade ultrasound generator. Ultrasonic waves 

of 275 kHz (at 60W) were emitted from the 
bottom of the reactor by a piezo-electric disc (4 cm 

of diameter) fixed on a Pyrex plate (5 cm of 

diameter). The reactor was kept at 20 ± 1°C using 

a cryothermostat. 
 

Electrochemical oxidation experiments were 

conducted in an electrolytic cell containing 150 

mL of OXA solution (47.23 μmol L-1) under 
constant stirring conditions. Degradation 

experiments were conducted applying a constant 

current density (5 mA cm-2) under galvanostatic 

conditions, and using a Ti/IrO2 anode with 4 cm2 
of working surface area. The cathode was a 

zirconium spiral electrode of 10 cm2. NaCl 0.065 

mol L-1 was used as the supporting electrolyte. 

 
Quantitative analysis of OXA was carried out 

using a HPLC Waters (486) with a C-18 column 

(Merck LiChrospher) and a UV detector set at 225 

nm. The mobile phase was a phosphate buffer 
(0.02 mmol L-1, pH 5)/acetonitrile/methanol, 

64/27/9 (% v/v), in isocratic mode (0.4 mL min-1).  

 

Oxidants generated or consumed during the 
different tested processes (HOCl and H2O2) were 

determined by iodometry. The antibiotic activity 

(AA) was determined employing the zone of 

inhibition test by agar diffusion, using 

Staphylococcus aureus ATCC 6538 as the 
indicator microorganism.  

 

Concerning the results, although the photo-Fenton, 

TiO2 photocatalysis and sonochemical processes 
differ only in the way of producing OH radicals, 

marked differences among them, as well as with 

the electrochemical system, were observed. 

Interestingly, each added substance exhibited a 
different effect (acceleration, non-interference or 

inhibition) on OXA and AA removal in every 

treatment (see graphical abstract).  

 
For water loaded with mannitol, sonochemical 

treatment showed to be the most suitable 

alternative because the hydrophilic character of the 

additive did not affect the efficiency of the 
technology. The tartaric acid, in its turn, due to a 

strong interaction with ferric ions, accelerated the 

elimination of the antibiotic activity during the 

photo-Fenton process. In TiO2 photocatalysis and 
ultrasound, the presence of bicarbonate ions could 

contribute to the antibiotic activity elimination 

through a possible formation of carbonate and 

bicarbonate radicals. Although sodium lauryl ether 
sulfate affected negatively all of processes, the 

efficiency of the electrochemical oxidation, due to 

the higher selectivity of HOCl compared with OH 

radicals, was  inhibited in a lesser extent.  
 

The presented results are of relevance in the 

choice of the most suitable technology to the 

treatment of water contaminated with β-lactam 
antibiotics. 
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Pilot-scale Slurry and Fixed-bed Solar-Photocatalytic Reactor for the 
Degradation of Herbicide Isoproturon 
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Pilot-scale slurry and fixed-bed solar photocatalytic studies have been performed for the degradation 
of herbicide Isoproturon (IPU). The degradation achieved was 84% using slurry batch recirculation 
reactor with all optimized process conditions. For fixed-bed catalysis, the TiO2 was coated on cement 
beads, clay beads and subsequently used for checking the degradation of IPU. The catalyst coated 
beads were durable enough to be recycled for more than 35 cycles. With this outcome, parabolic 
trough collector was employed using catalyst coated beads and degradation efficiency achieved was 
91% with IPU flow rate optimized at 1.0 L min-1 with total working volume of 6 L.      
 
 
 
 
 
 

   
 
 

 
Photocatalytic technologies (AOP) have 

shown their potential for treating the 
water/wastewater containing biorecalcitrant 
compounds. However, the operating cost for AOP 
is always higher than conventional treatment 
technologies. Thus future research would aim 
towards the cost reduction in terms of efficient 
catalysts along with investigating the effectiveness 
pilot-scale reactors with better retention time and 
techno-economic analysis, which certainly 
improve the commercial viability of solar 
photocatalytic technology. The investigation in 
the present study demonstrates successful use of 
pilot-scale reactors slurry as well as fixed-bed 
reactors for the degradation of herbicide 
isoproturon (IPU).  

Scale-up studies have been performed 
using slurry batch reactor (Fig. 1) for the 
photocatalytic degradation of IPU with working 
volume of 6 L. The degradation of IPU was 84% 
under solar irradiations with average UV solar 
intensity of 25 ± 5 Wm-2. Effect of area/volume 
(depth of rector), initial concentration, and 
addition of oxidant have been studied for process 
optimization. In case of fixed-bed, studies have 
been performed in our lab using different support 
materials for TiO2 immobilization to check their 
durability in terms of IPU degradation. Cement 
beads for 30 cycles (Verma et al., 2014), glass 
plate reactor for 10 cycles (Verma et al., 2014), 
have been studied for the degradation of bio-
recalcitrant compounds. From these, catalyst 
coated cement beads were selected for scale-up 
studies being robust among all. 

The parabolic trough collector (PTC) 
was employed for the degradation of IPU using 
cement beads coated with TiO2 as shown in Fig. 2. 
The degradation efficiency achieved was 91% 
with IPU flow rate optimized at 1.0 L min-1 with 
total working volume of 6 L. 

 
       Fig: 1  Pilot-scale slurry reactor         

 
 

Fig. 2 Actual site photograph of Parabolic 
Trough collector 
 

Working and execution of pilot-scale 
reactors is very fruitful to extend these results for 
a technology development with the present leads. 
Successful scale-up studies using slurry batch 
reactor and fixed-bed reactor (PTC) have shown 
potential of photocatalytic processes to handle 
large volume of industrial wastewater. 
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POPs containing particles emitted from electronic waste dismantling 
workshop by an integrated technique of dedusting with 
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Integrated technology of dedusting with 
decontamination possessed high removal 
capacity and long stability for both volatile 
organic compounds and persistent organic 
pollutants (POPs) removal higher than 83.0% 
of detected pollutants emitted in a primitive 
e-waste dismantling workshop were 
simultaneously eliminated with a 
dramatically decrease of their health exposure 
risks to the workers after the integrated 
reactor treatment. 
 

Electronic waste (e-waste) is one kind of 
electrical and electronic products that no longer 
used or discarded. About 20-50 million tons of e-
waste has been produced each year worldwide and 
it increases annually with a rate of 4% [1, 2]. 
Therefore, the business for dismantling and 
recycling of e-waste is growing rapidly in China 
and millions of tons of wastes are dismantled and 
recycled each year due to high profit. Unfortunately, 
the techniques used in recycling of e-waste are 
often primitive, such as open-air incineration and 
acidic washing without considering environmental 
protection and human health. Many volatile organic 
compounds (VOCs) and  persistent organic 
pollutants (POPs) including polycyclic aromatic 
hydrocarbons (PAHs) and polybrominated 
diphenyl ethers (PBDEs) are produced inevitably 
into air during these dismantling processes [3, 4]. 
However, the chronic health effects such as cancer 
risk of VOCs and other POPs such as PAHs as well 
as non-cancer risk of VOCs and PBDEs can be 
resulted from the inhalation and long-time exposure 
of these gaseous pollutants [5]. In addition, the 
adverse impact of these emitted VOCs and POPs on 
human health should also be concerned. Therefore, 
it is highly urgent to develop efficient techniques to 
reduce the concentration as well as the exposure 
risk of these organic pollutants to acceptable levels 
in the polluted air. 

Hence, in this work, the health risk deduction 
with simultaneous elimination of VOCs and POPs 
including PAHs and PBDEs were investigated in a 

primitive e-waste dismantling workshop. Before 
treatment, it was found that the emitted gas from the 
dismantling processes was highly polluted, where 
the concentrations of VOCs, PAHs and PBDEs 
ranged from 47.50 to 924.00 μg m-3, 937.35 to 
1235.61 ng m-3 and 853.01 to 4753.42 ng m-3 with 
the dominated components of toluene, 
phenanthrene, fluoranthene, naphthalene and 
pyrene, and BDE-209, -99, and -47, respectively. 
However, after the treatment by a home-made 
middle scale reactor integrated bag filter with 
photocatalytic-biotrickling filter, about 83.7%, 87.3% 
and 91.3% of VOCs, PAHs and PBDEs were 
removed. In addition, the health exposure risks 
from VOCs, PAHs and PBDEs to the workers were 
also found to be decreased dramatically after the 
treatment with the integrated reactor. 
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This paper reports on the results obtained in pilot studies of 
continuous water treatment, to degrade diclofenac (DCF), a 
typical recalcitrant micro-pollutant, by a novel electro-Fenton 
filter. The latter consisted of three pairs of anode/cathode 
electrodes, of 4.5gr total mass and an effective volume ~49cm3. 
All electrodes were made of carbon felt, with the cathodes 
being impregnated with iron nanoparticles (Fe3O4). The 
optimum current efficiency of the filter (>50%) was recorded 
at an applied potential of 2V and low water superficial 
velocities (~0.023 cm/s). Under these conditions, the 
mineralization current efficiency (MCE%), regarding DCF in 
tap water, was >20% under steady state conditions. Moreover, 
the degradation/mineralization efficiency of the filter was 
stable after multiple electrolysis cycles.  
 

 

Introduction 

In recent years, electrochemical advanced 
oxidation processes (EAOPs) are considered 
environment friendly emerging alternatives for the 
abatement of pollution caused by a multitude of 
organic micropollutants in waters. Among EAOPs, 
the electro-Fenton (EF) method is the most 
popular one, forming the basis for a variety of 
related processes [1]. EF involves the continuous 
generation of H2O2 in the contaminated water 
through an oxygen-reduction reaction. In parallel, 
iron ions (Fe2+/Fe3+) are either added to the 
polluted water (homogeneous EF) or embedded 
onto suitable electrode materials (heterogeneous 
EF), in order to catalyze H2O2 - splitting to 
produce the oxidizing agent •OH via Fenton 
reactions. 

Although EF has been largely investigated at 
small lab-scale, pilot or full-scale applications of 
this technology in the water industry are still 
missing. Factors responsible for this gap between 
research results and practical applications, are 
environmental, technological and economic, and 
can be confronted through a) the optimum design 
of the electrochemical cells/reactors, b) the 
development of novel electrodes (high-
performance anodes and cathodes with enhanced 
electrocatalytic properties) and c) the 
determination of optimal operating conditions 
(electric potential, water flux, pH), taking into 
consideration the effect of the water matrix on the 

treatment efficiency. 

In view of the above challenges, a novel 
electrochemical device has been developed in the 
form of a “filter” comprised of a stack of carbon 
anodic and cathodic electrode pairs for operation 
in continuous mode [2]. The design and 
construction of such a novel filter is characterized 
by the following main innovative features: a) the 
impregnation of catalytic nano-particles in the 
porous cathodic electrodes, which is a key element 
for the realization of the heterogeneous electro-
Fenton reaction, and b) the development of a 
multi-layer electrode filter (with pairs of anodes 
and cathodes). This filter design facilitates the 
scale-up of the device and promotes the uniform 
distribution of the water with the organic micro-
pollutants throughout the filter and, therefore, their 
complete mixing with the in situ produced 
oxidants (Graphical Abstract). Bench scale tests 
with one pair of anode/cathode electrodes resulted 
in optimized cathodic electrodes (employing 
carbon fibers and optimum procedures of iron 
nanoparticle impregnation), filter design and 
operating conditions (cathodic potential, feed 
flow), using diclofenac (DCF) as a model micro- 
pollutant [3,4]. These results paved the way for the 
design and construction of a fully automated pilot 
system which was tested under real filtration 
conditions (Figure 1). 

The results of pilot testing for the removal of 
DCF from tap water by an electro-Fenton filter 
consisting of three pairs of anode/cathode 
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electrodes are presented in this study. Specifically, 

the effect of the initial DCF feed concentration on 

process efficiency are examined in this work, in 

terms of pollutant adsorption, molecular 

degradation and mineralization.  

Experimental work  

A schematic diagram and a photo of the EF pilot 

plant are included in Figure 1. The plant consists 

of a 200L feed tank (TN1) where diclofenac is 

dissolved in tap water with the aid of a mixer 

(MX1). The feed water is recirculated or fed 

continuously to the EF filter by a magnetic pump 

(PU1); a 60 μm cartridge filter (FI1) is placed 

prior to the EF filter so as to protect the latter from 

suspended solids (e.g. in experiments with tap 

water). The performance of the EF filter can be 

compared with that of a GAC filter (FI2) placed in 

parallel with the EF filter. The flow and pressure 

of feed water is measured and controlled by a 

flowmeter (FM1) and a control valve (NV1), 

respectively. The pilot plant is equipped with 

sensors in the inlet and outlet of the two filters 

recording the following parameters: pressure (PT1, 

PT2), conductivity (CM1, CM2), pH (pH1, pH2) 

and redox (Rx1, Rx2). All signals are transferred 

to a PLC (Unitronics OPLC V1210, comprising a 

12-inch touch screen), which enables monitoring 

and control the system operation. The EF filter 

consists of three pairs of anode/cathode electrodes 

made of carbon felt (MAST Carbon International 

Ltd, Great Britain) with 4.5gr total mass and an 

effective volume of ~49cm3. The cathodes were 

impregnated with iron nanoparticles (Fe3O4) 

according to the preparation protocol described 

elsewhere [4]. Plastic spacers of ~1mm thickness 

are placed in-between anode/cathode electrodes to 

prevent short circuiting and create a narrow inter-

electrode gap capable of minimizing cell voltage 

and IR loss. All electrodes are placed on 

perforated discs made of stainless steel (SS316) 

which act as current carriers to the electrodes.  

Samples collected during certain time intervals  

were primarily filtered through 0.45 μm PTFE 

Millipore membranes and then analyzed to 

determine DCF, TOC and H2O2 concentrations, 

according to the methods described in previous 

publications [4,5]. The degradation of DCF within 

the EF filter was verified by the appearance of new 

peaks in the DAD spectra of the samples (due to 

aromatic organic intermediates formed), from the 

consumption of the electrogenerated H2O2 (as a 

result of the Fenton reactions occurring on the 

cathodic electrodes), as well as by GC-MS 

measurements [5]. From TOC measurements, the 

mineralization current efficiency (MCE %) at a 

given time t (h) was calculated as follows:    

100
1012

%
3

x
mItx

TOCnFV
MCE s∆

=                 (1)                 

where F is the Faraday constant (96487 C mol-1), 

Vs the solution volume (L), ΔTOC the solution 

TOC decay (mg L-1), 12x103 is a factor for 

conversion of units (12000 mg mol-1), m the 

number of carbon atoms of DCF (14 C atoms), I 

the applied current (A) and t the electrolysis time 

(s). The number of electrons (n) consumed was 

taken as 58 assuming that the mineralization 

reaction involves DCF conversion to CO2, Cl- and 

+

4NH as primary and main inorganic ions. 

Figure 1. a) Flow sheet and b) view of the electro- 

Fenton pilot plant. 

Considering the high capacity of the carbon felt 

electrodes for DCF adsorption [4], the 

experimental protocol consisted of two distinct 

operations: a) continuous recirculation of DCF 

solution without applying electric voltage (0 V), 

until saturation of the carbon electrodes with DCF 

(adsorption step); b) continuous treatment of the 

feed solution at constant potential of 2.0 V per pair 

of anode/cathode electrodes, which was found to 

be the optimum for H2O2 electrogeneration (EF 

oxidation step).  

Results & discussion 

Results in Figure 2a show that an increased DCF 

initial concentration may not necessarily affect the 

removal/degradation rate of the pollutant; 

however, it appears to have a pronounced effect on 

TOC mineralization (Figure 2b). Specifically, 
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MCE increases from 10 to 20% when treating low 

initial DCF concentration (after the pre-saturation 

of the filter with DCF). This increase is linked to 

the lower current density and the greater TOC 

reduction observed in the latter case. Obviously, a 

large amount of the oxidant species produced 

during the EF step (e.g. •OH) was consumed by 

naturally occurring organics in the tap water 

(TOCinitial ~1 mg L-1). The oxidative reactions 

within the filter were verified by the UV spectra 

(Figure 3) and the GC/MS measurements (Figure 

4) of the filtrates, according to which DCF was 

gradually degraded to other organic byproducts 

(oxygenated cyclic and aliphatic organics), the 

latter also decreasing with time.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 2. Temporal variation of a) DCF concentration 

and b) MCE% and applied DC current (I), at different 

initial DCF concentrations (electrolysis step). 

Experimental conditions: Feed water flow ~10 L/h, 

applied voltage 2 V.   

 

In order to test the performance and the stability 

of the EF filter at longer treatment times, DCF 

aqueous solutions were treated at multiple 

filtration/oxidation cycles (from 80 to 168 hours of 

continuous operation) for high initial DCF 

concentrations (~300-500 μg L-1). Surprisingly, 

the good performance of the filter was maintained 

throughout the long term operation, exhibiting at 

steady state conditions DCF and TOC removal 

rates of 95% and 42%, respectively (Graphical 

Abstract). This positive assessment is reinforced 

by the fact that all experiments were performed 

with real water (tap water), under conditions 

considered rather unfavourable for the EF 

oxidation; i.e. neutral pH, low concentration of 

dissolved O2, small residence time of the 

electroactive species in the filter ( ~14,6 sec). It 

should be added that a techno-economic 

evaluation has been performed, leading to 

recommendations for future system exploitation.   

 

 
Figure 3. UV spectra of samples collected at different 

electrolysis times. Experimental conditions: [DCF]feed ≈ 

625 μg/L, feed water flow ~10 L/h, applied voltage 2 V. 

 

Figure 4. Typical GC/MS full-scan chromatograms of 

samples collected after 0, 15 and 30 min of EF operation. 

Mass spectra of DCF and four degradation products are 

also shown. 
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Novel Advanced Oxidation Process on a Chemically Modified 
Graphite Surface with Nanometal  
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Dhahran 31311, Saudi Arabia. (3) University of Iowa, Iowa City, Iowa, USA. 

Few studies are found in the literature dealing with the photo-
oxidation (PO) process on graphite surfaces for wastewaters 
treatment. The presented PO process work is a type of the 
advanced oxidation process (AOP). It is use to mineralize 
refractory pollutants on the graphite or its modified surface with 
nanometals such as graphite/TiO2 nanoparticles (NPs). The 
morphology and composition of these materials have been 
investigated with SEM, EDX and TEM. Electron paramagnetic 
resonance/Spin Trapping (EPR/ST) spectroscopic technique was 
also utilized to trap the active radical intermediates of the PO 
process and hence investigate the PO process’ kinetics.  The 
results show, in the presence of photocatalyst copare to the 
unmodified graphite, a remarkable MTBE degradation 
enhancement within the near UV and the visible light regions. 

The chemical industry generates wastewaters 
characterized by high levels of chemical oxidation 
demand (COD), suspended solids, fats and oils, 
detergents and some other process [1,2]. The COD 
test is commonly used to indirectly measure the 
amount of organic compounds in water. In the last 
decades, advanced oxidation processes (AOPs) 
have been developed and proposed for a number of 
cases [3].  

In recent years, carbon nanotubes have attracted 
considerable attention due to its unique electronic 
property. For example, nanotube/TiO2 composites 
were used as photocatalyst for phenol degradation 
under irradiation of visible light, which showed 
higher efficiency compared to pure TiO2 [4,5]. To 
the best of our knowledge, the catalytic activity of 
graphite/TiO2 nanoparticles (NPs) under visible 
light has not been well investigated. Therefore, in 
this work, deposited TiO2 nanomaterials on a 
surface of graphite road (see graphical illustration 
above and Figure 1 below).  

Figure 1. TEM images of commercial (left) and 
synthase (middle) TiO2 and its SEM image on the surface 
of graphite rod.

The AOP’s capabilities of these materrials were 
investigated by EPR spectroscopy to quantify the 
hydroxyl radical generation on nano-flakes graphite 
surfaces and its modified surfaces wiht nano-metal 

oxides, such as TiOx, and hence achieve the 
optimum parameters toward the MTBE 
remediation from model ground water using 
different classes of UV (UVA, UVB, and UVC) and 
visible light sources.  

The results indicate a remarkable enhancement of 
MTBE miniralization in the presence of 
photocatalyst but with near UV-light. Moreover, 
due to the presence of TiO2 nanorods as a 
photocatalyst under same conditions, the process 
was completely degraded with visible light. Further 
study on the development of other metaloxide 
photocatalysts is in progress to achieve a better 
degradation with higher concentration of MTBE 
and other organic compound under visible light. 
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 Drinking water production needs to increasingly 
consider removal of background organic matter and 
trace micropollutants without increasing disinfection-
by-product (DBP) formation potential. In this study 
the efficiency of LED-driven AOPs was investigated, 
comparing their efficacy in terms of micropollutant 
removal as well as DBP formation potential 
(DBPFP).  Metaldehyde was used as target 
micropollutant. The results obtained indicated that 
LED-driven AOPs are efficient for the removal of 
trace pollutants from drinking water but the choice of 
treatment should be linked to DBP formation 
potential studies since their capability to generate 
DBPs is different from one another. 

 
1. Background 
 Pesticides are one of the pollutant groups of 

major concern in drinking water. One of the 
possible adaptations at a water treatment plant 
involves inclusion of advanced oxidation 
processes (AOPs). At the same time, the last step 
in drinking water treatment is disinfection, usually 
using chlorine or chloramine. This process is 
known to yield disinfection by-products (DBPs) 
such as trihalometanes (THMs). Therefore, the 
application of AOPs to drinking water production 
needs to consider removal of background organic 
matter and trace micropollutants without 
increasing DBP formation. For lamp-driven AOPs, 
the development of high intensity light-emitting 
diodes (LED) involves a step forward in the 
commercial application of AOP technology [1]. In 
this study the efficiency of LED-driven AOPs was 
investigated, comparing their efficacy in terms of 
pesticide and DOC removal as well as DBP 
formation potential.  

2. Methods 
AOP experiments were conducted in a UVC-

LED system consisting of a UVCLEAN lamp with 
multi-chip arrays of UV LEDs enclosed in a metal 
and glass housing from Sensor Electronic 
Technology (Columbia, South Carolina). UV light 
emitted by the LEDs was at 254 nm and 15 W/m2. 
THMs were measured using an adapted version of 
USEPA method 551.1.  

3. Results 
The LED-AOPs were effective in the removal of 

pesticide metaldehyde in synthetic and real water. 
However, when it came to THM removal, greater 
differences were observed between AOPs. As an 

example, the THM formation in synthetic water 
with UV/TiO2 was observed to increase after an 
initial drop from 200 µg mg-1 to 400 µg mg-1 and 
remained above 280 µg mg-1 thereafter (Figure 1); 
while in real water a decreasing exponential 
function is observed. The full study will present 
results for UV/TiO2, UV/H2O2, photo-Fenton and 
UV/persulfate.  

 
Figure 1. THM formation potential in synthetic and 

real water with UV/TiO2 and UV/H2O2. 

4. Conclusions 
The results obtained show that UV LEDs are a 

an exciting future technology for UV-based AOPs. 
LED-based AOPs are efficient for the removal of 
trace pollutants from drinking water, but the 
choice of treatment should be linked to DBP 
formation potential studies since their capability to 
generate DBPs is different from one another. 
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Abstract 

This study is an effort to suggest a new technique for quantitative analysis of Hydrogen sulfide 
by oxidizing it using Potassium Permanganate KMnO4. In this research, very small quantity of 
H2S gas was passed through KMnO4 because of the fast reacting nature of KMnO4. This 
technique can be used in conjunction with other qualitative analytical techniques to measure H2S 
gas or to analyze the destruction rate of this gas. The amount of KMnO4 was kept the same in 
order to get similar concentrations for the analysis (0.3 gms/300 ml). The initial absorbance of 
KMnO4 using UV/Vis Spectrophotometer was taken as a reference and corresponding readings 
were taken after fixed time intervals alongwith the H2S gas analyzer readings. The procedure 
was found to be convenient for occasional as well as frequent use. 

Keywords 

H2S gas, quantitative, KMnO4, techniques, UV/Vis. 

Introduction 

 Hydrogen sulfide and other compounds containing sulphur are found naturally in the 
natural gas fields worldwide. Due to its highly toxic nature and extremely low threshold (Mills, 
1995), it has gained a large attention by the researchers. Many techniques have been throughout 
the world for determination of H2S gas ranging from idiometric methods to different analytical 
methods including stain tubes, titration, tunable diode laser and many more (Shanthi and 
Balasubramanian, 2002; Adcock, 2002). Some these methods are listed in Table 1. Various UV 
adsorption methods have also been used (Moore and Splitter, 2003).   

Table 1. Different measurement techniques used for H2S gas determination 

Techniques References 
Stain Tubes Moore and Splitter, 2003 
Titration Pender, 1986 
Methylene Blue method Moore and Splitter, 2003 
Spectrophotometric determination using Schiff’s Reaction Shanthi and Balasubramanian, 1996 
Sulfur Chemiluminescence. Tuan et al., 1994 
Lead Acetate Tape. Sanderson et al., 2012 
Electrochemical Detectors and sensors Schiavon et al., 1995 
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 KMnO4 is known for its oxidation properties. It’s already been used for H2S control 

applications. KMnO4 is a strong oxidizing agent and reacts with H2S very fast to convert it to 

convert it into S in solutions having neutral acid pH and sulfates for alkaline pH, respectively. 

This study is an effort for quantitative determination of H2S gas through oxidation of KMnO4 by 

H2S and measuring its absorbance using UV/Vis. This arrangement was attached to an existing 

experimental set up which was part of another study by our group where catalytic and 

photocatalytic potential of TiO2 nanofibers and nanoparticles was being evaluated for their 

destruction efficiency (Shahzad, 2012).  In this study we have quantitatively analyzed the 

destruction rate of H2S gas which was passing through TiO2 nanomaterials. This study is an 

initial effort with the idea of using KMnO4 as oxidizing agent for H2S gas and measuring the rate 

at which the gas is totally destroyed after passing through the TiO2 nanomaterials and further 

studies will be required to stream line this process. 

 

Methodology 

 

 H2S gas cylinder (99.5%) was procured from Argo International Limited, UK. 

Compressed gas was supplied using Wolfair Apache 25 portable air compressor. KMnO4 (95%) 

was obtained from Sigma Aldrich UK. All analytical reagents were used. 

 

 The gas analysis was done using BM2K2 E-000 Biogas Analyzer fitted with GPA 1.8 

gas pod for H2S detection. UV source was four 9W lamps, with wavelength of 370nm. As 

highlighted earlier, the funnel containing KMnO4 was attached to an existing set up measuring 

H2S gas destruction rate using Gas Analyzer. Outlet of the gas being used as exhaust for the 

remaining gas after passing through the nanomaterials was bypassed through a funnel containing 

KMnO4 for measuring its UV/Vis absorbance using Agilent Cary 60 UV-Vis Spectrophotometer.  

The gas flow was controlled though a flow controller and gas was passed through KMnO4 for 15 

secs only, due to high reactivity rate of KMnO4 with H2S gas.  The amount of KMnO4 was kept 

the same in order to get similar concentrations for the analysis (0.3 gms/300ml).  The initial 

absorbance of KMnO4 was taken as a reference and corresponding readings were taken after 

every 5 minutes (at the same time readings on the gas analyzer were taken).The experimental set 

up was the same as of our previous studies (Shahzad et al., 2012) and is given in Fig.1  

 



 
Figure 1. Experimental Setup. 1. Gas Cylinders, 2. Pressure Gauges, 3. Flow controllers, 4. Mixer, 5. Flow meters, 

6. Glass reactor, 7. Loaded Sample, 8. UV lamp Source, 9. Multi flow controller, 10. Funnel Containing KMnO4, 11. 

Analyser.  

Results and Discussions 

 It has been ascertained by literature that whenever H2S gas is passed through KMnO4, it 

is reduced to MnO2 which is brown in colour. This was also observed in these experiments and 

probably it was because of this phenomenon that the absorbance increased initially before it 

changed into transparent solution showing that the gas stream passing through KMnO4 is free 

from H2S gas. Pure and 1% Sulphur doped Nanoparticles and Nanofibers were used to draw a 

comparison of the destruction efficiencies. Results of UV/Vis absorption is as shown in Fig. 2 

for nanofibers and Fig. 3 for nanoparticles. 

 
Figure 2. UV Absorbance readings (a) for pure Nanofibers, (b) for 1 % Sulphur doped Nanofibers 

 



 
Figure 3. UV Absorbance readings (a) for pure Nanoparticles, (b) for 1 % Sulphur doped Nanoparticles 

  

 By observing the UV absorbance values obtained for both the nanoparticles and 

nanofibers, it was found that the initial increase in absorbance was due to reduction of KMnO4 to 

MnO2. This was also observed visibly since the colour changed to brown which the colour of 

MnO2. As found in our studies, the destruction efficiency was quite high in case of nanofibers as 

compared to nanoparticles. After that the slope becomes somewhat stable which remains 

consistent for comparatively more time in case of nanoparticles. The loading ratio of 

nanoparticles to nanofibers was 5:1 showing that the surface area of the nanoparticles exposed to 

the H2S gas was approximately five times more than the nanofibers, and therefore, the 

destruction rate of H2S obtained using nanofibers was to be increased by a factor of five while 

comparing it with the nanoparticles.  

The relationship of slopes with the destruction efficiencies of nanofibers and nanoparticles are 

given in Table 2.  

Table 2.  Table showing relationship of % slope of UV absorbance and the H2S destruction efficiency  

Sample Time (mins) % Reduction % Slope 

Pure TiO2 Nanofibers 10 86.86 70.81 

1% S-doped Nanofibers 15 88.62 74.2 

Pure TiO2 Nanoparticles 20 71.67 16.91 

1% S-doped Nanoparticles 20 70 15.5 

 

Conclusions 

 

 This study gives a very simple technique for quantitative determination of H2S gas 

using the oxidization properties of KMnO4. All the experimental settings of our previous studies 



for evaluating the destruction potential of TiO2 nanoparticles and nanofibers were used in this 

research. The UV absorbance slopes gives a quantitative relationship with the H2S destruction 

after passing through the TiO2 nanomaterials. It should be highlighted that this just an initial 

study which was carried out simultaneously with our previous experiments. There is a need to 

carry out further studies to develop a relationship of H2S destruction with % slope of the 

absorbance of UV/Vis spectrophotometer. It would be better to use a H2S gas analyzer which 

uses spectrophotometric analyses for H2S gas detection.   
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The  photocatalytic  degradation  of  wastewater  from an 
integrated pulp and paper industry was investigated under visible 
and ultraviolet lights. ZnO and Nb2O5 were impregnated with 
Fe2O3 and Ag2O and applied as photocatalyst after calcination at 
500 °C. Photocatalysts were characterized by textural analysis, 
XRD, NH3-TPD and photoacoustic spectroscopy. The 
impregnation reduced the bang gap energy and increased specific 
surface area. The shorter hal-life time for COD reduction was 
found to be 4 h with Fe2O3/ZnO under visible light. 
 

 
 

Introduction 

The pulp and paper industry is one of the most 
important industries in the world [1]. However, this 
industry presents a wastewater with a high organic  
load  and elevated colour [2,3]. Conventional 
treatments are effective to reduce Chemical Oxygen 
Demand of wastewater, but even after biological 
treatment, the effluent is highly coloured. Many 
industries are already using techniques of tertiary 
wastewater treatment, as ultrafiltration. Another 
alternative that is gaining space on the tertiary 
treatment field is heterogeneous photocatalysis [4]. 

In this way, the present work aimed to study the 
photocatalytic degradation of the wastewaterfrom  
an integrated pulp and paper industry after 
biological treatment under visible and ultraviolet 
radiation. 

 

Methods 

The following catalysts were  synthesised by sol 
gel technique: ZnO, Fe2O3/ZnO, Ag2O/ZnO, 
Nb2O5, Fe2O3/Nb2O5  and  Ag2O/Nb2O5. The 
catalysts were calcined at 500oC/5 h and 
characterised by XRD, photoacoustic spectroscopy 
(PAS), NH3-TPD and textural analysis. The 
photocatalytic reactions were carried out with the 
pulp and paper (PP) wastewater collected after 
biological treatment. The concentration of catalyst 
was 1.0 g/L and the degradation was monitored by 
Chemical Oxygen Demand (COD) and colour 
reductions. 125 W ultraviolet and visible lights 

were applied as radiation source during 6 h. 

 

Results 

The photocatalytic degradation of wastewater 
from an integrated pulp and paper industry was 
investigated under visible and ultraviolet lights. 
ZnO and Nb2O5 were impregnated with Fe2O3 and 
Ag2O and applied as photocatalyst after calcination 
at 500°C . Photocatalysts were characterized by 
textural analysis, XRD, NH3-TPD and 
photoacoustic spectroscopy. The impregnation 
reduced the bang gap energy and increased specific 
surface area. The shorter hal-life time for COD 
reduction was found to be 4 h with Fe2O3/ZnO 
under visible light. In XRD analysis the zincit phase 
for ZnO and monoclinic structure for Nb2O5 were 
identified after calcination at 500oC/5 h. Ag2O/ZnO 
and Fe2O3/ZnO catalysts showed the same 
crystalline phase as bare ZnO (graphical abstract). 
Only two peaks relating to silver were identified in 
Ag2O/ZnO, while the peaks related to iron were not 
identified. Ag2O/Nb2O5 catalyst presented the same 
crystalline structure as the pure Nb2O5, and no 
crystalline phase referred to silver was identified. 
Fe2O3/Nb2O showed to be amorphous. This 
structure is consistent with the literature [5,6] for 
catalysts in which niobium was modified with low 
metal concentrations (<5% w/w). 

The band gap, specific surface area and acidity 
are shown in table 1. 
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Table 1. Characterization of the catalysts after 

calcination at 500oC 

o 

C 

Catalyst 

Band 

gap 

energy 

(eV) 

Specific 

Area 

(m2 g-1) 

Acidity 

(µmol 

NH3 g-1) 

Nb2O5 3.31 36 374 

Ag2O/Nb2O5 2.45 24 506 

Fe2O3/Nb2O5 2.95 78 420 

ZnO 3.23 5 383 

Ag2O/ZnO 2.89 9 429 

Fe2O3/ZnO 3.06 9 405 

 

The Ag2O and Fe2O3 impregnation increased the 

surface area for all oxides except for Ag2O/Nb2O5. 

Doping with iron and silver also led to a decrease in 

band gap energy of the catalysts. The acidity has 

also been increased with impregnation. 

The half life time for COD reduction under 

ultraviolet and visible radiations is presented in 

Table 2. 

 

Table 2 - Half-life time of photocatalytic COD reduction 
under visible light. 

Catalyst 

UV 

radiation 

t1/2 (h) 

Visible 

radiation 

t1/2 (h) 

Nb2O5 9.2 15.07 

Ag2O/Nb2O5 14.4 11.4 

Fe2O3/Nb2O5 13.3 7.4 

ZnO 8.2 5.4 

Ag2O/ZnO 11.7 8.1 

Fe2O3/ZnO 7.4 4.0 

 

The best result for COD reduction was achieved 

when Fe2O3/ZnO was applied under visible 

radiation. The results showed that the impregnation 

of Nb2O5 was deleterious for COD reduction under 

UV light while the contrary occurred under visible 

light. This fact can be assigned to the band gap 

energy reduction due to impregnation, leading to a 

better activity under visible light. Impregnation of 

ZnO with iron was beneficial under both radiations, 

while silver led to the reduction of 

photodegradation rate when incorporated to ZnO. 

Bare ZnO showed the best result for colour 

reduction under UV radiation (60%). The catalysts 

partially reduced the organic load and the real 

colour of the effluent, which after treatment, 

achieved the specifications for release into rivers. 

In this sense, the photocatalytic treatment 

investigated in this work could be an alternative for 

effluent polishing, especially under visible light. 

 

Conclusions 

Silver and iron oxides impregnated Nb2O5 and 

ZnO catalysts were synthesized by a simple method 

and characterized. The impregnation led to an 

increase on specific surface area and decrease on 

the band gap energy. The oxide Fe2O3/ZnO showed 

efficient catalytic activity in degrading COD of the 

pulp and paper wastewater under visible light. 
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Novel anatase/rutile/brookite TiO2 nanocomposite with superior 
mineralization potential for photocatalytic degradation of water 
pollutants
A. Pintar1, R. Kaplan1, B. Erjavec1, G. Dražić1, J. Grdadolnik1. (1) National Institute of Chemistry, Hajdrihova 19,
SI-1001 Ljubljana, Slovenia, albin.pintar@ki.si.

A novel anatase/rutile/brookite TiO2 nanocomposite was 
prepared that enables efficient transformation of emerging water 
pollutants to CO2 and H2O as final products of photo-oxidation. 
Sol-gel procedure with a subsequent hydrothermal treatment led 
to the formation of TiO2 nanomaterial, which consists of 
anatase (43 %), rutile (24 %) and brookite (33 %); individual 
polymorphs formed mixed agglomerates. The TiO2
nanocomposite was highly active in terms of mineralization, 
since after 60 min of irradiation under UV light almost 60 % of 
water dissolved pollutant bisphenol A was transformed into 
CO2 and H2O. On the other hand, the benchmark TiO2 P25 
Degussa catalyst reached a lower extent of mineralization, 
which is due to significantly less expressed resistance to 
accumulation of carbonaceous deposits on the catalyst surface.

Introduction

Titanium dioxide (TiO2) is the most widely used 
semiconductor material, which is due to a variety 
of its applications in different fields [1,2]. It is an 
abundant, cheap and non-toxic material, with a 
high prospective for addressing environmental 
concerns. It can mainly be found in three different 
crystalline forms: anatase, rutile and brookite. 
Anatase is commonly known as the most active 
phase and therefore extensively used in a variety 
of photocatalytic applications [3,4]. Its high 
activity is directly connected to prolonged lifetime 
of charge carriers and spatial charge separation. 
Efficiency of the photocatalytic process is largely 
limited by unfavourable electron-hole 
recombination, so coupling two different types of 
photoactive semiconductor materials can have a 
beneficial effect on enhancing charge separation, 
thus inhibiting rapid recombination of excited 
electrons with valence band holes. Anatase/rutile 
nanocomposites are most widely investigated [5], 
while fewer reports have been made on 
anatase/brookite [6] and brookite/rutile [7] solids. 
Most widely studied anatase/rutile nanocomposite 
is TiO2 P25 Degussa (Evonik) (phase composition
in ratio of 80/20 for anatase/rutile), as a result of 
its superior activity [8]. Reports dealing with the 
preparation of TiO2 nanocomposites which consist 
of all three polymorphs, are extremely rare [9]. No
papers exist on the photocatalytic behaviour of
regularly shaped three-phase TiO2 with 
approximately equal shares of respective phases.

Photocatalytic activity of anatase/rutile/brookite 
TiO2 nanocomposite prepared in this study was 

evaluated using a priority pollutant bisphenol A 
(BPA), which is a toxic and endocrine disrupting 
compound known to interfere with normal 
hormone functions thus causing a threat to aquatic 
life as well as humans. Its widespread (detected in 
landfill leachates in concentrations ranging from 
non-detectable to 17 mg/l [10]) and harmful nature 
makes it an appropriate candidate for tests in 
advanced oxidation processes (AOPs).

Experimental

Anatase/rutile/brookite TiO2 nanocomposite 
(ARB) was synthesized using ultrasound assisted 
sol-gel technique. A certain amount of titanium 
(IV) isopropoxide (TTIP) was added dropwise to 
50 ml of 2-propanol under vigorous stirring. The 
formed mixture was sonicated in order to ensure 
optimal distribution of TTIP in 2-propanol. 
Subsequently, urea was added in molar ratio of 
TiO2:urea=1.1:1 in order to induce the formation 
of crystal lattice defects. After hydrolysis, 
stepwise preparation procedure was continued 
with sonication in order to achieve formation of 
localized hot spots by collapse of bubbles due to 
cavitation. The prepared sample was dried at 60 
°C in an oven for 18 h. The obtained white powder 
(denoted as precursor material) was later added to 
3 M HCl, sonicated and thoroughly mixed. 
Afterwards the obtained solution was 
hydrothermally treated in Teflon-lined autoclave 
for 24 h at 175 °C. The resulting white material 
was filtered and thoroughly washed with distilled 
water. In order to preserve the structure, the 
material was dried in vacuum under cryogenic 
conditions for 24 h. Pure phases of anatase, rutile 
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and brookite were prepared for reference 
measurements using the same precursor. 

Photocatalytic degradation of BPA was studied 
in a batch slurry reactor thermostated at T=20 °C, 
magnetically stirred (600 rpm) and continuously 
sparged with purified air (45 l/h). Prior to the 
illumination period, the suspension was kept in 
dark (30 min) to allow establishing of sorption 
equilibrium. The reactor content was illuminated 
by high pressure UVA mercury lamp (150 W, 365 
nm) positioned in a water cooling jacket placed 
vertically in the center of the reactor unit. 
Aqueous-phase samples for subsequent HPLC and 
total organic carbon (TOC) analyses were 
collected in predetermined time intervals. 

Results and discussion 

Textural properties of ARB nanocomposite, 
along with pure TiO2 polymorphs, are presented in 
Table 1. SEM and TEM images of ARB sample 
indicate that the applied catalyst preparation 
procedure led to the formation of well-developed 
and randomly distributed nanoparticles. SAED 
pattern is displayed in Fig. 1a, showing the 
presence of all three variants of crystalline TiO2: 
anatase, rutile and brookite. The volume ratio of 
phases is approximately the same. The size of 
particles is in the 50 nm range. TEM micrograph 
of the ARB sample is displayed in Fig. 1b: the 
rounded particles were anatase and the blocky 
particles were brookite. Elongated larger particles 
with aspect ratio around 10 were detected that 
belong to rutile. Anatase particles (Fig. 1c) exhibit 
truncated octahedron morphology. Rutile particles 
(Fig. 1d) were in the form of tetragonal prisms 
with pyramidal termination. HAADF image of 
brookite particle with indicated terminal planes is 
presented in Fig. 1e. To conclude, individual 
polymorphs crystallized separately and formed 
mixed agglomerates. 

XRD examination of ARB sample shows a 
diffraction pattern, which can clearly be ascribed 
to a mixed TiO2 nanocomposite that consists of 
anatase (43 %), rutile (24 %) and brookite (33 %). 
The Raman analysis confirmed the coexistence of 
all three singular polymorphs, since all vibrations 
could be identified with intensities of particular 
TiO2 polymorph. Band gap energies for pure 
anatase, rutile and brookite samples were 3.50, 
3.00 and 3.30 eV, respectively. In the case of ARB 
sample this value was 3.28 eV, which is very close 
to the theoretically determined value of 3.32 eV. 

Fig. 2 shows BPA conversions obtained over 
TiO2-based solids. In any of heterogeneously 
photocatalyzed runs, no dissolution of Ti into the 

liquid phase was observed. The decrease in 
concentration of BPA due to the adsorption (dark 
period) on the surface of pure anatase and rutile 
amounted to 5 and 3 %, while the values for 
brookite and ARB solids were slightly higher (17 
and 15 %, respectively). This suggests that the 
brookite phase favors adsorption of BPA. In the 
presence of TiO2 P25 Degussa sample, uptake of 
BPA was very low (<1 %). After 60 minutes of 
photocatalytic oxidation conducted in the presence 
of ARB solid, more than 94 % conversion of BPA 
was attained, while in the presence of anatase, 
rutile, brookite and TiO2 P25 Degussa samples we 
achieved 85, 23, 100 and 100 % conversion of 
BPA, respectively. Despite high activity, brookite 
and TiO2 P25 Degussa solids favored deposition of 
reaction intermediates on their surfaces. 
 

 
Figure 1. a) SAED pattern of ARB nanocomposite; b) 
TEM micrograph of ARB sample; c) HR-TEM 
micrograph of anatase with truncated octahedron 
morphology and its 3D shape reconstruction; d) HR-
TEM micrograph of prismatic rutile particle with 
reconstructed 3D shape; e) HAADF image of brookite 
particle with indicated terminal planes and reconstructed 
3D shape. 
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Figure 2. Photolytic and photocatalytic degradation of 
aqueous solution of BPA over various catalysts (T=20 
°C, c(BPA)0=10 mg/l, V=250 ml, c(catalyst)=125 mg/l). 
 

When anatase and rutile are in a form of a 
nanocomposite material, synergy can exist when 
different phases are separated but form 
agglomerates [11]. As a consequence, anatase 
generated electrons can migrate to rutile, and with 
that prolongation of charge carriers lifetime is 
achieved. They are subsequently responsible for 
the formation of active species like OH• radicals 
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(via H2O oxidation with photogenerated holes). In 
this way, the stripped anatase surface is able to 
uptake newly generated OH• radicals, leading to 
higher concentration of these species at the surface 
of connected dissimilar-phase particles. When a 
photocatalyst consists of three TiO2 polymorphs, 
this as well gives rise to efficient charge 
separation. Comparing to anatase, brookite is 
generally less active phase, but still capable of 
producing high amounts of OH• radicals, which 
can efficiently migrate to rutile and thus increase 
the overall amount of OH• radicals (see the 
Graphical Illustration). 

Among single-phase photocatalysts, anatase 
exhibited the highest true TOC conversion (22 %), 
followed by negligible mineralization achieved 
over rutile and brookite. Although lower activity 
for BPA degradation was measured in the case of 
ARB nanocomposite compared to TiO2 P25 
Degussa sample, the mineralization efficiency of 
the latter is notably lower. After 60 min of UV 
irradiation, 51 and 59 % of BPA and its 
derivatives was mineralized in the presence of 
TiO2 P25 Degussa and ARB solids, respectively. 
When the photocatalytic oxidation over ARB 
sample was prolonged to 180 min, significantly, 
more than 92 % of the initial pollutant was 
successfully transformed into CO2 and H2O (along 
with complete BPA conversion). Prolongation of 
UV irradiation time in the presence of TiO2 P25 
Degussa sample resulted in 70 % mineralization of 
BPA. To some extent, amount of OH• radicals 
generated by the anatase and rutile phases proved 
to be sufficient for oxidation of organic matter, but 

ARB solid showed much higher oxidation ability, 
which can be attributed to the presence of 
brookite. Even though it was shown that the 
brookite phase favors carbon accumulation on its 
surface, this undesirable characteristic is not 
expressed within the ARB material, but rather 
brookite acts as an additional source of OH• 
radicals and contributes to the overall extent of 
oxidation. 

Conclusions 

We discovered that the presence of brookite in 
nanocomposite materials is beneficial, since the 
mixed-phase structure enables efficient charge 
separation and, importantly, increased resistance to 
accumulation of carbonaceous deposits, the latter 
being higher than observed for the benchmark 
TiO2 P25 Degussa photocatalyst (composed of two 
polymorphs). The carbon mass balance indicates 
the potential of long-term photocatalytic 
mineralization of emerging organic pollutants over 
newly developed nanocomposite comprising of 
anatase, rutile and brookite, which is due to 
significantly less expressed deposition of 
carbonaceous deposits on the catalyst surface. This 
is a consequence of the fact that carbon molecules 
tend to accumulate onto most active and abundant 
metal oxide surface sites (i.e. anatase), therefore 
the presence of less active brookite, which still 
generates sufficient amount of active species to 
enable mineralization, can have a beneficial 
contribution to enhance the potential of TiO2 
nanocomposite materials for total oxidation of 
water dissolved organic pollutants. 

Table 1. Textural properties and average crystallite size of the prepared materials and TiO2 P25 Degussa sample. 
Material SBET Vpore dpore Crystallite size (nm) 
 (m2/g) (cm3/g) (nm) anatase rutile brookite 
Anatase 137 0.42 10.6 11.4   
Rutile 8 0.03 11.5  35.0  
Brookite 25 0.08 12.5   57.7 
ARB 32 0.14 13.9 a 69.0 35.6 
TiO2 P25 Degussa 52 0.15 10.2 23.0 35.0  
aCrystallite size of anatase in ARB sample could not be determined due to the overlapping of diffraction peaks. 
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Novel heterostructures based on metal oxide semiconductors 
assembled over layered silicates have been prepared by an 
original approach based on sol-gel procedures. The samples were 
prepared upon exfoliation of a layered clay by the incorporation 
of TiO2 and Ce-doped TiO2 precursor. The photocatalytic 
performance analyzed by the degradation of phenol in water 
under sunlight. Remarkably enhanced activities were observed 
depending on the Ce and TiO2 contents. A synergistic effect has 
been observed among the textural properties, the amount of 
anatase formed and that of Ce doping. With irradiation times of 
24 h fairly high mineralization was achieved with almost 
complete degradation of phenol and aromatic intermediates and 
a decrease of the initial ecotoxicity.  
  

 

Introduction 

In recent years, semiconductor photocatalysts 
have gained attention for many applications in 
environmental remediation [1]. Photocatalysts that 
are active in the visible light region can be very 
useful as they efficiently decompose harmful 
organic compounds under indoor or solar light. 
That is why many efforts are currently focused on 
the development of photocatalysts that show high 
efficiencies upon sunlight. In that respect, a variety 
of strategies have been reported to improve the 
TiO2 efficiency, such as doping, metal 
nanoparticles deposition, surface sensitization or 
coupling with an additional phase. Recently, a 
suitable way is the design of visible-light-driven 
photocatalysts by multicomponent heterojunction 
between different materials, looking for large 
surface areas, optimum electronic properties and 
remarkable adsorption capacities [2]. In that sense, 
recent advances have been also reported in the 
application of layered clay-based materials for 
photocatalytic applications. Its heterojunction with 
semiconductors, including metal oxides, sulfides or 
silver compounds, yields photocatalysts with 
enhanced efficiency that can be easily recovered 
from the solution. 

Some investigations suggest that the use of clay 
materials into photocatalysts heterojunctions can 
affect the phase of the semiconductor formed or 
improve the separation of charges. Herein, we 
optimized a one-step method for synthesizing novel 
heterostructures with photocatalytic applications. 
Photocatalysts based on TiO2/clay and Metal-doped 

TiO2/clay have been prepared via a modified sol-
gel route to control the anatase crystallization and 
achieve enhanced efficiency towards the 
photocatalytic purification of water upon sunlight. 
In addition, we discuss the effect of the clay and the 
TiO2 and how the dopant amounts affect to the 
synthesis process and improve the performance of 
these materials in the purification of water under 
solar light. 

Experimental 

In this work, we use a commercial organoclay as 
starting material (Rockwood, USA). This one was 
dispersed in alcohol and further treated with 
titanium isopropoxide alcoholic solutions, varying 
the titanium concentration. The titanium alkoxide 
hydrolysis was controlled by the addition of cerium 
aqueous solutions yielding to the creation of a 
viscous gel. By this way, we introduced Ce doping 
varying their concentration up to. 3%. The final 
photocatalysts were obtained after calcination at 
550 ºC, removing the organic matter and achieve 
the titania and Ce-doped titania formation. The 
physical-chemical properties of these 
heterostructures were studied by several 
characterization techniques (XRD, N2 adsorption-
desorption, UV-vis, FE-SEM). The final solids 
were evaluated as photocatalysts for the 
photodegradation of phenol in aqueous solutions. 
The experimental runs were carried out in a batch 
slurry reactor under simulated sunlight of high 
intensity, 450 W/m2. The degradation rate was 
followed by UV-visible spectroscopy analyses 
HPLC and TOC measurements. 

PP1- 3
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Results and Discussion 

The structural characterization shows that the 

conventional order of the clay layers disappears 

yielding the so-called exfoliated clay materials 

[3,4]. All the XRD patterns just show the diffraction 

peaks of the anatase phase and no diffraction peak 

of other oxides has been detected along the Ce 

doping. This result indicates that TiO2 (as only 

anatase) is assembled over the exfoliated layered 

clay and also that the doping Ce has been 

successfully incorporated into the TiO2 lattice, 

regardless the amount of TiO2 assembled to the clay 

layers. All the heterostructures show small anatase 

crystal sizes, from 9 to 15 nm, but the size decreases 

as the metal doping increases. These results suggest 

that metal inhibits the growth of TiO2. This effect 

can be ascribed to the segregation of the dopant ions 

along the grain boundary that avoids the growth of 

the TiO2 crystallites.  

The heterostructures based on TiO2 has band gap 

values close to 3.2 eV due to the anatase formed. 

Nevertheless, the Ce doping causes a remarkable 

decreases of the band gap associated to the 

inclusion of Ce 4f levels in the TiO2 band gap. 

These levels allow the generation of electron-hole 

pairs using light of lower energy than the required 

to excite the own TiO2, yielding materials with 

lower band gap values. Hence these Ce-doped 

TiO2/clay heterostructures show light absorption in 

the visible region and band gap values lower than 

2.5 eV that can be suitable for visible-driven 

photocatalysts. The EDX mapping images 

(graphical abstract) show that Ti and Ce are 

homogeneously distributed along the particles. The 

creation of other titania or cerium oxides aggregates 

are not detected. Thus, herein, we succeeded in 

assembling anatase and anatase with Ce 

incorporated in its lattice homogeneously 

distributed over an exfoliated clay material. This 

assembling of TiO2 and Ce-doped TiO2 particles 

over an exfoliated clay leads to porous materials 

with high surface area. 

The photocatalysts show promising activities in 

the degradation of phenol in water under sunlight. 

After irradiation times of 24 h, the mineralization 

reaches very high values with an almost complete 

degradation of phenol and aromatic compounds and 

a decrease in the value of the initial ecotoxicity 

(Fig. 1). This photocatalytic activity is related to 

both the nanostructured titania particles and the 

textural properties. This synergistic effect is 

controlled by the amount and size of the anatase 

particles. Increasing the relative amount of TiO2 

means higher concentration of photocatalytic active 

phase but also decreases the available surface area. 

Thus, there is an optimum value of the TiO2/clay 

ratio, which according to the results so far seems to 

be somewhere within the 1-2 range [3]. 

 

Figure 1. Evolution of the TOC and the carbon amount 

measured from phenol, aromatic compounds, organic 
acids and non-identified byproducts upon irradiation time 

with the 1C/2Ti catalyst; ecotoxicity values are also 

included. 

The cerium incorporation affect the 

photocatalytic activity of these heterostructures 

depending on the cerium content. Low Ce amounts 

(below 3 %) leads to catalysts with the best activity 

while higher Ce amounts have a detrimental effect 

on the photocatalytic behavior because the Ce 

levels incorporated to the TiO2 band gap act as 

recombination centers for the electron-hole pairs. 

Remarkably enhanced activities were observed for 

the 1C/1Ti-Ce0.25 catalyst toward the 

photodegradation of phenol (Fig. 2). A synergistic 

effect has been observed among the textural 

properties, the amount of anatase formed and the 

doping Ce amount [4]. 

 

Figure 2. Evolution of phenol concentration versus 

irradiation time with the 1C/1Ti-Cex samples. 
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 In the present work the TiO2 was reconstructed with g-C3N4 and 
Ag to form a ternary (g-C3N4)-Ag/TiO2. The g-C3N4 was 
prepared through a facile pyrolysis of urea. Ag acted as electron-
conduction mobiliser in the ternary was synthesised through solar 
photodeposition method. The synthesised ternary characteristics 
were investigated through various physical and chemical 
analyses. The presence of g-C3N4 in the ternary promoted the 
formation of interface between Ag/TiO2 and g-C3N4 and 
stimulated the electron transfer between them. These electrons 
migration acknowledged by the synergic effect prolonged the 
lifetime of charge carriers. The g-C3N4 also significantly tuned 
the energy gap of conventional TiO2. The prepared ternary 
exhibited significantly high visible light photocatalytic 
performance by degrading Amoxicillin (AMX) at highest rate.  
 
  

Background
The hunt for high performance visible light 

responsive photocatalyst has becomes a vital in 
order to sustainably address the burning 
environmental issues. The hunt resulted an 
innovative carbon material; graphitic carbon nitride 
(g-C3N4) as a visible light enhancer and narrowing 
band gap energy. Hence, g-C3N4 emerged as a best 
candidate to reconstruct the well-known 
conventional TiO2 in order to overcome its setback; 
poor visible light utilization and high 
recombination rate of charge carriers. 

 
Objectives 

In the present study the fabrication of g-C3N4 is 
perform using simple pyrolysis of urea while 
Ag/TiO2 is achieve through a solar photodeposition 
approach. The visible light photocatalysis of 
prepared ternary composite is evaluate through the 
photodegradation of Amoxicillin (AMX).  
 
Synthesis of (g-C3N4)-Ag/TiO2 
 A facile thermal heating method was adopted for 
synthesizing g-C3N4. The synthesis of Ag/TiO2 was 
obtained through solar photodeposition. From the 
prepared g-C3N4 sheets a sample weighing 0.012 g 
well dispersed in water ultrasonically. 0.4 g of the 
Ag/TiO2 was then added into the solution and 
subjected to a reaction at 70°C for 1h. The resulting 
suspension was then centrifuged and washed with 
water for few times and dried overnight at 60°C. 
 
Result 

Figure 1 shows poor photodegradation efficiency 
of TiO2 owing to its well-known limitation, while 
reconstruction with g-C3N4 showed an increase in 

photodegradation efficiency to 1.7 times than TiO2. 
This was attributed to the characteristics of g-C3N4 
which stimulated the visible light absorption. 
Further a remarkable increase of photocatalytic 
degradation in the order of 3.2 times was 
successfully achieved for the ternary. This clearly 
established the addition of Ag NPs to the (g-C3N4)-
TiO2 triggered the visible light absorption through 
the surface plasmon resonance and simultaneously 
extended repulsion of charge carriers.  

 

 
Figure 1. Photocatalytic activity of AMX 
 
Conclusions 
 The reconstructed titania resulted in a ternary 
composite (g-C3N4)-Ag/TiO2 and revealed its 
superior visible light photocatalysis performance 
by successfully eliminating AMX. The presence of 
g-C3N4 notably contributed for tuning the band gap 
energy and prolonging the lifetime of the charge 
carriers. Where else the presence of Ag NPs in the 
composite acted as an electron-conduction bridge 
and contributed for the suppression of electrons and 
holes. 
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The ECOWAMA project proposes a new eco-efficient closed 

cycle management model for the treatment of effluents of the 

metal and plastic surface processing industry. The process is 

based on electrochemical technologies, which provide chemical 

free performance, including electrocoalescence (pulsed electric 

field, PEF), electrocoagulation (ECo), electrooxidation (EO) 

and electrowinning (EW). The hydrogen produced during 

ECo/EO processes is recovered, as well as valuable substances 

(Ni, Cu, Ag and Zn) with a high purity (>99%) from the ECo 

sludge -by means of EW. The water is finally treated through 

desalination (DS) in order to obtain high purity water for 

recycle, while the acid for dissolving is totally recycled using 

electrodialysis (ED). 

  

Annually, European metal finishing and coating 

operations produce over three hundred thousand 

tonnes of hazardous waste and consume over one 

hundred million cubic meters of water for cleaning 

of surfaces and as basis for galvanic solutions.  

The wastewater of the metal and plastic surface 

processing industry (STM/STP) is extensively 

contaminated with oils and greases, organic 

loading, a salt fraction and especially with heavy 

metals (e.g. Ni, Cu, Zn and others). Though EU 

legislation related to sewer charges and increasing 

cost of water, energy and raw materials, STM/STP 

enterprises have high interest on efficient, cost-

effective and sustainable treatment of their 

effluents and recovery of valuable substances. 

ECOWAMA’s (ECO-efficient management of 

WAter in the MAnufacturing industry) approach 

combines wastewater treatment with recovery of 

ultrapure water, highly valuable metals and 

energy. Therefore an environment friendly, 

effective and innovative system is developed 

including ECo, EO and EW technologies. 

Additionally, hydrogen produced during ECo and 

EO processes are used to deal as feed for fuel cells 

to generate electricity which reduces the energy 

demand of the overall process. Pre- and post-

treatment are carried out to remove oils/greases 

(electrocoalescence) and conductivity 

(desalination). The heavy metals are separated 

from the wastewater stream through an electro-

precipitation process. After metal dissolution from 

precipitation sludge a novel electrowinning 

process using novel electrodes, optimised 

geometry and process management reduces the 

dissolved metal ions to a solid aggregate state with 

high purity. The outcome of this is a valuable raw 

material that can be easily sold or reused for 

STM/STP operations. 

The technical objectives of the project are: 

 To remove 99.9% w/v oils/greases 

through PEF (pre-treatment) and desalination 

(Multistage humidification/dehumidification, 

MHD) as post treatment to achieve a rest-

conductivity of maximum 18 µS/cm. 

 ECo and EW process to recover over 

80% of at least three different metals (Ni, Cu, 

Zn et al.) out of STM/STP effluent. The purity 

of the metals will be > 99%. 

 To develop an EO unit to remove 

organic loading to a residual value of less than 

1% rest-loading.  

 To enable the recovery and reuse of the 

hydrogen from ECo/EO processes in a fuel 

cell stack as a power source for the process. 

80% of hydrogen generated is converted to 

energy in the fuel cell.  

 To integrate the single units to a pilot 

scale system running at a ~500 l/h flow-rate. 

 To develop and to adapt a global control 

system including energy management.  

 To make a verification of the economic 

and environmental sustainability of the process 

enabling a more resource efficient and 

recycling economy 

Two strategies were carried out in order to 
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improve the overall process once the STP/STM 

effluent was pre-treated removing the oil and 

grease content: 

Strategy A: ECo – EO coupling: STP/STM 

effluent treatment by means of ECo system in 

order to remove/reduce metal content. Afterwards, 

EO process should be applied for organic matter 

removal (TOC abatement). 

Strategy B: EO – ECo coupling: STP/STM 

effluent treatment by means of EO system in order 

to oxidize different P-species to phosphate as well 

as to reduce metal and organic matter content. 

Afterwards, ECo process applied to oxidized 

STP/STM effluent in order to remove P substances 

and decrease metal and TOC content. 

ECo is an electricity-based wastewater advanced 

treatment technology where coagulants are in situ 

generated through electrochemical oxidation of 

sacrificial metallic anodes (typically Fe or Al) to 

multiple positively charged cations. For Fe, Fe(II)-

ion is first formed. Only at higher Fe(II) 

concentrations and sufficiently large current 

densities, there is a further oxidation to Fe(III). 

Oxygen evolution at the anode also promotes the 

oxidation of Fe (II). Al is anodically oxidised to 

Al(III) in solution.  

The following electrode reactions take place in the 

cell: 

Cathode: 

2H+
(aq) + 2e-   H2(g)                               (1) 

or 2H2O(l) + 2e-    H2(g) + 2OH-
(aq) 

(depending on the pH)                            (2) 

and Men+
(aq) + ne-   Me(s)                                 (3) 

(1) and (2) run predominantly at low metal 

concentrations. 

Anode:  

2H2O(l)    O2(g) + 4H+ (aq) + 4e-              (4) 

or 4OH-
(aq)    O2(g) + 2H2O(l) + 4e-

 (depending on the pH) (5) 

and Me(s)   Men+
(aq) + ne-                 (6) 

and Men+
(s)    Me(n+1)+

(aq) + e-                          (7) 

In acidic solutions and with relatively base metal 

anodes the reaction 6 is much faster than reaction 

3. Obtained Fe(II)/Fe(III) or Al(III) precipitate 

with OH- generating coagulants which destabilizes 

and adsorb water pollutants by surface 

complexation or electrostatic attraction [1].  

A set of experiments were carried out in order to 

obtain the most appropriated operational 

conditions for treating STP/STM wastewaters by 

means of ECOWAMA electrocoagulation (ECo) 

system. Figure 1 shows the ECo system used at 

laboratory scale. Different variables were studied, 

including: i) continuous/batch mode; ii) the use of 

a monocompartment / bicompartment cell; iii) 

retention time, iv) current density; v) only one step 

or with recirculation and vi) anode material. 

Strategy A (ECo-EO coupling) seemed to be a 

good treatment strategy for STP/STM effluents 

with high content of Ni and low content of P-

species. The best results for removing Ni content 

were obtained when ECOWAMA ECo system 

worked using a monocompartment (non-divided 

cell) cell, with recirculation under a flow rate of 40 

L/h and using Al as anode material. Under these 

experimental conditions, 80% of Ni content was 

reduced, and a 40% of TOC removal was 

achieved. 

On the other hand, Strategy B (EO-ECo 

coupling) seemed to be a good treatment strategy 

for STP/STM effluents with high content of Ni 

and P-species. More than 97% of total P removal 

was achieved during ECo process when 5 Ah are 

applied and Fe is used as anode for several types 

of STP/STM effluents. Ni content reduction varied 

from 53 to 71% depending on the ECo 

influent.60% of TOC reduction was also achieved 

by ECo. 
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Figure 1. Bench scale system setup. 
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Oxygen adsorption capacities as material characteristics of 19 
industrial and lab-synthesised titania samples were obtained. The 
activity of these photocatalysts was evaluated by the 
mineralisation of dichloroacetic acid and 4-chlorophenol. 
Photocatalysts could be characterised by the adsorption 
coefficient, k, µmol O2 (mm Hg g)-1, specified form the slope of 
linear isotherms No strict linear dependence of k on specific 
surface area of titania of different origin was observed. The 
activity of TiO2 increases with the increase in the sample’s k. The 
highest activity of pyrogenic TiO2, despite their moderate k, 
could be attributed to their specific intrinsic bulk 
properties.

The optimization of photocatalytic reaction 
parameters results in the more profound oxidation 
of organic pollutant; however, the adsorption of 
molecular oxygen as an acceptor is a determinative 
process step. Nevertheless, there is no information 
available on the quantification of oxygen 
adsorption on catalytic materials. 

In present study series of pyrogenic and wet-
synthesised titania samples were characterised 
with respect to their oxygen adsorption capacity, 
specific surface area, phase composition and 
particles’ morphology. The photocatalytic activity 
of these nanopowders was evaluated at moderate 
UV-A light intensity in slurry by the 
mineralisation of dichloroacetic acid and 4-
chlorophenol, chosen as model organic pollutants. 

The acquired oxygen adsorption isotherms have 
linear shape. The correlation between the 
adsorption coefficients k (specified form the slope 
of isotherms) and the specific surface areas of 
photocatalysts’ samples is shown in Fig. 1. 
Generally, the powders with higher specific 
surface have also the higher adsorption coefficient. 
However, no strict linear dependence is observed 
even with the analysis deviation taken into 
account. While the increase of k is proportional to 
specific surface area increase for wet-synthesised 
samples, more oxygen is adsorbed on pyrogenic 
titania which possess comparable specific surface 
area. The titania samples of pyrogenic origin under 
study had the highest non-selective activity despite 
the moderate oxygen adsorption coefficients. 

Figure 1. Oxygen adsorption capacity, k, at normal 
pressure versus specific surface area (BET) of titania 
samples of different origin. Filled symbols are for wet-
synthesised particles, open symbols for pyrogenic ones. 

Based on the results it could be concluded that 
neither crystalline phase composition nor oxygen 
adsorption capacity alone determine the sample’s 
photocatalytic activity; the intrinsic bulk and 
surface properties designate the overall reaction 
process. 
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 A graphene film decorated TiO2 nano-tube array (GF/TiO2 NTA) 

photoelectrodes were prepared through anodization, followed by 

electrodeposition strategy. Morphologies and structures of the 

resulting GF/TiO2 NTA samples were characterized by scanning 

electrons microscopy, XRD, XPS and Raman. In addition, the 

optical and photoelectrochemical properties were investigated 

through UV–vis and Mott–Schottky analysis. Furthermore, the 

photodecomposition performances were investigated through 

yield of hydroxyl radicals and PC degradation of MB under 

visible light irradiation. PC performance was 65.9% for the 

degradation of MB. Moreover, the enhanced visible light PC 

mechanism was proposed and confirmed in detail. 

 
Highly ordered TiO2 nano-tubes arrays (TNTAs) 

electrode was fabricated through anodization. The 
effects of some experimental parameters on 
photocatalytic (PC) activity and 
photoelectrocatalytic (PEC) activity were 
investigated in detail. It was found that the 
optimum preparing conditions were as followed: 
the applied voltage, water content, fluoride 
concentration, anodization time and reaction 
temperature was 20 V, 40 vol%, 0.5 wt%, 2 h and 
40 oC, respectively. In addition, the TNTAs 
electrode exhibited high PC and PEC activities, in 
which 39.1% and 65.7 % of methyl blue (MB) 
could be mineralized, respectively. 

Then, graphene film decorated TiO2 nano-tube 
array (GF/TiO2 NTA) photoelectrodes were 
prepared through anodization, followed by 
electrodeposition strategy. Morphologies and 
structures of the resulting GF/TiO2 NTA samples 
were characterized by scanning electrons 
microscopy, X-ray diffraction, X-ray 
photoelectron spectroscopy and Raman 
spectroscopy. In addition, the optical and 
photoelectrochemical properties were investigated 
through UV–visible light diffuse reflection 
spectroscopy, photocurrent response and Mott–
Schottky analysis. Furthermore, the 
photodecomposition performances were 
investigated through yield of hydroxyl radicals 
and PC degradation of MB under visible light 
irradiation. It was found that GF/TiO2 NTA 
photoelectrode exhibited intense light absorption 

both in UV light and visible region, higher 
transient photoinduced current of 0.107 mA 
cmˇ 2 and charge carrier concentration of 
0.84 · 1019 cmˇ 3, as well as effective PC 
performance of 65.9% for the degradation of MB. 
Furthermore, contribution of several reactive 
species to the PC efficiency of GF/TiO2 NTA 
photoelectrode was distinguished. Moreover, the 
enhanced visible light PC mechanism was 
proposed and confirmed in detail. 
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 The photocatalytic degradation of spirocyclic 
tetronic/tetramic acid derivatives (spirodiclofen, 
spiromesifen and spirotetramat) and their main 
metabolites in pure water has been studied using 
binary (TiO2 and ZnO) and ternary (ZnTiO3 and 
Zn2TiO4) oxides as photocatalysts under artificial 
light irradiation. Photocatalytic experiments showed 
that the addition of these oxides in tandem with the 
electron acceptor (Na2S2O8) strongly enhances the 
degradation rate of these compounds in comparison 
with those carried out with the catalysts alone and 
photolytic tests. Comparison of catalysts showed 
that ZnO and TiO2 are the most efficient for the 
removal of the studied insecticides. 
  

 
Spiromesifen, spirodiclofen and spirotetramat 

are insecticides derivatives from the tetronic and 
tetramic acids and they act as inhibitors of acetyl-
CoA carboxylase, interfering in lipids synthesis. 
They have a different mode of action, 
spirotetramat is a systemic compound (it moves 
through the leaf cuticle and is translocated in 
phloem and xylem throughout treated plants), 
unlike spiromesifen and spirodiclofen which act as 
contact pesticides. They are used to control mites, 
spiders, lice, aphids and whiteflies in pome and 
stone fruits, citrus, grapes, strawberries, nuts, 
vegetables and field crops.  

The application of insecticides is a common 
practice in modern agricultural to control pest that 
damage crops. Although the use of these 
compounds provide unquestionable benefits in 
increasing agricultural production, a fraction of the 
amount used can reach the soil leading to soil  and 
groundwater contamination. Consequently, it is of 
primary importance to apply remediation strategies 
to polluted waters in order to protect hydric 
resources.  

The aim of this paper is to assess and compare 
the effectiveness of the photocatalytic process for 
the decontamination of water polluted by 
spirodiclofen, spiromesifen and spirotetramat and 
their main intermediate products using eight 
different reaction systems based on combinations 
between catalysts (TiO2. ZnO, ZnTiO3 and 
Zn2TiO4) and electron acceptor (Na2S2O8). 

Spirodiclofen, spiromesifen and spirotetramat 

standards were purchased from Dr. Ehrenstorfer 
(Augsburg, Germany). Commercial products 
(Envidor, Oberon and Movento) were supplied 
from Fitodolores S.L. (Murcia, Spain). Zinc oxide 
(ZnO, 99.99%) and zinc titanium oxide (Zn2TiO4, 
99.9%) were obtained from Alfa Aesar (Karlsruhe,  
Germany). Titanium dioxide P25 Degussa (TiO2, 
99.5%) and zinc titanate (ZnTiO3, 99.5%) were 
purchased from Nippon Aerosil Co Ltd (Osaka, 
Japon) and Sigma-Aldrich (St. Louis, US), 
respectively. Sodium peroxydisulfate (Na2S2O8, 
98%) was supplied from Panreac Química 
(Barcelone, Spain). Acetonitrile was obtained from 
Scharlau (Barcelone, Spain). 

The photolytic and photocatalytic experiments 
were performed in a 2000 mL cylindrical glass 
(250 mm long, 100 mm diameter) photochemical 
reactor (SBS, Barcelone, Spain) equipped with a 
magnetic stirring bar, and a 8W low pressure 
mercury lamp. The study was carried out in a 
batch recirculation mode. The reactant solution 
containing different amounts of the semiconductor 
powder (50-300 mg L-1) and Na2S2O8 (50-300 mg 
L-1) was circulated at a flow rate of 600 mL min-1. 
The reaction system was periodically bubbled with 
air, continuously stirred to achieve a homogeneous 
suspension and thermostated by circulating water 
to keep the temperature at 23±1ºC during 120 
minutes of irradiation. 

Initially, 2000 mL of type II analytical-grade 
water (pH 7.1, ORP 212 mV, resistivity >5 MΩ 
cm (25ºC); conductivity <1.09 µS cm-1, TOC <30 
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µg L-1; microorganisms <10 cfu mL-1) were mixed 

with the commercial products to reach a spiking 

level of about 0.1 mg L-1 of each and homogenized 

by shaking for 20 min to constant concentration in 

the dark. After this time the appropriate amount of 

catalyst (200 mg L-1 for everyone) and electron 

acceptor (Na2S2O8, 250 mg L-1) were added to the 

reaction solution. The respective mixtures were 

maintained for 30 min in the dark, prior to 

illumination, in order to achieve the maximum 

adsorption of the insecticides onto semiconductor 

surface. Several samples from 0 to 120 min were 

taken during the illumination period. A parallel 

blank assay, without semiconductor and oxidant 

(photolytic test) was carried out.  

Water samples were extracted and analyzed 

according to the procedure described by Fenoll et 

al. [1]. The separation, identification and 

quantification of the selected insecticides were 

carried out using a Agilent Series 1200 liquid 

chromatograph (Agilent Technologies, Santa 

Clara, CA, USA) with a vacuum degasser, 

autosampler and a binary pump, interfaced to a 

G6410A triple quadrupole mass spectrometer from 

Agilent equipped with an ESI interface operating 

in positive ion mode. Five µL were injected and 

the pesticides were chromatographically separated 

using a reversed phase C8 analytical column of 

150 mm × 4.6 mm and 5 µm particle size (Zorbax 

Eclipse XDB-C8) which was maintained at 25 ºC.  

The photocatalytic oxidation of the studied 

compounds in the absence and in the presence of 

the four semiconductor catalysts is shown in 

Figure 1. As we can see, the photocatalytic 

degradation of the three insecticides in the 

presence of TiO2 and ZnO leads to the 

disappearance of these substances. Thus, the 

residual levels of spirodiclofen, spiromesifen and 

spirotetramat for TiO2 and ZnO at the end of the 

experiment were 8 and 15 µg L-1, 4 and 3.7 µg L-1, 

and 2.9 and 0.2 µg L-1, respectively. ZnO appears 

to be more effective on  insecticides oxidation than 

TiO2. In the absence of a catalyst the degradation 

of these compounds occurs at a very slow rate and 

only a 10% reduction of its concentration is 

achieved after 120 min of irradiation. In the 

treatments with ZnTiO3 and Zn2TiO4, no 

significant differences were found for 

spiromesifen (63% of the initial mass added after 

120 min of illumination). However, for 

spirodiclofen and spirotetramat was observed a 

percentage remaining of 85 and 52%, and 15 and 

54%, respectively. 

On the other hand, a remarkable increase in the 

reaction rate was observed when the electron 

acceptor (Na2S2O8) was used. In the presence of 

TiO2/Na2S2O8 and ZnO/Na2S2O8, the complete 

disappearance of these compounds is achieved 

after 120 min of light exposure. In the case of 

ZnTiO3/Na2S2O8 and Zn2TiO4/Na2S2O8 system 

were observed percentages remaining <10 and 

23%, respectively. In general, the efficiency of the 

catalysts in the photooxidation of theses 

compounds in optimal conditions was in the order: 

ZnO/Na2S2O8> TiO2/Na2S2O8> ZnTiO3/Na2S2O8> 

Zn2TiO4/Na2S2O8. Similar behavior was observed 

in the enol derivatives. 
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Figure 1. Degradation kinetics of the studied 

compounds ([catalyst]=200mg L-1, [Na2S2O8]=250 mg L-

1). 
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g-C3N4/TiO2 nanocomposites were prepared by simple mixing 
of melamine and TiO2 in different ratios and pyrolysis at 550 
oC. The g-C3N4/TiO2 samples were characterized and tested for 
photocatalytic NOx removal. The results showed that the band 
gap of the nanocomposites was tuned between 2.68 - 3.14 eV 
depending on the component ratios. The g-C3N4/TiO2 with ratio 
1/3 exhibited the best photocatalytic activity especially under 
visible light irradiation, which was attributed to the favourable 
combination of the two semiconductors. 

 
Introduction. Traditionally, TiO2 is considered 

as one of the most promising photocatalysts 
because of its good physicochemical properties 
[1]. However, because of its large band gap energy 
(~3.2 eV) TiO2 mainly exerts photocatalysis under 
UV light [2]. Recently, graphitic carbon nitride (g-
C3N4) has emerged as a novel photocatalyst owing 
to its easy preparation and visible light compatible 
band gap (~2.7 eV) [3]. Particularly, g-C3N4 can 
form heterojunction with TiO2 resulting in 
decrease of the electron-hole recombination and 
enhancement of the photocatalytic activity under 
visible light irradiation [4]. 

Objectives. This work deals with the synthesis 
and photocatalytic performance of g-C3N4/TiO2 
composites for NOx removal, in connection to 
their electrochemical and optical properties. 

Methods. Different weight ratios of 
melamine/TiO2 (3/1, 1/1, 1/3) were dry-mixed and 
annealed at 550 oC in a tube furnace, for 3 hours 
under Ar flow, giving the g-C3N4/TiO2 
nanocomposites. The materials were characterized 
by XRD, SEM, FT-IR, Raman and UV-vis. The 
NOx removal performance of the materials was 
examined using an ISO standard procedure. 

Results. The XRD analysis revealed the 
formation of g-C3N4 and the bi-phasial structure of 
TiO2. The presence of g-C3N4 in the composites 
was confirmed by the measured FT-IR and Raman 
spectra. The SEM results depicted layered g-C3N4 
and small TiO2 particles, while the morphology of 
the composites was in accordance to the ratios 
used. Under UV irradiation, pure TiO2 showed 
better activity in NO oxidation than the other 
samples. When visible light was used though, the 
g-C3N4/TiO2-1/3 nanocomposite demonstrated by 
far the best De-NOx activity. This nanocomposite 
showed not only better NO removal than the other 

photocatalysts, but also a significant decrease of 
NO2 emissions (Figure 1). 
 

 
Figure 1. Photocatalytic efficiency of TiO2 and g-
C3N4/TiO2-1/3 nanocomposite  under visible light. 
 

Conclusions. Nanocomposite g-C3N4/TiO2 
visible light active photocatalysts were prepared 
by a simple one step pyrolysis method. This work 
demonstrated the enhanced photocatalytic activity 
of the prepared nanocomposite materials in 
comparison to the pure components. The g-
C3N4/TiO2-1/3 nanocomposite was the most 
successful at NOx removal, while keeping the NO2 
emissions very low. 
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SiO2 – TiO2 nanocomposite and its utilization in ecological 
photocatalysis. 
J. Subrt1, T. Sázavská2, L. Křiklavová2, M. Jakubičková2, J. Jirkovský3, F. Peterka2, J. Kupčík1. (1) Institute of 
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 SiO2 – TiO2 based nanocomposite paint was developed and its 
use for air cleaning as well as for design of self-cleaning 
surfaces was successfully tested. The material exhibits also 
strong antibacterial effect. The coating is formed by isolated 
islands of titania photocatalyst surrounded with the SiO2 matrix 
while the SiO2 matrix is keeping units of aggregated TiO2 
photocatalyst separated and can isolate the photocatalyst from 
direct contact with the substrate on which the material is 
applied. The dried composite is highly porous, thus allowing to 
gases to penetrate easily to the photocatalyst particles and back. 
The paint can be used in various aspects of environmental 
photocatalysis and, owing to its self-cleaning efficiency, also 
for improvement of appearance of various objects and 
monuments without changing its colour and overall appearance. 

 
 

 

Background: In recent years, there has been a 
tremendous amount of research and development 
in the area of photocatalysis, a process included in 
a special class of oxidation techniques defined as 
Advanced Oxidation Processes (AOPs), all 
characterized by the same chemical feature, 
production of ·OH radicals [1]. 

Titanium dioxide, a photosensitive semi-
conductor, has been successfully used as a 
photocatalyst for oxidative degradation of organic 
compounds including dyes. TiO2 in the form of 
anatase is one of the most promising materials for 
photocatalytic environmental applications [2-4]. 

One possible modification is to improve the 
TiO2 with SiO2 as a shell. It has been shown that 
the composite exhibits photocatalytic activity for 
decomposition of relatively small substrates 
without remarkable reduction in intrinsic activity 
of bare TiO2 [5-9]. 

The deterioration process of buildings, 
monuments and surfaces of other human 
constructions includes the combined action of 
physical, chemical and biological factors which 
induce severe modifications on the surface and 
structural integrity of the materials [10].  

Titanium dioxide has been recently used in its 
nanometric form to develop smart products and 
coatings on several building components so as to 
better preserve their visual aspect, mainly by way 

of its very efficient photocatalytic function. The 
integration of further nanostructured materials 
with titanium dioxide may enhance its features or 
add new properties to these products [11]. 

Objectives: The main objective of the study was 
to develop a new type of purely inorganic 
photocatalytic coating, transparent and highly 
photoactive. The material should be based on 
commercially available components. The material 
should be characterized from the points of its 
texture, photoactivity and applicability as upper 
transparent and highly photoactive coat. The effect 
of the coating detoxication of air and microbial 
flora should be also evaluated.   

Methods: The photocatalytic composite paint 
consists of a photocatalyst and a binder; the 
photocatalyst nanoparticles are formed by 
agglomerated TiO2 in water whereas the SiO2 
nanoparticles are used in the form of a stabilized 
aqueous suspension. The texture of the composite 
was determined on samples obtained by spraying 
the aqueous dispersion in liquid nitrogen and 
immediate lyophilisation the frozen droplets at 
temperature -60 °C and pressure 10 torr. Obtained 
dry composite was characterized by electron 
microscopy (both SEM and TEM + EDS). The 
photoactivity of coatings prepared from such 
composites was determined using the ISO 22197-
1:2007 standard method based on NOx 
decomposition in an air stream. Methylene blue in 
an aqueous solution is degraded in contact with the 
UV illuminated photoactive surface. The light 
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source should be within the wavelength 320 < λ 
<400 nm, not to induce the direct photolysis of the 
dye. The amount of dye remaining in solution is 
determined at regular intervals during the period of 
illumination by UV/Vis spectroscopy. The 
reference measurement is carried out with an 
identical sample without illumination. The surface 
area and porosity of the lyophilized SiO2–TiO2 
nanocomposite was determined from the BET 
adsorption isotherm using N2 as adsorbent. The 
antibacterial activity was determined according to 
ISO 10678:2010 

Results: The nanocomposite was prepared in 
form of aqueous dispersion containing 1-3 % of 
dry mater formed by 40 wt. % of TiO2 and 60 
wt. % of SiO2. The dispersion is stable, 
sedimentation of solids occurs only after several 
days and the material can be easily resuspended. 

Figure 1. SEM micrograph of surface coated with 
the SiO2 – TiO2 nanocomposite (bottom) and EDS 
mapping (top):  green – TiO2, red – SiO2 

SEM micrograph and EDS mapping of a surface 
coated with the SiO2 – TiO2 nanocomposite is 
presented on the Fig. 1. We can observe isolated 
islands of titana photocatalyst (lighter objects on 
the SEM micrograph) surrounded with the SiO2 
matrix. It is evident from this micrograph that the 

SiO2 matrix is keeping units of aggregated TiO2 
photocatalyst separated and can isolate the 
photocatalyst from direct contact with the 
substrate on which the material is applied. 

The product obtained by lyophilisation of the 
SiO2 – TiO2 nanocomposite is presented on Figs. 
2-3. TEM micrograph shows darker aggregates of 
TiO2 photocatalyst surrounded by lighter SiO2 
matrix. The composition of individual objects was 
determined by EDS and electron diffraction, which 
demonstrated crystalline objects with anatase 
structure surrounded by amorphous material. The 
SiO2 matrix consists of small nanometric spherical 
objects with clearly visible porosity. Presence of 
considerable porosity was confirmed also by BET 
measurements, the surface area of the lyophilized 
sample of SiO2–TiO2 nanocomposite was found 
98.5 m2.g-1. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. TEM micrograph of the lyophilized SiO2 – 
TiO2 nanocomposite. 

The appearance of coatings prepared from the 
SiO2 – TiO2 nanocomposite was either completely 
transparent or slightly opalescent. We observed 
that the transparency of coatings depends on 
characteristics of the photocatalyst used for 
preparation of the SiO2 – TiO2 nanocomposite. 
Generally, better dispersible photocatalysts 
provide more transparent coatings than 
photocatalysts whose crystallites are tightly 
aggregated.  

The photoactivity of coatings prepared from our 
SiO2–TiO2 nanocomposites was determined 
according to the ISO 22197-1:2007 standard 
method. One particular test is presented on Fig. 3. 
It is clear that the surfaces prepared by these 
materials are highly photoactive, the efficiency of 
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NOx removal was close to 40 %. Such result 
classifies our composite among the most active 
materials described in literature with a wide range 
of possible applications, e.g. for removal of 
undesired components in air, preservation of 
buildings, etc. Similar results were obtained with 
variety of supports as well as composites prepared 
with different photocatalysts.   

 

 

 

 

 

 

 

 

 

Figure 3. Typical course of changes in the NOx, NO2 
and NO concentration caused by irradiation with UV 
under the conditions specified in Standard ISO 22197-
1:2007. 

The self-cleaning properties of coatings prepared 
using our composite material were determined 
using the methylene blue decolorization. The drop 
of absorbance related to methylene blue 
decomposition is given on Fig. 4. We can see that 
the rate of the methylene blue decomposition 
depend significantly also on the support used for 
preparation of coatings. 

  

 

 

 

 

 

 

 

 

   Figure 4. The course of photocatalytic degradation of 
methylene blue:  ■ acrylic paint; ▲ silicone coating; 
▼ lime plaster; ● silicate paint 

 

 

 

Determination of antibacterial photocatalytic 
activity of our materials in aqueous solution and 
assessing based on the ANOVA statistical method 
demonstrated the photocatalytic activity of 
photocatalyst of TiO2/SiO2 up to 93 %. Results of 
respiratory tests showed approx. 40–70 % 
inhibition of respiration activity in comparison 
with the control sample.  Results of cell viability 
showed bacterial growth inhibition of E. coli in the 
range 80 – 90 %. We can demonstrate that the UV 
light, with a titanium dioxide photocatalyst has an 
effect on the decrease of E. coli bacterial 
population on average by 78 %. 

Conclusion: SiO2 – TiO2 based nanocomposite 
material was developed and its use for air cleaning 
as well as for development of self-cleaning 
surfaces was evaluated. The material demonstrated 
also strong antibacterial effect and wide range of 
applications in the environmental photocatalysis 
and also for improvement of appearance of various 
objects and monuments can be expected. 
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Emerging contaminants, such as pharmaceuticals, are currently 
under study due to the increasing concern on the risks they pose 
on humans and the environment. Herein, the solar photocatalytic 
technology is used for degradation of a drug model using novel 
TiO2-ZnO/clay nanoarchitectures. These photocatalysts are 
prepared by heterojunctions between TiO2-ZnO semiconductors 
and an exfoliated layered clay. The main aim is combining the 
photoefficiency of both semiconductors while assembling on the 
surface of an exfoliated clay. Fairly photodegradation rates were 
reached after 600 min upon solar light. The reaction conditions 
were optimized to achieve high photoefficiencies. 
 

 

Contamination of water is one of the major 
challenges for the preservation and sustainability of 
the environment. The focus for water pollution 
research is extended to a group of unregulated 
pollutants so-called emerging contaminants, such 
as pharmaceuticals, personal care products and 
surfactants [1]. Many researches are currently 
focusses on the removal of these compounds using 
different technologies, among them photocatalysis 
appears as an optimum alternative. This technology 
usually uses zinc oxide (ZnO) and titanium dioxide 
(TiO2) as photocatalysts. However, they show a low 
photocatalitic activity in treating very low 
concentration contaminants and show lower 
photoefficiency under solar light. 

The objective of this work is to obtain active 
phtocatalysts for the degradation of the widely used 
pharmaceutical, acetaminophen, as model 
emerging pollutant by using solar light. Among the 
alternative pathways to prepare novel 
nanoarchitectures, the colloidal route is used in this 
work [2]. Thus, novel TiO2/clay, TiO2-
0.2%ZnO/clay and TiO2-0.5%ZnO/clay 
photocatalysts have been prepared and tested for the 
degradation of acetaminophen in aqueous solutions. 

The structural characterization of these materials 
show the creation of anatase phase with crystal size 
values around 20 nm in all cases. There is no 
formation of other titania or zinc oxide phases. The 
anatase phase is anchored on the surface of a 
exfoliated clay. These materials characterize by 
BET surface area values close to 180 m2g-1, with 
contribution of both micropores and mesopores. 
The photocatalytic degradation of acetaminophen 

reaches 70% of conversion after  1 h with the TiO2-
0.5%ZnO/clay, which shows higher photocatalitic 
activity as compared to TiO2/clay and TiO2-
0.2%ZnO/clay. The effect of the amount of catalyst 
and pollutant on the photocatalytic degradation 
were also tested. When the amount of TiO2-
0.5%ZnO/clay is 500 mg/l, the degradation rate 
reaches 90%, which is higher than those 
corresponding to 50, 100 and 250 mg/l, with values 
near to 60%. Hence, an amount of 500 mg/L was 
considered optimum. Regarding the acetaminophen 
concentration, it was found conversion values about 
90% using concentrations lower than 20 mg/l. 
Increasing the acetaminophen concentration seems 
to decrease the electrostatic interaction of the site 
with lower affinity for aceta molecules, which is 
favor for the adsorption of aceta molecules onto the 
surface of the catalyst. The photocatalitic 
degradation of acetaminophen can be described by 
a pseud-first-order reaction. The excellent 
photocatalitic activity shown by TiO2-
0.5%ZnO/clay can be attributed to the higher 
content of ZnO. The heterojunction between TiO2-
0.5%ZnO favour the separation of charges, 
avoiding the recombination process and enhancing 
the photoefficiency of these nanoarchitectures. 

Acknowledgements 
This work was supported by Spanish MCINN through the 
Projects CTM2013-43803-P and CTQ2013-41963-R. 
C.B. is indebted to the MINECO for a Ramon y Cajal 
postdoctoral contract. 

References 
[1] I. Muñoz, M.J. Gómez, A. Molina-Díaz, M.A.J. 
Huijbregts, A.R. Fernández-Alba, E. García-Calvo. 
Chemosfere 74 (2008) 37. [2] C. Belver, J. Bedia, J.J. 
Rodriguez, Appl. Catal. B 176 (2015) 278. 

h+

e-

CB

VB

ZnO

h+

e-

CB

VB

TiO2

Heterojunction

with an

exfoliated

layered clay

Photocatalytic 

degradation of 

acetaminophen

under solar light

PP1- 11



 

Spectroscopic and Photocatalytic Characterization of Modified 
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 Using a sol-gel technique a series of titanium dioxide-based 
materials modified with ions and oxides of other metals was 
synthesized. The materials were characterised spectroscopically 
and the photocatalytic tests were conducted. Two herbicides  
were chosen as model water contaminants:  
2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-
trichlorophenoxyacetic acid (2,4,5-T). The dependence of the 
photoactivity of the materials on synthesis parameters 
(temperature of calcination, type and concentration of dopant) 
was found and discussed. 

 
Titanium dioxide has been considered as a 

valuable material for decades [1]. The research 
done in this period confirms its suitability in 
tinctorial and cosmetic industry, but also in 
photovoltaics and heterogeneous photocatalysis 
[2] to either synthetize or degrade chemical 
compounds [3,4]. 

Our studies focus on developing new titanium 
dioxide-based photocatalysts for degradation of 
two model herbicides: 2,4-dichlorophenoxyacetic 
acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid 
(2,4,5-T) (see graphical abstract). These 
compounds are used to destroy weeds in cereal 
crops plantations [5]. Good solubility in water 
makes them easy in use, but this feature also 
generates a risk to aquatic organisms. The problem 
related to the removal of 2,4-D and 2,4,5-T from 
aqueous environment is the formation of 
intermediates, like chlorophenol and chorobenzene 
derivatives, which can be even more harmful than 
herbicides themselves [5]. Therefore, a complete 
mineralization of pollutants should be achieved. 

In the presented study we have synthesized 
doped titanium dioxide-based photocatalytic 
materials. Oxides and salts of selected transition 
metals (FeIII, CoII, CuII, ZnII, CeIV, WVI, VV) were 
used as doping agents. After calcination at three 
different temperatures the materials were 
characterized (UV-vis diffuse reflectance 
spectroscopy, XRD, spectroelectrochemical, 
photoelectrochemical and measurements). 

We found out that the presence and 
concentration of dopants influence the 
crystallization of anatase and rutile during the 
calcination. The addition of dopants critically 
influences the photoactivity of the materials which 
is also strongly dependent on the calcination 
temperature (Fig. 1). The materials calcined at 
900°C, i.e. those consisting solely of rutile phase, 

are only slightly active, whereas, those calcined at 
600°C (both anatase and rutile in most cases) are 
usually the most active ones. Materials modified 
with metal oxides are rather more active than those 
modified with the corresponding metal salts. These 
observations provide useful insights into the 
designing of new semiconductor photocatalysts. 

 
 
 

 

 

 

 

 

 

 

Figure 1. Photoactivity of the studied materials in the 
process of degradation of 2,4-D. 
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 Electrochemically synthesized Ag doped polyaniline films on 
ITO coated glass substrate and pencil graphite substrate were 
used as photocatalyst for decolorization of methylene blue and 
malachite green organic dyes under UV light irradation. The 
electrochemically synthesized polymer film photocatalyst were 
characterized by using scanning electron microscopy, FT-IR 
spectra, UV-Vis spectroscopy measurements were used. The 
photocatalytic property of polymer films were evaluated by 
decolorization of methylene blue and malachite green (1.5x10-5 
M) dyes under UV light irradation. After 45 min later, in the 
presence of Ag doped polyaniline on ITO coated glass substrate 
and pencil graphite substrate, the decolorization efficiency of 
malachite green dye is 79% and 100% under UV light 
irradation, respectively. 
 
 

 
 

Photocatalysis has attracted great attention 
owing to its promising application such as in 
photocatalytic degradation of organic dyes. 
Organic dyes used in textile and food industries 
are their important sources of the environmental 
contaminations due to their non-bio degradability 
and high toxicity to aquatic creatures and 
carcinogenic effects on humans [1]. In order to 
reduce damage caused by organic dye pollution to 
environment and humans, the use of photocatalyst 
to degrade organic compounds in contaminated air 
or water or to convert them into harmless 
chemicals has been extensively studied. In this 
manner conductive polymers such as polyaniline 
[1], polypyrolle [2], poly(3-hexylthiophene) [3] 
has been extensively used to degrade non-
biodegradable organic dyes by photocatalytical 
routes. 

Polyaniline (PANI) has been extensively studied 
due to its high environmental stability, interesting 
redox behavior, simple synthesis procedure, 
controllable electrical and optical properties [4]. 
The potential applications of polyaniline include 
organic light emitting diodes [5], electrochromic 
devices [6], sensors, photocatalysis [1, 7] etc. The 
addition of metal particles to semiconductor 
photocatalyst to increase the light-absorption 
efficiency and photocatalytic activity is of great 
interest. When conducting polymers are loaded 
with metal nanoparticles, the properties of the 
resulting nanocomposites are different from the 
parent conducting polymer. 

PANI has been synthesized easily with chemical 
[8] or electrochemical [9] oxidation methods of 
aniline. Recent studies have reported on 

photocatalysis of the PANI and its composite for 
the degradation of organic dyes [10]. In the 
literature, the photocatalysts are usually in powder 
form and placed in solutions. Therefore, solutions 
need remediation after photocatalytic 
decolorization, which would inevitably result in 
some disavantages, like difficult recovery and 
secondary pollution. In order to eliminate this 
disavantages, authors have reported a similar 
study. In this study, the photocatalytic activity 
decolarization of four commercial textile dyes has 
been investigated using electrochemically 
synthesized PANI and Fe ion doped PANI on ITO 
glass substrate in aqueous solution under UV light 
irradation[11].  Similarly, fabrication of  Ag ions 
doped polyaniline (PANI/Ag) catalyst with 
electrochemical polymerization on solid support is 
very important for advanced the photocatalytic 
activity and the practical applications.  

The aim of this study was to investigate effect of 
Ag ion to photocatalytic activity of PANI under 
UV light irradation for decolorization of 
methylene blue (MB) and malachite green (MG). 
Also, the second aim of this study was to enhance 
the photocatalytic activity of PANI/Ag by using 
both indium tin oxide (ITO) coated glass substrate 
and pencil graphite (PG) substrate as solid 
supports.   For this purpose, the effective 
polymeric materials have been prepared by 
electrochemical polymerization of PANI presence 
of Ag ions in aqueous H2SO4 solution and 
photocatalytically characterized using the 
decolorization  of MB and MG organic dyes under 
UV light irradation. 
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Aniline has been polymerizated on both ITO 

coated glass substrate and PG substrate with cyclic 

voltammetry method presence of Ag ions. The 

electrical conductivity of PANI/Ag catalyst were 

measured on surface of ITO coated glass substrate 

by using four point probe method. The 

morphology and spectral analysis were 

characterizated by scanning electron microscopy 

(SEM), FTIR spectra (FT-IR), UV–vis 

spectroscopy (UV–vis) analysis. In addition, the 

photocatalytical activities of the PANI and 

PANI/Ag catalysts were characterized by 

monitoring the degradation of methylene blue 

(MB) and malachite green (MG) dyes under UV 

light irradiation.  

The photocatalytic performances of the prepared 

PANI and PANI/Ag polymer films were examined 

by the photodegradation of methylene blue and 

malachite green, under the illumination of UV 

light as followed by spectrophotometric 

monitoring at room temperature. The 

decolorization effiencies of the dyes after 45 min 

UV light irradiation time that immersing the 

PANI/Ag coated ITO substrate and PG is shown in 

Table 1. Similar measurement was also carried out 

for the PANI coated ITO substrate and PG 

substrate, which illustrate relatively lower activity. 

 

 

Table 1. Decolarization efficiencies of MB and MG dyes after 45 min UV light irradation PANI and PANI/Ag coated 

ITO subsrate and PG subsrate used as photocatalyst (initial concentration of dyes: 1.5x10-5 M) 

 PANI PANI/Ag 

ITO Substrate PG Substrate ITO Substrate PG Substrate 

UV Dark UV Dark UV Dark UV Dark 

MG 38 12 60 17 79 13 100 13 

MB 34 12 60 11 78 8 97 10 
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While conventional wastewater treatment methods seem to be 
unable to fully degrade emerging contaminants contributing to 
water pollution, heterogeneous photocatalysis can be a suitable 
add-on process for recalcitrant water treatment. This work 
examines the photo-degradation of two frequently detected 
emerging contaminants (caffeine and salicylic acid) using 10μm 
anodized titanium dioxide nanotubes. These nanostructured 
materials were characterized using SEM, micro-Raman and UV–
Vis techniques. Photocatalytic experiments under UV irradiation 
illustrated the significant photocatalytic efficiency of the tested 
TiO2 nanotubes samples and high decomposition rates for both 
examined emerging pollutants. Thin films of commercial TiO2 
nanoparticles (Evonic P25) were used for comparison.  
  

 

1.Background 

Water quality is under threat due to organic 
pollutants released into water sources. Such 
organic compounds enter the aquatic medium in 
several different ways, with the two most common 
being them dumped directly in the water or 
indirectly from municipal wastewater treatment 
plants (MWWTPs). Whilst household and 
industrial wastewater treatment has been 
implemented progressively across Europe 
producing water that meets current water-quality 
standards legislation [1], it has been demonstrated 
that the removal of many emerging contaminants 
(pharmaceuticals, personal care products, 
hormones, etc.) is incomplete. MWWTPs are 
generally not properly equipped to deal with 
complex organic contaminants, as they were 
designed with the principal aim of removing 
microbiological organisms, carbon, nitrogen and 
phosphorus compounds. These complex organic 
micro-pollutants (unable to be removed by 
conventional methods) are often found in the 
receiving water bodies (rivers, lakes, sea, 
groundwater, drinking water) at concentrations 
ranging from dozens of ng L-1 to thousands of μg 
L-1 [2] and contribute significantly to water quality 
degradation.  

Pharmaceuticals discarded into the aqueous 
environment, can be harmful to human health and 
aquatic organisms due to their on-purpose design 
to exert specific biological effects even at very low 
concentration levels. As conventional biological 
treatment seems to not completely break down 

emerging contaminants, a combination of 
MWWTPs with highly efficient advanced 
oxidation processes (AOPs) can be a promising 
treatment technology. AOPs are able to degrade 
organic pollutants by forming highly reactive and 
non-selective radical species. Amongst the AOPs, 
heterogeneous photocatalytic processes use 
various semi-conductive metal oxides that can 
absorb light of appropriate wavelength dictated by 
the semiconductor’s band gap (E g), thus creating 
hole/electron charge carriers that can efficiently 
generate hydroxyl and anionic oxygen radicals on 
their surface. Various metal oxides have been 
tested so far, with titanium dioxide (TiO2) having 
the most attractive attributes, such as low cost, 
earth abundance, chemical stability, good 
photocatalytic efficiency and non-toxicity [3]. In 
our group extensive research has been done for 
water pollutants degradation, combining state of 
the art photocatalytic materials  with ultrafiltration 
membrane technology, introducing the 
photocatalytic materials into the pores of γ-Al2O3 
membranes. Results on model pollutants have 
shown an efficient (both in terms of degradation 
rates and energy consumption) hybrid 
ultrafiltration / photocatalysis method that has the 
potential to be used in succession with 
conventional biological treatment [4]. There is a 
need to expand the use of novel nanostructured 
photocatalysts to real water effluents and a first 
path towards the degradation of contaminants of 
emerging concern. 

2. Objectives 

The aim of this work is to investigate the ability 
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of self-organized nanotubular TiO2 photocatalysts 

to degrade two frequently detected emerging 

contaminants in wastewaters, namely caffeine and 

salicylic acid. Salicylic acid (SA- C7H6O3) is a 

transformation product of acetylsalicylic acid used 

on the production of analgesics (aspirin). SA 

presents very high frequency of detection, almost 

100%, in most case studies and is consistently 

detected in WWTP effluents and in surface water 

samples collected near WWTP effluents [5-6]. 

Caffeine (C8H10N4O2) is commonly found in 

several products (coffee, tea, etc.) and is also a 

component of hundreds of prescription and over-

the-counter drugs [7]. Caffeine seems to be 

dominant on investigated sewage samples and 

present in all wastewater produced by human 

domestic activities [5] and is even detected at 

remote locations hardly affected by human 

settlements [8].  

3. Instrumentation 

In order to evaluate the optical properties of the 

formed samples, a UV–Vis Hitachi 3010 

spectrophotometer was used, equipped with an 

integrating sphere accessory and BaSO4 as 

reference. For the determination of the crystallinity 

of each sample, micro-Raman spectroscopic 

investigation was performed using a Renishaw 

inVia Reflex microscope equipped with a solid 

state laser excitation source operating at 514.4 nm 

and a Leica DMLM microscope. A Philips Quanta 

Inspect scanning electron microscope was used to 

study the morphology and the thickness of the 

formed films. 

The photocatalytic experiments took place in a 

lab-made photo-reactor equipped with four UV-A 

lamps (Sylvania 15W/BLB) at a distance of 15cm 

from the samples. For each experiment 4 ml of the 

aqueous solution of the respective pollutant 

(15mg/l) were used. Before each experiment and 

for every 30min of UV irradiation, for a total of 

4h, the absorbance of the solution was measured 

using a UV-Vis spectrophotometer. The 

decomposition rate was calculated through the 

decrease of the absorbance at the pollutants’ 

characteristic peaks (273 nm for caffeine and 296 

nm for SA). In order to define the adsorption 

kinetics for the samples the same experiments took 

place in dark conditions. Additionally, the 

pollutants’ photostability was tested against UV 

irradiation in the absence of a photocatalyst. 

4. Experimental Results 

Porous films of well alligned and vertically 

oriented TiO2 nanotube arrays (TNTs) were 

synthesized onto titanium metal substrate using a 

one-step electrochemical anodization method [9]. 

Briefly 1.32 cm2 of exposed area of a 20x20x0.125 

mm titanium foil was used as anode and a 

platinum mesh as cathode. The electrodes were 

immersed into an organic electrolyte containing 

ethylene glycol, 2 vol%  distilled water and 0.3 

wt% ammonium fluoride. The anodization was 

carried out in galvanostatic conditions by applying 

3 mA cm-2 with an Autolab PGSTAT-30 

potensiostat (Ecochemie). The synthesized 

samples were annealed at 450o C for 1h with a step 

of 5oC min-1. Nanostructured thin films of 

commercial TiO2 (Evonic P25) formed onto 

optically transparent microscopy glass substrates 

by Doctor Blade techiques, described in detail in 

[10], were used as reference. P25 films were 

annealed at the same conditions as TNTs at 450o C 

for 1h with a step of 5oC min-1. To ensure 

comparable conditions in the photocatalytic 

experiments for the different materials, the total 

number of deposited layers was calculated based 

on the total weigth and thickness of the formed 

films.  

SEM micrographs of the anodized films 

illustrated in figure 1 revealed well formed and 

vertically orriented to the substrate nanotube 

arrays with a length of 10 μm, inner diameter of 50 

nm and wall thickness of 20 nm. The structure had 

dense pileup, introducing zero distance between 

the neighbor tubes. Using these parameters for a  

total anodized area of 1.32 cm2, the mass of the 

photocatalyst was estimated to be 3.2 mg [11].  

 

Figure 1. a) Top view and b) cross section SEM 
micrographs of anodized TNTs. 

The absorption spectra for TiO2 (in Kubelka-

Munk units) permitted the determination of the 

energy gap of the TiO2 nanotubular arrays and the 

P25 films at around 3.2 and 3.1 eV, respectively. 

The crystallinity of the samples was studied using 

micro-Raman spectroscopy. For the anodized 

TNTs all the detected vibrational modes were 

attributed to the anatase polymorph. As it was 

expected for the P25 films, apart from the anatase, 

traces of rutile were also observed. 

 Before the photocatalytic experiments, the 

calibration curves (the pollutant’s concentration 

versus the intensity of the characteristic absorption 
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peak) were created for each pollutant.  The linear 

dependence of absorption intensity with pollutant 

concentration allows us to claim that the 

progressive decrement of peak intensities is in 

accordance with the reduction of the pollutant’s 

mass during the photocatalytic process. 

It is noteworthy to mention that no photolysis 

was observed under UV illumination for both 

pollutants showing the resistance to degradation of 

such contaminants under simple oxidation systems 

and the need for advanced oxidation processes. 

Moreover both TNTs and P25 films exhibited 

negligible adsorption effects. So any effect in the 

pollutant concentration is clearly due to 

photocatalytic degradation. Indeed, the data 

showed that anodized TNTs achieved a total 

photocatalytic degradation yield of 31.0% for 

caffeine and 32.8% for SA after 4h. The respective 

efficiencies for P25 films were 63.5 and 57.1% 

(fig. 2).  

 

Figure 2. Photocatalytic degradation efficiency after 4 

hour s UV illumination 

Another interesting result indicated that TNTs 

had slightly better performance on degrading SA 

than caffeine, while P25 films seem to have the 

opposite tendency. These results showed that each 

contaminant responds in a different way under 

different material structures, proving that the 

degradation rate strongly depends on the 

photocatalyst’s morphology.  

5. Conclusions 

The photocatalytic degradation of   caffeine and 

salicylic acid was achieved using two different 

types of TiO2 nanostructures: porous films of TiO2 

nanotubes formed by electrochemical anodization 

and nanostructured P25 thin films using doctor 

blade deposition technique. By setting as common 

synthetic parameter the mass of the photocatalyst, 

the geometrical surface and the thickness of the 

formed films, it can be assumed that these films 

are comparable. The films presented also similar 

optical properties, besides slight differences in 

crystal structure and big dissimilarities in their 

morphology. As seen from the results, TNTs seem 

to have comparable degradation efficiencies for 

both contaminants, providing constant 

photocatalytic activity between different 

pollutants. Nevertheless, P25 films were more 

efficient than TNTs, which can be possible 

attributed to different surface charge of P25 films 

compared to TNTs and different porosity of the 

tested materials, leading to weaker binding of the 

pollutants in the case of TNTs. In future research 

an optimization of photocatalytic conditions is 

needed, by adjusting the solution’s pH, oxygen 

purging or performing the experiments under 

stirring. 
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 Cellulose acetate monoliths (CAM) were used as support for the 
deposition of TiO2 films to fill an annular photoreactor 
equipped with a compound parabolic collector. Cellulose 
acetate monoliths were coated by dip-coating method using the 
prepared TiO2 sol-gel. Using such setup, an efficient single-pass 
gas-phase conversion was achieved in the mineralization of n-
decane, a model volatile organic compound. The efficiency of 
the photocatalytic oxidation process on n-decane degradation 
was evaluated under different operating conditions, such as 
fixed bed size packed with CAM, number of TiO2 thin layers on 
CAM, feeding concentration, feed flow rate, feed relative 
humidity and oxygen, and incident irradiance. 
 

 
INTRODUCTION

The concentration of volatile organic 
compounds (VOCs) indoors has been reported to 
be up to ten times higher than in outdoor 
environments. High concentrations of VOCs 
(reaching up to 1720 µg m-3) are emitted into the 
environment during the process of wastewater 
treatment in sewage treatment plants (STPs), 
mainly as a result of the aeration process and 
mechanical agitation, as well as different steps in 
the sludge treatment [1], n-decane being detected 
up to 400 µg m-3. Its toxicological information is 
still limited, but it can have adverse effects on 
human health, such as irritation of the mucous 
membranes, malaise and fatigue [1]. 

Advanced oxidation processes (AOPs) have 
been widely studied and applied in the treatment 
of water and air, due to their efficacy to oxidize 
persistent organic compounds up to their total 
mineralization to CO2 and H2O. Among the AOPs, 
photocatalytic oxidation (PCO) has been reported 
in the literature as a promising method for the 
treatment of gas phase organic pollutants. Among 
the semiconductors, titanium dioxide (TiO2) has 
been widely used due to its superior photocatalytic 
activity, chemical stability, low environmental 
impact and low cost [1-4]. 

The application of PCO for VOCs 
mineralization is challenging and depends on 
various factors such as reactor design, flow rate, 
humidity, pollutant concentration and catalyst 
used. The selection of the support material is 

another important feature in gas-phase PCO as it 
directly affects the catalyst activity, homogeneity 
and adhesion to its surface. The support should be 
transparent to UV radiation allowing the photo-
activation of the whole coating, resistant to photo-
oxidation and finally should act as a pollutant–
catalyst contact promoter. 

In this context, TiO2 thin-films supported on 
cellulose acetate monoliths (CAM) were prepared 
for n-decane PCO. A lab-scale continuous-flow 
annular photoreactor was employed in photo-
oxidation experiments in order to evaluate the 
practicable use and efficiency of TiO2-based 
monolithic catalysts. Aiming a catalyst efficiency 
enhancement for this particular application, the 
effect of different multi-layered TiO2 cellulose 
acetate monoliths on the photocatalytic activity 
was assessed. For the most efficient samples, n-
decane PCO was evaluated as a function of feed 
flow rate, n-decane concentration, feed relative 
humidity and incident irradiance. 

METHODS 

TiO2 photocatalyst was prepared by sol–gel 
method using tetra-n-butyl titanium as precursor. 
The detailed procedure was adapted from Sun et 
al. (2012) as follows: 20 mL Ti(OC4H9)4 (97%, 
Aldrich) was dissolved in 80 mL absolute ethanol 
and the obtained solution was added drop-wise 
into the mixture solution containing 80 mL 
ethanol, 6 mL distilled water and 8 mL acetic acid 
under vigorous stirring. The resulting transparent 
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colloidal suspension was stirred for 2 h and aged 
for 2 days until the formation of gel. CAM were 
coated by the dip-coating method using the 
prepared TiO2 sol-gel. The surface morphology of 
the thin-film layers of the catalyst and the 
chemical composition were characterized by 
scanning electron microscopy (SEM) coupled with 
energy dispersive X-ray (EDX) and X-ray 
diffraction (XRD). 

The schematic representation of the lab scale 
experimental setup is carefully described in our 
previous work [2]. Briefly, a humidified air stream 
contaminated with n-decane was generated by 
flowing air through different Woulff bottles, one 
containing n-decane and another filled with 
deionized water. Three mass flow controllers were 
used to control the feed flow rate of the humid, 
polluted and clean air. To perform oxygen-free 
experiments, the stream was generated with pure 
nitrogen and the oxygen dissolved in water was 
removed by replacing deionized water by a          
10 g L-1 Na2SO3 solution. All experiments were 
carried out inside the chamber of the solar light 
simulator. 

The n-decane concentration was measured using 
a master gas chromatograph (MGC Fast GC, Dani 
Instruments S.p.A.) equipped with a two-position 
valve for analysis through a flame ionization 
detector (FID). A fused-silica capillary column 
(Sigma-Aldrich, Supelco, 20 m × 0.18 mm ×    
1.00 µm) was used with helium (2.0 mL min-1) as 
carrier gas, and the temperature program was set 
as follows: 50 0C for 1.2 min, reaching 160 0C 
with a 20 0C min-1 heating rate, followed by a 
heating ramp of 30 0C min-1 until climb to 180 0C. 
The injection volume was 403 µL. In addition, the 
CO2 exit concentration was monitored through an 
automatic portable VelociCalc® multifunction 
9565-P (TSI® incorporated). 

RESULTS 

SEM/EDX and XRD analysis confirmed the 
formation of the TiO2 anatase crystalline phase. 
Before initiating the n-decane PCO assays, it was 
ensured that the concentration of the pollutant in 
the airflow was stabilized. Once the pollutant 
concentration was stable in the system, the reactor 
was irradiated and, thus, the catalyst was activated. 
The efficiency of the TiO2 films immobilized on 
CAM was evaluated under different experimental 
conditions, by varying the initial concentration of 
n-decane, Cn-decane initial (44 - 194 ppm), the feed 
flow rate (Q = 75 - 300 mL min-2) and the 
irradiance (18.9 to 38.4 WUV m-2). It is noteworthy 
that photolysis alone did not result in the 
degradation of n-decane, regardless of the applied 

irradiance (18.9 to 38.4 WUV m-2). 

The fixed bed size packed with CAM and the 
number of TiO2 thin layers on CAM was assessed. 
The increase in the fixed bed size packed with 
CAM from 80 cm (0.91 gTiO2) to 160 cm (0.182 
gTiO2) lead to an increase in the mineralization of 
n-decane from 46.9% to 98.8% (Cn-decane = 80 ppm, 
Q = 75 mL min-2 and 38.4 WUV m-2). The addition 
of TiO2 thin layers from nine to twelve increased 
the PCO of n-decane from 77% to 97%. Therefore, 
all experiments were performed using a fixed bed 
size packed with CAM of 160 cm and 12 thin 
layers of TiO2. 

An increase on the feed flow rate causes an 
increase in the pollutant load per unit of time and a 
decrease in the pollutant molecules residence time 
inside the photoreactor. The lower the residence 
time, the lower the PCO process efficiency for n-
decane mineralization. When a flow rate of       
300 mL min-1 was applied, n-decane degradation 
decreased as the irradiance applied decreased, as 
shown in Figure 1. On the other hand, decreasing 
the flow rate to 75 or 150 mL min-1 (Cn-decane =    
80 ppm) results in approximately 98% 
degradation, regardless the irradiance applied 
(18.9 to 38.4 WUV m-2). 

 

Figure 1. Effect of feed flow rate on the 
conversion of n-decane. Experimental points for 
incident irradiances of 38.4 ( ), 29.1 ( ), and 
18.9 WUV m-2 ( ). Full colored columns represent 
degradation and columns with patterns 
mineralization. 

It is also important to highlight that the higher 
the flow rate, the higher the influence of the UV 
irradiance applied in the activation of the 
photocatalyst for the gas stream decontamination, 
since enough reactive species are available for the 
abatement of the pollutant load. Setting the flow 
rate at 300 mL min-1 and decreasing the irradiance 
applied from 38.4 to 18.9 WUV m−2 originate a 
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decrease of the degradation and mineralization 
rates from 92.7% to 43.7% and 34.5% to 21%, 
respectively. 

The influence of n-decane feed concentration 
was evaluated fixing the flow rate and the relative 
humidity at 150 mL min-1 and 25 %, respectively. 
Figure 2 shows that the efficiency of the n-decane 
PCO decreases as the feed concentration increases 
in the gas stream, considering the same 
photocatalytic bed and residence time. From 92% 
to 98% of the initial n-decane concentration (i.e. 
44 ppm) fed was mineralized regardless of the 
applied irradiance (18.9 to 38.4 WUV m-2). Losses 
in the total n-decane mineralization were observed 
at Cn-decane,feed = 80 ppm and 18.9 WUV m-2. When 
the reactor was loaded with Cn-decane,feed = 160 ppm, 
or a higher concentration, the n-decane 
degradation decreased as shown in Figure 2. The 
maximum conversion rate (6.8!10-3 mol min-1 
gTiO2

-1) was achieved at I = 38.4 WUV m-2, 150 mL 
min-1 and Cinitial n-decane = 160 ppm. 

 

Figure 2. Effect of n-decane feed concentration. 
Experimental points for incident irradiances of 
38.4 ( ), 29.1 ( ), and 18.9 WUV m-2 ( ). Full 
colored columns represent degradation and 
columns with patterns mineralization. 

 

Finally, the influence of humidity and oxygen in 
the PCO of n-decane were assessed. When the 
humidity was set to 40% and 3% (18.9 WUV m-2, 
Cn-decane = 80 ppm, Q = 75 mL min-1, O2 = 20%) 
the n-decane degradation was 93% and 32%, 
respectively. When the oxygen was removed, no 
degradation of the pollutant was observed.  

 

CONCLUSIONS 

The anatase TiO2 thin films, synthetized over 
CAM by the sol-gel method and dip-coating, are 

efficient catalysts for PCO. These materials yield 
n-decane gas-phase conversions up to 98% (Cn-

decane,feed = 80 ppm, 38.4 WUV m-2, Q = 75 mL min-

1, RH = 40%, O2 = 20%) when applied a fixed bed 
size packed with CAM of 160 cm with 12 thin 
layers of the synthetized TiO2. The UV radiation 
by itself did not promoted the n-decane 
conversion. 
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A series of mesoporous Nb2O5 photocatalysts was 
synthesized using different procedures and niobium 
sources. All materials were characterized by XRD, UV–
vis DRS, TEM, SEM, FTIR and BET techniques. The 
photocatalytic oxidation of methanol under UV and the 
photochemical properties of the samples was 
investigated for increasing concentration of catalysts. 
Photocatalytic activity of the oxides is not directly 
related to their absorption capacity and may be closely 
related to other structural, surface and morphological 
parameters. This work studies the methodology to 
synthesized mesoporous Nb2O5 and tries to correlates 
the physico-chemical properties with the photocatalytic 
activity and the light absorption of different Nb2O5 
materials.  
 
 

 
 

Many works have reported the use of advanced 
oxidation processes for the treatment of hazardous 
organic and inorganic compounds present in 
aqueous media. Between them the heterogeneous 
photocatalysis couples low-energy ultraviolet light 
with semiconductors to form high oxidant species 
as hydroxyl radical (•OH). TiO2 has been 
described as the most active catalyst that meets the 
criteria of high stability under different reaction 
conditions, resistant to photocorrosion, and high 
photoactivity; thus, it has been extensively used in 
heterogeneous photocatalysis. However, other 
materials with similar properties such as Fe2O3, 
CdS, SnO2, ZrO2 and ZnO, have demonstrated to 
achieve good photocatalytic activity for organic 
matter decontamination. Our work is particularly 
focused on niobium oxides semiconductor 
materials. The estimated abundance of niobium in 
crustal Earth is of 20 mg per kilogram. The 
principal niobium producing country is Brazil, 
with about 60 % of its total production [1]. Despite 
their many technological applications, the niobium 
knowledge is not as dominated as the commonly 
used heterogeneous photocatalysts. This work 
studies the methodology to synthesized 
mesoporous Nb2O5 and compares their 
physicochemical and photochemical properties 
with the photocatalytic activity for the oxidation of 
methanol under UV light irradiation. 

 

The chemical synthesis of the photocatalysts 
based upon nanosized niobium oxide particles has 
been carried out by means of four different 
methodologies. Figure 1 shows the steps followed 
to obtain the four niobium oxides materials.  

 

 
Figure 1. Schematic representation of the steps 

followed during the synthesis of the niobium oxides 
photocatalysts. 

For the synthesis of the NaNbO3, 100 mL of a 0.5 
M solution of ammonium niobium oxalate 
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(NH4[NbO(C2O4)·H2O]·H2O) is placed in a round 

bottom flask. After that 50 mL of NaOH (1 M) is 

added drop wise to the flask until pH is 6 to ensure 

the complete precipitation of the niobium oxide 

particles. The mix is refluxed at a temperature of 

70º C under agitation during 72 h. Then, the solid 

phase is separated by centrifugation, washed 

repeatedly with abundant distilled water until pH 7 

and dried at 105 ºC for 12 h. The NaNbO3-P123 

and N-Nb2O5 materials were prepared in the same 

way with some exceptions; i) in the case of 

NaNbO3-P123, 10 g of Pluronic P-123 was added 

to the ammonium niobium oxalate solution and the 

mix was refluxed at 40 ºC under agitation during 

72 h due to the high viscosity, ii) for the N-Nb2O5 

material a NH3 solution (30% v/v) was used 

instead of NaOH. For the synthesis of Nb2O5, 7.5 g 

of an ammonium niobium oxalate was dissolved in 

30 mL of ethanol and 2 g of Pluronic P-123 was 

added to this mix and placed in a round bottom 

flask at 40 ºC during 48 h. The resulting gel is 

centrifuged and dried at 105 ºC for 12 h. All the 

samples were finally calcined at 600 ºC during 3 h 

to obtain the resulted crystalline phase. A 

commercial niobium oxide (Nb2O5-comm.) 

supplied by the Companhia Brasileira de 

Metalurgia e Mineração (CBMM) was also 

calcined at 600 ºC and evaluated in comparison 

with the prepared materials. 

The identification of the crystalline phases was 

accomplished by recording powder X-ray 

diffraction patterns of all of the samples with a 

Philips X´Pert-MPD, Cu Kα radiation, equipped 

with an XCell detector. Specific surface areas 

were calculated by the BET method applied to the 

nitrogen-adsorption isotherms recorded at 196 ºC 

with a Micromeritics Tristar apparatus. The diffuse 

reflectance absorption spectra of the photocatalysts 

were recorded with a Varian Cary 500 Scan UV-

VIS-NIR apparatus in the 200-500 nm regions. 

Analysis of the band gap transitions of the samples 

were made using well-known equations available 

in the literature [2]. 

The experimental setup for the photocatalytic 

experiments consists of an annular photoreactor 15 

cm in lenght, with inner and outter diameters of 3 

cm and 5 cm, respectively, working in 

recirculation with a reservoir tank of 1 L. The 

catalysts were illuminated from the backside by a 

Philips TL 6W black light lamp (spectral emission 

centered at 370 nm) placed inside the inner tube of 

the reactor. The details of the reactor can be found 

elsewhere [3]. The experiments have been carried 

out using a catalyst concentration of 1, 2, and 4 g 

L-1. The optical density of the suspensions of these 

materials has been measured for all the catalysts 

concentrations with a BlueWave 

spectroradiometer (StellarNet Inc.) with a UV–

Vis–NIR cosine receptor calibrated in the range 

300–1100 nm. The photocatalytic activity was 

tested by the formation of formaldehyde by the 

photocatalytic oxidation of methanol, analysed 

through the Nash method by the formation of a 

yellow compound that can be 

espectrophotometrically measured at 412 nm. 

Figure 1 shows the X-ray diffraction patterns of 

prepared niobium oxides. The diffractograms of 

the samples show two main crystalline phases 

formation that depends on synthesis conditions. 

The study realized at different calcination 

temperatures (not show here) demonstrate that 

after heating at 400 ºC, the samples remains 

amorphous. Only reaching temperatures higher 

than 400 ºC the main peaks of different niobium 

crystal phases can be detected. Interestingly, the 

materials prepared in NaOH solutions display the 

sodium niobate (NaNbO3) crystal phase 

incorporating sodium easily in their structure. 

Meanwhile the materials prepared without NaOH 

present a crystal phase that corresponds to the 

orthorhombic structure from niobium oxide [1]. 

 

10 20 30 40 50 60 70 80 90

N-Nb2O5

NaNbO3-P123

**

oooooo
o

o
o

oo
o

o

o

Nb2O5 commertial

Nb2O5

R
e

la
ti
v
e

 i
n

te
n

s
it
y
 (

a
.u

)

2

NaNbO3

o

*

 

  Figure 2. XRD patterns of the indicated catalysts. 

Square and triangle symbols denote peaks characteristic 

of niobate and oxide phases, respectively. 

 

Table 1 summarized the main physico-chemical 

properties of the niobium oxides. Crystal particles 

sizes of the Nb2O5 and NaNbO3 samples were 

calculated by the main peak position observed at 

2Ɵ values of 28.52 and for 32.43, respectively. All 

the catalysts display high crystal particles except 

the NaNbO3 that present mean particles sizes of 

8.8 nm. The calculated BET surface areas of 

niobium oxides are low due to the high 
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temperature required during calcination for the 

formation of crystalline phases. These values are 

in accordance with other works [1]. UV–vis 

spectra (not shown here) revealed contributions at 

wavelength close to 380 nm (ca. 3.2 eV), very 

similar to the intrinsic band-gap absorption of pure 

anatase TiO2. 

 

Table 1. Physico-chemical characteristics of the 

examined samples 

Catalyst 
T. crystal 

(nm) 

SBET 

(m2/g) 

Direct 

band-gap 

(Ev) 

NaNbO3 8.8 26.76 3.43 

NaNbO3-

P123 
62.5 12.97 3.65 

Nb2O5 61.9 18.97 3.43 

N-Nb2O5 36.1 14.93 3.26 

Nb2O5-

comm. 
98.5 23.39 3.42 

 

Figure 3 shows the spectral radiation fluxes in 

the outer wall of the reactor from the UV-A lamp 

and after crossing the photocatalysts suspensions 

with increasing concentration of the commercial 

Nb2O5. As expected, the increase in the catalyst 

concentration leads to a reduction in the 

transmission of radiation, but the important fact is 

that the optimal absorption of radiation requires 

concentrations above 4 g L-1.  
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Figure 3. Spectral radiation fluxes from the UV-A lamp 

after crossing suspensions of commercial Nb2O5 with 

increasing the concentration of photocatalyst. 

 

Graphical abstract shows the formaldehyde 

concentration profiles during the oxidation of 

methanol achieved with the studied materials. The 

formaldehyde concentration follows a zero-order 

kinetic model that can be successfully fitted to 

linear dependence with time in all the experiments. 

The prepared oxides lead to different spectral 

radiation fluxes that do not correlate with the 

achieved activity. This fact suggests that there are 

significant differences in their physico-chemical 

properties that improve the absorption of light 

absorption or decreases the recombination rate of 

the photogenerated charges. Niobate structures 

show higher photocatalytic activity under UV 

irradiation than the rest of the samples and higher 

than that of the commercial Nb2O5. This catalyst 

not only has good absorption of light but also 

presents smaller crystal particles size and larger 

area than other materials niobium making it 

optimal for its use as photocatalyst. 
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Modified Gypsum Plasters for Photocatalytic Degradation of 
Acetaldehyde
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The self-cleaning properties of gypsum plasters, containing co–
modified TiO2/N, C photocatalysts were determined through the 
degradation of gaseous acetaldehyde under UV-vis irradiation. The 
impact of treatment temperature, structural properties as well as 
non-metals presence in the TiO2/N,C additives on the self-cleaning 
abilities of gypsum plasters was discussed. 

Introduction 

A development of photooxidation processes 
based on titanium dioxide (TiO2) has been applied 
in  paints,  textiles  and  others  [1,  2]  as  
photocatalytic active materials. Lately great 
attention has been given to the studies of building 
products revealing self-cleaning properties and 
capability to improve indoor or outdoor air quality 
[3]. Especially acetaldehyde is one of the main 
indoor air pollutants releasing by synthetic 
materials or domestic chemistry [4]. 

Little attention is given to the popular 
building materials such as gypsum, which is 
environmentally friendly and fireproof material.  

The objective of the present research was to 
investigate the photocatalytic activity of gypsum 
plasters loaded with nitrogen and carbon co-
modified TiO2 in the presence of UV-vis light. 

Materials 

The commercial titanium dioxide (Grupa 
Azoty Zak ady Chemiczne „Police” S.A., Poland) 
used as a crude material, was modified with 
nitrogen and carbon. The source of nitrogen and 
carbon in the photocatalysts was ammonia gas and 
n-hexane, respectively. Additionally, commercial 
titania P25 (Evonik, Germany) and unmodified 
TiO2 (denoted  as  starting  TiO2) were used as 
reference materials. The additive of the selected 
photocatalysts to gypsum matrix amounted to 10 
wt %. 

Preparation of TiO2/N,C photocatalysts 

15 grams of starting TiO2 (dried slurry at 90 
°C, rinsed with aqueous solution and washed with 
distilled water to 6.80 pH) was placed in a central 
part of tubular furnance and heated up to 100, 300 
or 600 °C, maintaining constant flow of inert gas. 
Ultimately, when the temperature reached desired 
point, the inert gas was replaced with gaseous 
ammonia, bubbled trough Dreschel bottle, 
containing 50 mL of n-hexane. The final step of  
the photocatalyst preparation process was 
maintained for 1.5 hours. 

Preparation of the gypsum/TiO2 plasters 

Raw gypsum (supplied by Dolina Nidy Sp. z 
o.o.) and the respective TiO2 photocatalyst were 
mechanically mixed at weight ratio - 10 wt %. The 
homogenous powders were blended with water 
(water to gypsum ratio equalled 0.80). The 
obtained pastes were poured into silicone moulds 
(20 x 20 x 6 mm) and dried at 40 °C for 72 hours. 

Determination of the gypsum plasters 
photocatalytic activity 

The photocatalytic activity of the obtained 
gypsum plasters were evaluated by the degradation 
of gaseous acetaldehyde (concentration 850 ppm). 
Figure 1 shows scheme of the photocatalytic 
reactor. Two gypsum plasters were situated in the 
central part of reactor (reactor volume 250 mL). 
Reactor was surrounded by 4 UV-vis lamps (22 
W, Philips) and placed inside thermostatic 
chamber. The process of acetaldehyde degradation 
was  carried  out  at  20  °C.  A  certain  amount  of  
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acetaldehyde was injected into the reactor trough 
sampling port. The irradiation was started after 
equilibrium between the gaseous and adsorbed 
acetaldehyde had been reached (as ascertained by 
monitoring the concentration chromatographically 
about every 15 min). Gas sample was periodically 
sampled (every 10 min) from the reactor and 
analyzed by gas chromatograph with a flame 
ionization detector (FID) (Shimadzu, GC-2010 
Plus). The samples were irradiated for the duration 
of 1 hour. 

 
Figure 1. Scheme of the photocatalytic reactor 

Results and discussion 

Table 1 illustrates the influence of the type 
of the photocatalyst added to the gypsum material 
and its impact on the self-cleaning properties of 
the prepared gypsum plasters. 

Table 1. Photocatalytic degradation of 
acetaldehyde on gypsum plasters containing 10 
wt% of different photocatalysts. 

Sample 
code 

Time 
irradiation 

[h] 

Degradation of 
acetaldehyde 

[%] 

gyp+P25 
10 6.8 
30 16.0 
60 26.4 

gyp+stTiO2 
10 14.2 
30 49.5 
60 84.4 

gyp+ TiO2/N,C-
100 

10 17.4 
30 48.9 
60 91.5 

gyp+ TiO2/N,C-
300 

10 34.9 
30 88.8 
60 100 

gyp+ TiO2/N,C-
600 

10 0.0 
30 11.2 
60 16.6 

It can be clearly seen that the addition of the 
respective photocatalyst into the gypsum had a 
significant impact on degradation rate of the 
gaseous pollutant. However, in case of samples 

containing commercial P25 or starting TiO2 
degradation rate of acetaldehyde was not so 
significant as samples containing photocatalyst co-
modified with nitrogen and carbon species. In our 
earlier work, it was proven that the presence of 
non-metals elements in the TiO2 structure 
positively affects its photocatalytic properties [5]. 
It is postulated in literature that the modification of 
TiO2 with carbon and/or nitrogen causes the 
occurrence of defects in TiO2 lattice. The lattice 
impurities can inhibit recombination of the 
photoinduced electrons and holes, leading to the 
increased quantum efficiency [6]. 

Generally, effectiveness of gypsum 
materials in degradation of gaseous pollutant was 
determined by temperature treatment of 
photocatalyst added to the samples. The data 
acquired during the UV irradiation tests indicate 
that the highest acetaldehyde degradation rate was 
revealed by the gypsum sample containing 
TiO2/N,C photocatalyst prepared at 300 °C. The 
analysed sample was able to remove 100% of the 
applied pollutant. Furthermore, the above gypsum 
plaster exhibited excellent reusability, over five 
photodegradation cycles, sample revealed 
unchanged efficiency level. The considerably high 
self-cleaning properties of gypsum sample is 
connected with the crystallinity and phase 
composition of the TiO2/N,C photocatalyst. 
According to the our earlier results [5], the 
increasing modification temperature (from 100 °C 
up to 300 °C) caused transformation of amorphous 
phase to anatase structure. The application as high 
calcination temperature as 600°C caused a partial 
phase transformation from anatase to rutile, what 
resulted in radical decreased degradation of 
gaseous acetaldehyde, using gyp+TiO2/N,C-600 
sample.  

Conclusion  

 The acetaldehyde degradation was 
influenced by the qualitative composition of the 
prepared gypsum/TiO2 composites as well as non-
metal (N, C) presence in the TiO2 lattice. It was 
found that gypsum plasters containing 
photocatalyst with well-developed anatase 
crystalline structure (gyp+TiO2/N,C-300) 
exhibited the best self-cleaning abilities. 
Furthermore, the above gypsum plaster exhibited 
excellent stability and reusability. Over five 
photodegradation cycles the sample revealed 
unchanged efficiency level of acetaldehyde 
degradation.  
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Au/TiO2 catalyses effectively the thermal and photo-induced (see 
figure) reduction of NO with C2H5OH. By means of IR 
spectroscopy two absorption bands due to isocyanate (NCO) 
species at 2210 and 2180 cm-1 have been detected. Incorporation of 
N into TiO2 enhanced the reduction of NO, which occurred even in 
visible light. As the work function of TiO2 is 4.6 eV is less that that 
of Au (5.31 eV), an electron transfer from TiO2 to Au particles is 
assumed, which is enhanced by illumination. 
 
 

 
 
 
1. Introduction 
 

The increased use of oxygenated organic 
compounds, particularly ethanol, as fuel or 
additives for automotive vehicles initiated a great 
deal of study of the reaction between NO and 
ethanol. It was found that ethanol is very effective 
for the catalytic destruction of NOx over Ag 
catalysts) [1]. The primary subject of the present 
work is to study the thermal and photocatalytic 
reduction of NO with C2H5OH on Au/TiO2 
catalyst. As supported gold was found to catalyze 
even the NO + CO reaction at lower temperatures 
than many Pt metals [2], it was expected that it 
will be an effective catalyst for the NO+ C2H5OH 
reaction, too. As O2 is always present in the 
catalytic reduction of NO, its influence is also 
examined on the catalytic process. A particular 
attention is paid to the identification of surface 
intermediates formed during the reaction and to 
establish its role in the catalytic processes. 

 

2. Experimental 
 
For infrared (IR) studies a mobile IR cell housed 
in a metal chamber was used. The IR cell can be 
evacuated to 10-5 Torr using a turbo molecular 
pumping system. Infrared spectra were recorded 
with a Biorad (Digilab. Div. FTS 155) instrument 
with a wavenumber accuracy of ±4 cm-1. 
Catalytic reactions were carried out at a pressure 
of 1 atm in a fixed-bed, continuous flow reactor 

consisting of a quartz tube (8 mm id) connected 
to a capillary tube. The flow rate was 40 ml/min. 
The carrier gas was Ar. The reaction products 
were analyzed with a HP 4890 gas 
chromatograph equipped with PORAPAQ Q+S 
and 30-m long HP-PLOT Al2O3 column. 
Photocatalytic reaction was followed in the same 
way as described in our previous paper [3]. We 
used a 15 W germicide lamp (type GCL 
307T5L/CELL, Lighttech Ltd., Hungary), which 
emits predominantly in the wavelength range of 
250-440 nm, its maximum intensity is at 254 nm. 
The carrier gas was Ar, which was bubbled 
through ethanol at room temperature. Argon 
containing ~1.5% (167.5 μmol) ethanol and ~1.5% 
(167.5 μmol) NO were introduced in the reactor 
through an externally heated tube avoiding 
condensation. 

Au/TiO2 was prepared by a deposition-
precipitation method. Au(111) single crystal was a 
product of Material Research Co. HNCO was 
made by the reaction of H3PO4 and KOCN. 

 

3. Results and Discussion 
 

The thermal reaction of NO with C2H5OH over 
Au/TiO2 proceeds with measurable rates above 
473 K giving N2, N2O, CO, CH3CHO, CH4 and 
H2. In the presence of oxygen the amount of N2O 
formed markedly increased, while the production 
of nitrogen greatly decreased. By means of Fourier 
transform infrared spectroscopy, a new absorption 
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band, not observed during the adsorption of NO 

and C2H5OH alone, developed at ~2210 cm-1. 

Based on the results of previous studies on the 

catalytic reduction of NO [4], the 2210 cm-1 band 

is attributed to NCO surface species formed in the 

catalytic process. As the adsorption of HNCO on 

TiO2 support gave the same absorption band, it 

was concluded that NCO species is located on the 

TiO2 support. Illumination of the NO+ C2H5OH 

mixture on Au/TiO2 initiated the reaction even at 

room temperature. The main products were 

qualitatively the same as found in the thermal 

reaction. The photocatalytic reduction of NO was 

also promoted by the products of the 

decomposition of C2H5OH. Incorporation of N 

into TiO2, which decreased the band gap by 1.04 

eV, markedly enhanced the reduction of NO, 

which proceeded even in visibly light. By means 

of IR spectroscopy a new absorption band was 

detected at 2180 cm-1 in addition of the band at 

2210 cm-1. This absorption band was ascribed to 

NCO bonded to Au particles. This assumption was 

supported by the study of HNCO adsorption 

Au(111) single crystal by high resolution electron 

loss spectroscopy. On the basis of the results 

obtained it is proposed that NCO complex is 

formed in the NO+C2H5OH reaction on Au 

particeles, but after its formation it spilled over 

onto TiO2. Incorporation of N into TiO2, which 

decreased the band gap by 1.04 eV, markedly 

enhanced the reduction of NO, which proceeded 

even in visibly light. As the work function of TiO2 

is 4.6 eV is less that that of Au (5.31 eV), an 

electron transfer from TiO2 to Au particles is 

assumed, which is enhanced by illumination. A 

mechanism of the thermal and photocatalytic 

reduction of NO is proposed taking into account 

the effects of the products of ethanol 

decomposition. 
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Photocatalytic ozonation process has the advantage to treat toxic 
and recalcitrant pollutants. Furthermore, the irradiation sources 
with uniform intensity and narrow emission spectrum are 
required in photocatalytic processes. Therefore, two LEDs 
distribution in presence of ZnO impregnated with vanadium was 
investigated to eliminate a model compound (terephthalic acid). 
The results exhibit that vanadium increased the absorption of 
visible-light. Meanwhile, XPS spectra indicate that VxOy/ZnO 
has good chemical stability. Also, TEM confirms the presence of 
VxOy/ZnO as thin flakes mixed with ZnO crystals. 
 

 
1. Introduction 

Photocatalytic ozonation is part of the advanced 
oxidation processes that have gained greater 
attention in recent years [1]. The combination of 
ozone and photocatalysis offer the advantage to 
treat recalcitrant and toxic pollutants [2]. Two of the 
most attractive semiconductors to use in 
photocatalytic processes are TiO2 and ZnO [3] and, 
although its main activity is seen in the UV region, 
its application to visible-light is feasible. Several 
modification methods have been studied to achieve 
a wider band gap [4]. Moreover, the photocatalytic 
processes require irradiation sources of more 
uniform intensity and narrow emission spectrum 
[5]. In this respect, LEDs have demonstrated 
comparable results to those obtained with 
fluorescent lamps [6], yet with greater operational 
advantages. For these reasons, the aim of this work 
is to study the modification of ZnO with vanadium 
to make it active in the visible region and also, 
investigate the LEDs distribution effect (central and 
external) over the removal of a model compound 
(terephthalic acid) in photocatalytic ozonation 
process. 

2. Materials and methods 
2.1 Catalyst preparation 
ZnO powder and ammonium metavanadate were 

purchased from Sigma-Aldrich and used without 
further treatment. The catalyst was prepared by 
impregnation method as previously reported [7]. 
The resulting material was designed VxOy/ZnO. 

2.2 Photocatalytic ozonation procedure 
The TA solution (30mg L-1) was ozonated in a 

double-vessel Pyrex semi-batch reactor (2.0 L) at 
25°C. The mixture ozone/oxygen was introduced 
into the reactor by four ceramic porous filters. 

LEDs irradiation was performed by two ways: one 
was using a glass body located at the centre of 
reactor to provide central emission (LEDsc), and the 
other was placing the LEDs in the outer walls of 
reactor (LEDsp). Initial ozone concentration was 10 
mg L-1 and the gas flow was 0.5 L min-1. The 
catalyst concentration was 0.1 g L-1. All the 
experiments were carried out at the initial pH 
solution (pH 4.0).  

2.3 Ozone generation and ozone consumption 
Ozone was generated using dry oxygen and a 

corona discharge type generator (HTU500G, 
“AZCO” INDUSTRIES LIMITED –  Canada). The 
ozone concentration in gas phase was control with 
an ozone analyser BMT 964 BT (BMT 
Messtechnik, Berlin). The dissolved ozone in water 
was determined by a Dissolved Ozone Analyser 
(DOA, LEPSE, Russia). 

2.4 Analytic methods 
TA decomposition was followed by HPLC 

technique using a Perkin-Elmer Flexar coupled 
with PDA detector. A Prevail Organic Acid 5µm 
column (150mm x 4.6mm) was used with a mobile 
phase of 25mM KH2PO4 and acetonitrile (80:20) 
adjusted at 2.3 pH with H3PO4.The flow was set to 
0.6 ml min-1 and the TA degradation was followed 
at 190 nm while the final products were detected at 
210 nm. 

2.5 Catalyst characterization 
The UV–VIS diffuse reflectance spectra were 

recorded on an UV-VIS Perkin Elmer Lambda 9 
with an integration sphere. Specific surface area 
was determined from the nitrogen adsorption 
isotherms at -196 measured in a Micromeritics. 
XPS spectra were acquired with an X-ray 
photoelectron spectroscopy sysem (Riber LDM-
32), which has an analysis chamber equipped with 

PP1- 19



2 

an ion pump, an electron-energy analyzer (Mac-3) 

and a dual anode X-ray source. XPS data were 

collected using the Al Kα line at 1486.6eV. The 

high-resolution XPS scans were completed at 

0.1eV energy steps and 0.5eV energy resolutions. 

The samples were also characterized by TEM using 

a JEOL JEM 2010 operated at 200kV. The 

specimens were prepared by dispersing the sample 

in isopropyl alcohol with an ultrasonic bath. A drop 

of dispersion is left on a carbon-coated Cu grid.  

3. Results and discussion 

3.1 VxOy/ZnO characterization 

The specific area of VxOy/ZnO (14.5m2 g-1) is 

smaller than that of ZnO (48.3m2 g-1), probably 

because the vanadium is blocking some pores 

present in zinc oxide. The results of diffuse 

reflectance indicate that vanadium increase the use 

of visible light (3.09eV) in comparison with ZnO 

(3.22eV). 

High resolution XPS data for Zn 2p3/2, V 2p3/2, O 

1s and C 1s were acquired. For Zn 2p3/2 before and 

after reaction, single chemical specie Zn4+ is 

observed, indicating that the support is unchanged 

by reaction conditions. For V 2p3/2, the main peak 

correlates to V2O5. Additionally, a tail extending 

towards the lower binding energy side, suggests 

partial reduction of vanadium oxide. Those two 

species seems to be very stable under reaction 

conditions, Figure 1. The O 1s signal shows the 

corresponding –O for zinc and vanadium oxide, as 

well as some –OH species associated to the 

hydrated support surface. In the case of the C 1s 

after reaction, some oxidized species are identified 

mainly after reaction: C-O (286.1 eV), O-C=O 

(288.4 eV). These species most likely are related to 

organic reaction by-products. In general, not major 

differences are observed before and after reaction, 

indicating good chemical stability of the catalyst. 

Transmission Electron Microscopy was 

performed on the powder sample with the catalyst 

VxOy/ZnO, and the obtained images were compared 

to micrographs obtained from the powders of the 

raw ZnO support without any impregnation (as a 

control sample). This strategy abled to search for 

the VxOy presence. The main difference observed in 

this results, as pointed out in Figure 2 by a black 

arrow corresponded to the presence of thinner 

flakes with a lighter contrast and dotted by whiter 

spots, mixed in between the ZnO crystals. 

3.2 Ozone Decomposition 

The dissolved ozone measurements provide an 

indirect way to determine ozone decomposition and 

possible formation of oxidant species. Figure 3 

shows the ozone decomposition profiles of three 

processes: conventional, catalytic and 

photocatalytic ozonation. It is worth noting that the 

presence of VxOy/ZnO contributed to increment the 

ozone decomposition. While the external 

irradiation with LEDsp presented a slight increment 

in the ozone decomposition in comparison with O3-

VxOy/ZnO. The previous result shows that, besides 

ozone, some additional species participate during 

catalytic and photocatalytic ozonation processes. 

 

Figure 1. High resolution XPS spectra for 

catalyst after reaction. 

 

Figure 2. TEM analysis for powders a) ZnO and 

b) VxOy impregnated on the ZnO support. 
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Figure 3. Ozone decomposition among different 

processes: O3, O3-VxOy/ZnO and O3-VxOy/ZnO-

LEDsc 

3.3 TA decomposition in aqueous solution 

Figure 4 exhibits the TA decomposition by 

conventional, catalytic and photocatalytic 

ozonation using two configurations of LEDs 

irradiations. TA decomposition is very similar 

between the studied systems. However, central 

irradiation is slightly faster than the external 

distribution. Also, the presence of VxOy/ZnO 

increased the removal rate of the compound 

considered as contaminant in this study. This agrees 

with the dissolved ozone measurements. 

One of the final products in ozonation is the 

oxalic acid which is a recalcitrant product that 

avoids the total mineralization in the process. 

Figure 5 shows the accumulation profiles for this 

compound. During the first 15 minutes of reaction, 

all the systems produced almost the same final 

concentration of oxalic acid, but as the reaction time 

increased, the accumulation profiles changed. This 

can be a consequence that molecular ozone is the 

main oxidative specie in conventional ozonation. 

But, catalytic and photocatalytic ozonation have the 

presence of VxOy/ZnO, which can contribute to the 

formation of OH radicals and some other active 

species as result of LEDs effect. 

 
Figure 4. TA decomposition by conventional, 

catalytic and photocatalytic ozonation with 

central (LEDsc) and external (LEDsp) irradiation 

 
Figure 5. Oxalic acid profiles in different 

processes  

Conclusions 

TA decomposition in photocatalytic process with 

VxOy/ZnO is a possible combination of molecular 

ozone mechanism and the presence of some other 

reactive species like the OH radicals. The 

distribution effect was observed in the elimination 

of TA (faster in central irradiation) and also in the 

oxalic acid profiles (more production in external 

distribution), probably a combination of both 

arrangement could increase the oxalic acid 

elimination. Characterization techniques like TEM 

exhibits the presence of VxOy/ZnO while XPS 

indicate good chemical stability of the catalyst 

under reaction conditions. 
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Photocatalytic Removal of Bisphenol A with a Magnetically Separable
TiO2 Nanocomposite.
S. Dominguez1, M.J. Rivero1, I. Ortiz1 (1) Department of Chemical and Biomolecular Engineering, University of 
Cantabria, ETSIIT, Av. Los Castros, s/n, 39005 Santander, Spain. dominguezs@unican.es

In order to facilitate the catalyst recovery after the 
bisphenol A (BPA) photocatalytic degradation, a magnetic 
layer by layer composite of magnetite (Fe3O4), silica (SiO2)
and titanium dioxide (TiO2) was successfully synthetized. It 
was characterized by Fourier transform infrared (FT-IR),
dynamic light scattering and UV-vis diffuse reflectance 
spectroscopy (UV-vis DRS). The photocatalytic activity of 
the synthetized catalyst was tested under light irradiation.
After 240 min the Fe3O4@SiO2@TiO2 achieved a BPA 
removal and mineralization of 62 % and 25 % respectively. 

Introduction

Nowadays the presence and persistence in the 
environment of some contaminants of emerging 
concern (CECs), such as pharmaceuticals and 
pesticides, is a subject of public interest.  Due to 
the low removal efficiency of conventional 
treatments, these compounds are commonly found 
in the effluents of municipal wastewater treatment 
plants (WWTPs) or in lakes and rivers, which 
presents a risk for human health and environment 
[1]. In particular, those suspected of altering the 
endocrine system of living organisms, the 
endocrine disrupting compounds (EDCs), have 
drawn increasing attention over the last decades
[1,  2]. Bisphenol A (BPA) is a representative 
EDC widely used in the plastic industry.
Therefore, it is frequently found in plastic bottles, 
food containers and adhesives [3]. Hence, 
considering its widespread applications and effects 
to human health, an effective waste treatment for 
this compound is required [4, 5]. Advanced
oxidation processes (AOPs) seem to be a 
promising alternative for its destruction [3, 4].

Because of its simplicity and high oxidizing 
power, photocatalysis is an attractive AOP 
frequently used for oxidation and degradation of 
organic substances. Up to now, TiO2 has been the 
most promising material used as a catalyst because 
its low cost, highly photoreactivity, nontoxicity 
and photostability [6]. Despite TiO2 photocatalysis 
has shown positive results in the BPA 
mineralization, the photocatalyst separation 
process still remains difficult, which limits 
photocatalysis widespread application. One 
approach to overcome this challenge is the 
synthesis of photocatalysts with magnetic 
properties, since an efficient catalyst removal is 
possible by applying external magnetic fields. 
Moreover, magnetic separation may provide a very 

attractive method for the photocatalysts reuse [6,
7].

In this work a Fe3O4@SiO2@TiO2 photocatalyst 
was synthesized and characterized. Its 
photocatalytic activity in BPA mineralization 
under light was evaluated and compared to
commercial TiO2.

Materials and methods

Photocatalyst synthesis

50 mL of an 0.7 M ammonium hydroxide 
solution (NH4OH, Panreac) were introduced in a 1 
L round bottom flask reactor. A solution of 0.8 M
ferric chloride hexahydrate (FeCl3.6H2O, Sigma-
Aldrich) and 0.4 M ferrous chloride tetrahydrate 
(FeCl2.4H2O, Sigma-Aldrich) dissolved in 2 M 
hydrochloric acid (HCl, Panreac), was added 
dropwise and kept under stirring in N2 atmosphere  
at 60 °C for 30 min. The product obtained was 
washed three times with pure water and 
redispersed in 50 mL of deoxygenated water. 
Then, 15 mL of a 0.2 mM sodium citrate solution 
(C6H5Na3O7·2H2O, Sigma-Aldrich) were added to
stabilize the particle cores. The nanoparticles
obtained were washed three times with pure water,
redispersed in 400 mL deoxygenated water and 
sonicated during 15 min (Sonics VCX 750 
Sonicator with a CV33 Probe, Vibracell) [8].

The cores were coated with a silica (SiO2) layer 
to prevent their photodissolution. 1 g of the 
cationic surfactant cetyl trimethyl ammonium 
bromide (CTAB, Sigma Aldrich) was dissolved in 
480 mL of pure water at 308 K. 3.5 mL of a 2M 
sodium hydroxide solution (NaOH, Panreac) and 
20 mL of the ferrofluid previosuly obtained
(average magnetic cores concentration =10 g/L) 
were added to the reaction media and heated to 
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343 K. Then, 5 mL of tetraethyl orthosilicate 
(TEOS, Sigma-Aldrich) were added drop by drop 
to the suspension and the mixture was stirred for 2 
h. The precipitate obtained was collected by 
centrifugation (Eppendorf Centrifuge 5810R), 
sonicated for 15 min, dried at 363 K overnight and 
grinded. Finally, the dried product was calcinated 
at 823 K for 8 h (temperature ramp rate of 3 K/min 
the first 3 h) and ground again [8]. 

The external layer of TiO2 was prepared using a 
Ti precursor. Therefore, 1 mL of tetrabutyl titanate 
(TBT, Fluka Analytical) and 0.1 g of the 
Fe3O4@SiO2 nanoparticles previously synthetized 
were added to 50 mL of ethanol (Merck) at room 
temperature. The solution was sonicated for 15 
min. Then, 2 mL of pure water and ethanol (1:5 
v/v) were introduced into the system dropwise. 
After 2 h, the product was washed with ethanol 3 
times, dried at 343 K for 12 h and ground. Lastly, 
it was calcinated in air at 823 K for 3 h and ground 
again. 

Figure 1 shows the schematic outline of the 
procedure for synthetizing the nanocomposite. 
 

  
Figure 1. Photocatalyst synthesis methodology. 
 
Photocatalyst characterization 

Fourier transform infrared (FT-IR) spectra were 
recorded on a Spectrum Two spectrometer 
(PerkinElmer) to confirm the composition of the 
photocatalyst. The particle size was determined by 
dynamic light scattering (ZetaSizer Nano, Malver 
Instruments). Optical properties were analyzed by 
UV-vis diffuse reflectance spectroscopy (UV-vis 
DRS) using a Cary 5000 UV-vis-NIR 
spectrophotometer (Agilent Technologies) 
equipped with a sphere diffuse reflectance 
accessory model 5000.  

Photocatalytic experiments 

The commercial TiO2 photocatalyst was P25 
(Evonik).  0.8 L of a 100 mg/L BPA solution 
(Aldrich) were mixed with the photocatalyst and 
kept for 24 h premixing in the dark to reach 

adsorption equilibrium before the photocatalytic 
experiments were started.  The solution was 
irradiated with a 150 W Hg lamp (TQ150 z1, 
Heraeus). The suspension was sampled at defined 
time intervals and filtered through a 0.45 𝜇𝜇m 
syringe filter (Teknokroma) prior to analysis. The 
experiments were carried out in duplicate.  

BPA concentration was determined by high 
performance liquid chromatography (HPLC, 
Agilent Series 1100, Agilent Technologies) with a 
Gemini 5µ C-18 110 A column (Phenomenex). 
The mobile phase used was acetonitrile (Panreac) 
and pure water (50/50, v/v) with a flow rate of 1 
mL/min. Dissolved Organic Carbon (DOC) was 
analysed by a Shimadzu TOC-V Analyzer.  

 

Results and discussion 

Photocatalyst characterization 

From FT-IR analyses, it can be observed that the 
Fe3O4 cores have a signal close to 600 cm-1  that 
can be assigned to a band due to Fe-O vibration 
(Figure 2). Since the Fe3O4 cores were kept as a 
ferrofluid, the presence of H2O is evidenced by the 
appearance of the bending mode at 1640 cm-1 (H-
O-H) and the stretching one at 3400 cm-1 (O-H). In 
the case of the Fe3O4@SiO2 particles, absorption 
peaks approximately at 800 and 1100 cm-1 

correspond to the symmetric and asymmetric Si-
O-Si bond vibrations. For the composite, the 
appearance of signals at ranges between 350-450 
cm-1 and 940-960 cm-1 , confirms the Ti-O and Si-
O-Ti bond vibrations formation respectively [6, 7]. 

 

 
Figure 2. FT-IR spectra of TiO2 P25, Fe3O4 

cores, Fe3O4@SiO2 core/shell nanoparticles and 
Fe3O4@SiO2@TiO2 ternary composite. 

 
The average particle diameters for the Fe3O4 

magnetic cores, the Fe3O4@SiO2 nanoparticles and 
the Fe3O4@SiO2@TiO2 nanocomposite were 87 
nm, 111 nm and 568 nm, respectively.  

The band gap of the synthetized nanocomposite 

2 



is determined according to [F(R)·E]1/2 versus the 
energy of incident light (E), based on Kubelka–
Munk function [7] and UV–vis NIR (Figure 4). 
Comparing to the commercial TiO2 (3.2 eV), the 
band gap is reduced, being of approximately 2.8 
eV. This reduction may be due to the substitution 
between Si and Ti that occurs when high 
temperature is applied during the nanocomposite 
calcination [6]. Therefore, an enhancement of the 
photocatalytic activity would be expected under 
visible light irradiation.  

 

 
Figure 3. [F(R)·E]1/2 versus the energy of 

incident light. 
 
Photocatalytic experiments 

The photocatalytic performance of 0.5 g/L of the 
Fe3O4@SiO2@TiO2, was compared to that of 0.5 
g/L of commercial TiO2. Therefore, the kinetics of 
the BPA and DOC were followed versus time 
(Figures 4 and 5). After 240 min under irradiation, 
62 % of BPA is eliminated with the composite and 
47 % removal is achieved with TiO2 P25. 
However, the mineralization achieved, in terms of 
DOC removal, is similar (nearly 25 %). Hence, the 
magnetic cores and the silica layer do not 
significantly modify the TiO2 photocatalytic 
activity, since similar mineralization results are 
obtained.  

 

 
Figure 4. Change of [BPA]/[BPA]0 with time. 

[BPA]0=100 mg/L, T=293 K, [TiO2 P25]=0.5 g/L,  
[Fe3O4@SiO2@TiO2]=0.5 g/L.   

 
Further studies to confirm the modified catalyst 

performance after several cycles will be 
conducted. 

 
Figure 5. Change with time of DOC/DOC0.     

[BPA]0=100 mg/L, T=293 K, [TiO2 P25]=0.5 g/L,  
[Fe3O4@SiO2@TiO2]=0.5 g/L.  

 

Conclusions 

A magnetically separable nanocomposite 
Fe3O4@SiO2@TiO2 was successfully prepared and 
tested in the BPA degradation. Photocatalytic 
results confirmed that the TiO2 layer in the 
nanocomposite was active and achieved a similar 
BPA degradation to that showed by the 
commercial TiO2 P25. However, the magnetic 
nanocomposite could be promisingly reused in 
consecutive cycles. 
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Sonophotocatalytic degradation of paracetamol using Pt-TiO2 
nanocomposite  
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The presence of pharmaceutical residues in fresh water bodies is 
an emerging issue due to their undesirable effects on aquatic 
organisms. This study aimed to investigate  elimination and 
overall degradation of a common anti-inflammatory 
pharmaceutical-paracetamol in water by catalytic oxidation 
using both high-frequency ultrasound and UV-irradiation in the 
presence of Pt-TiO2. It was found that a significant 
improvement on the catalytic activity of Pt-TiO2 nanocomposite 
was achieved by hybrid process (sono-photocatalysis) rather 
than photolysis and sonolysis which could be attributed to the 
enchancement of the rate of surface excitation, reduction of 
surface corrosion and increase in the rate of mass mass transfer 
to the solid surfaces.  
 
  

In recent years, pharmaceuticals have emerged as 
significant pollutants of aquatic environments. 
Sewage treatment plants (STPs) play an important 
role in removing pharmaceuticals from influent 
waters, however conventional technologies seem 
to be inefficient in complete removal of these 
compounds [1,2]. Paracetamol (PCT) 
[acetaminophen, para-acetylaminophenol] is 
widely used as an analgesic and antipyretic drug 
all over the world. To avoid accumulation of 
paracetamol in the aquatic environment, several 
research groups are utilizing advanced oxidation 
processes (AOPs), where a highly reactive 
intermediate like HO• is generated, to achieve the 
destruction of this compound in water [3–6].  
 
One of the important AOPs is photocatalytic 
oxidation of organic pollutants by the use of a 
semiconductor catalyst. Upon photolysis with UV 
light, catalyst undergoes a surface reaction in 
which electrons move from the valence band to the 
conduction band (e−) leaving positive holes (h+) 
behind [7]. Photocatalytic activity of TiO2 can also 
be enhanced by irradiating a solution with 
ultrasound which generates i) very-short lived 
local “hot spots” generated by collapse of acoustic 
cavity bubbles, ii) continuous mixing and iii) a 
light emission of a wide wavelength range [8]. 
Besides, the use of noble metals such as Pt, Pd and 
Au has lately emerged as a promising option for 
immobilizing on TiO2 owing to the high Schottky 
barriers of these metals that inhibit combination of 
e-/h+ pairs by acting as e- traps or by promoting 
interfacial charge transfer processes [6,9,10]. 
 

This study aims to investigate the degradation of 
PCT by sonocatalysis and sono-photocatalysis 
using lab-made nanocomposites of TiO2 supported 
by platinum. The performance of applied 
processes was evaluated by monitoring parent 
compound elimination, carbon mineralization and 
hydrogen peroxide formation. PCT sorption on 
catalyst and potential metal leaching into aqueous 
solution during sonication were also tested.  
 
Materials and Methods 

Paracetamol sulfate potassium salt was purchased 
from Sigma and a 500 mg/L of PCT stock solution 
was prepared. Pt-TiO2 nanocomposite was 
synthesized sonolytically using H2PtCl2 and 
powdered TiO2 (Degusa P-25) in a multi-wave 
ultrasonic bath emitting at 200 kHz (Kaijo, 4021, 
Japan). The procedure comprised of the following 
steps: i) mixing of 1 mM of metal salt with 0.4 
mM PEG-MS (polyethylene-glycol monostearate) 
in 60 mL of ultrapure water followed by purging 
of the solutions with Ar for 10 min, ii) sonication 
of noble metal/PEG-MS solution for 60 min under 
Ar atmosphere; iii) addition of 15 mmoL TiO2 to 
each solution followed by sonication again for 30 
min during air bubbling; iv) separation of the 
nanocomposites via filtration through 0.2 µm 
membrane- Milipore (OmniPore) followed by 
washing with pure water and drying at constant 
temperature (60oC) for 12 h.  
 
After each sampling, samples were filtered 
through a 0.45 µm membrane filter followed by 
PCT content and carbon mineralization analysis by 
using HPLC and TOC analyzer. Hydrogen 

PCT

UVultrasound

Pt-TiO2

60 min

no PCT
30 % mineralization
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peroxide and metal leaching were determined 

using potassium iodide method and inductively 

coupled plasma.  

 

The structure, morphology and size of commercial 

and synthesized particles of TiO2 were measured 

by environmental scanning electron microscope 

(ESEM)-Philips XL30 ESEM-FEG/EDAX. 

Hydrodynamic diameter and particle size 

distribution analyses were carried out by using 

dilute solutions with the method of dynamic light 

scattering (DLS). 
 

Procedure 

 

Sonication was carried out in a 500 mL glass cell 

equipped with a multi-frequency piezo-electric 

transducer and a 120 W generator 

(Ultraschall/Meinhardt). The solution volume and 

specific power were optimized at 250 mL and 0.13 

W mL-1, respectively. During all experiments, 35 

µM PCT in the presence of 5 mg L-1 of 

nanocomposite was exposed to ultrasound (f=861 

kHz) at  pH 6.5. As a control experiment, 

photocatalytic tests were carried out using a low 

pressure Hg-UV lamp emitting at 254 nm for 1-h 

irradiation. Sonophotocatalytic experiments were 

run in the sonoreactor at the same conditions. 
 

Results and Discussion  

 

Sorption and Metal Leaching Test 

 

Batch adsorption tests were carried out with 

catalyst concentration of 5 mg L-1 at pH 6.5 for   
9-h to monitor the equilibrium time of PCT 

adsorption. The concentration of PCT and the rate 

of shaking were fixed at 35 µM and 250 rpm, 

respectively. The equilibrium was reached at 

around 3-h and after 1.5 h the highest fraction of 

PCT sorption was attained as 13% implying that 

adsorptive elimination of the compound at ambient 

conditions was insignificant.  

 

Metal leaching into the test solution was 

monitored during 1-h sonication of catalyst in pure 

water. It was found that catalyst was almost stable 

giving a leaching ratio at 2 ‰ during sonication. 
 

Catalyst Characterization 

 

ESEM-FEM/EDAX analysis of catalyst surfaces 

for chemical layer characterization and 

homogeneity showed that neither the noble metal 

nor TiO2 were concentrated in any specific area of 

the composite surface signifying a homogeneous 

dispersion. As such, Pt was found to be uniformly 

distributed throughout the TiO2 surface with no 

particle aggregation.  

 

Sonophotocatalysis 

 

Sonocatalysis of PCT showed that the elimination 

of the compound was enhanced in the presence of 

Pt-TiO2 with poor mineralization. Besides, it was 

found that photocatalysis was ineffective to 

eliminate PCT (40% PCT reduction 1-h 

irradiation).  

 

The hybrid application (sonophotocatalysis) was 

found to be most effective process to enhance the 

catalytic degradation and mineralization of PCT 

(as shown in Fig. 1). The efficieny of hybrid 

process could be attributed to i) overcoming of the 

hindarance of photons via contious dispersion and 

disaggregation of particle by ultrasound, ii) 

destruction of oxidation byproducts which are not 

reactive with light and stereochemical effects, iii) 

excess generation of •OH via photolysis of 

hydrogen peroxide generated by sonication as 

depicted in Figure 2. 

 

 

Figure 1. Relative paracetamol (35 µM) 

degradation by sono-, photo-, and sonophoto-

catalysis at 861 kHz, UV-254 nm, 6.5 pH during 

1-h.  

 
Figure 2. Hydrogen peroxide formation during 

sonocatalysis and sonophotocatalysis at 861 kHz, 

UV-254 nm, 6.5 pH during 1-h.  
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Furthermore, the  effect of sparging gas and 

pretreatment of catalyst on the process efficieny 

was tested. It was found that sparging with oxygen 

gas instead of air was accelated PCT degradation 

after 20 min irradiation and total removal of the 

compound was achieved at 50 min. The 

pretreatment of catalyst significantly increased the 

efficiency due to homogenous dispersion of 

catalysts.  
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Assessed by Phenol Conversion in Aqueous Solutions  
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Metal supported semiconductor photocatalysts were synthesized 
by depositing silver particles at different loads (0.25-1 at.%) over 
ZnO materials by a liquid impregnation method. The efficiency 
of the materials is assessed by the kinetics for heterogeneous 
photocatalysis of phenol and some derivatives using simulated 
solar light irradiation. The best activity was obtained with 
0.25 at.% Ag loaded on ZnO prepared by thermal decomposition 
of zinc acetate achieving a mineralization of 58 % in 60 min. 
Selective trapping of photogenerated charge carriers on the 
surface of the photocatalyst, will demonstrate that phenol 
oxidation proceeds by direct electron transfer to the valence band 
of the excited semiconductor photocatalyst. 

 
Water quality and availability has become a 

collective society concern, leading to a growing 
conscientiousness on the issues related with 
treatment and reuse of this natural resource of 
finite quantity and increasing limited access.  

The intensification of industrial and agricultural 
activities has led to the contamination of 
groundwater by fertilizers and other chemicals. 
Phenol and its derivatives can be found in wide 
industrial effluents (e.g., olive oil mills, 
petrochemical, pulp and paper industries) and are 
known as toxic and highly stable organic 
compounds, therefore hard to degrade using 
conventional biological treatment processes. The 
development of effective processes capable of 
removing persistent organic pollutants from 
wastewater has been considered an important 
environmental challenge. 

Heterogeneous photocatalysis is an efficient 
method for the removal of a wide variety of 
recalcitrant organic water pollutants, meeting the 
very important requirement of sustainability for 
process development when solar energy is used. 
Among the wide band gap semiconductors 
(3.2 eV) ZnO and TiO2 are the elective 
photocatalysts due to their physical and chemical 
stability, high oxidative capacity, low cost and 
availability, with ZnO being characterized by the 
easy of synthesis in solution capable of generating 
controlled nanostructures with different 
morphologies, and consequentially, very specific 
charge separation and transport properties [1].  

Owing the solar spectrum at earth’s surface 
consists of less than 5% of UV light, the natural 
band gap of semiconductors like TiO2 and ZnO 

represents a drawback when considering the use of 
direct solar irradiation. Several studies report an 
improvement in the performance of these 
semiconductors by loading them with noble metals 
(e.g., silver, gold and platinum), that act as 
electron sinks, trapping the photoexcited electrons, 
and extend the absorption spectrum over the low 
energy (visible) region of the electromagnetic 
spectrum due to the occurrence of surface 
plasmons, which contribute to increase the yield 
and lifetime of the charge separation state [2, 3]. 

 
The present work is focused in the preparation of 

ZnO and loading with different amounts of silver 
(Ag) particles.  

The heterogeneous photocatalysis of phenol 
using the catalysts in powder form show a clear 
dependency on the nature of ZnO materials used 
(Table 1). Among the bare ZnO materials, 
needle-like ZnO (ZnO-n) was the less active 
catalyst, while the commercial Evonik-Degussa 
material (ZnO-ev) was the most efficient, with 
exponential decay (defined in terms an empirical 
kapp) of 0.98 10–2 and 6.5 10–2 min–1, 
respectively. Nevertheless, when silver was loaded 
on ZnO-ev, a significant decrease in kapp was 
observed being more pronounced for the sample 
containing 1.0 at.% (kapp = 3.3 10–2 min–1). 

When silver was loaded on ZnO materials the 
best activity was obtained with the ZnO prepared 
by thermal decomposition of zinc acetate 
(0.25%Ag/ZnO-t), leading to the highest phenol 
degradation efficiency (kapp = 7.7 10–2 min–1) and 
a mineralization of 58 % in 60 min. 
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Table 1. First order apparent rate constants (kapp) for 
the photocatalytic degradation of phenol using neat and 
Ag-loaded ZnO materials. 
Support Ag (at.%) Rate (min–1) 

ZnO-n 

0.00 
0.25 
0.50 
1.00 

0.98×10–2 
2.7 ×10–2 
2.4 ×10–2 
3.2 ×10–2 

ZnO-ev 

0.00 
0.25 
0.50 
1.00 

6.5 ×10–2 
5.4 ×10–2 
5.6 ×10–2 
3.3 ×10–2 

ZnO-t 

0.00 
0.25 
0.50 
1.00 

5.0 ×10–2 
7.7 ×10–2 
6.2 ×10–2 
5.6 ×10–2 

 
Total organic carbon (TOC) measurements were 

performed for evaluating the degree of 
mineralization achieved by the photo catalytic 
treatment of the phenol containing solutions. In 
general, an increase in the TOC removal was 
obtained when Ag nanoparticles were incorporated 
in the ZnO materials.  

Trapping the photogenerated holes and radicals 
with selective scavengers (EDTA and t-BuOH, 
respectively), showed that photogenerated holes 
play the main role in phenol oxidation, due to the 
formation of higher amounts of radical species 
such as hydroxyl radical. 

The mineralization efficiency was quantified by 
using a synergy factor (RTOC), defined as XTOC, 60 

min (Ag/ZnO)/XTOC, 60 min (ZnO), where XTOC corresponds 
to the TOC conversion. The highest RTOC was 
obtained for 1.0%Ag/ZnO-n (RTOC = 33.8). For 
0.25%Ag/ZnO-ev and 0.25%Ag/ZnO-t RTOC 
values of 1.5 and 1.4 were obtained, which 
indicate a 33 % and 26 % increase in the 
mineralization capacity comparing with the 
respective bare ZnO materials.  

These results underline the positive effect of the 
incorporation of Ag in the ZnO materials. 

The separation of catalyst powders from the 

treated water requires separation steps that should 
be taken into account for technological 
applications. Thus, sets of experiments were also 
performed using the catalysts immobilized on 
glass raschig rings (Fig.1 ).  

 

 
Figure 1. SEM image of 0.25%Ag/ZnO-t film. 
 
A dark period for each experiment was carried 

out for 30 min before irradiation. No significant 
decrease in the initial concentration for the 
different compounds was observed. The 
experimental results indicate that the degradation 
of the individual compounds in the mixture obeys 
a pseudo-first-order rate law.  

This work demonstrates that the highest 
performance was obtained when Ag was deposited 
on ZnO-t, with 0.25%Ag/ZnO-t being the most 
active photocatalyst. The increase in the activity is 
ascribed to the action of Ag nanoparticles as 
electrons sinks, thus increasing the efficiency and 
lifetime of charge separation in the semiconductor.  

The ZnO-t and 0.25%Ag/ZnO-t materials 
showed effective activity for the photocatalytic 
treatment of a mixture of four phenol derivatives 
using the photocatalyst immobilized on glass 
raschig ring and in powder form, being of 
particular interest for technological applications. 
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Novel anisotropically functionalized TiO2 photocatalysts were 
prepared by a simple chemical route. Pickering emulsions 
were used. TiO2 nanoparticles were functionalized with 
hydrophobic as well as hydrophilic modifiers. The synergistic 
effect of the surfactants was examined through amphiphilic 
TiO2 treatment with combination of a hydrophilic polymer 
(polyethylene glycol)/hydrophobic (oleylamine) surfactant. 
The modified photocatalysts were characterized and their 
photocatalytic activity was determined. The anisotropically 
functionalized photocatalysts applied in photoactive cements 
shown superior activity in NO oxidation and NOx removal.   
 
 

 

Janus nanoparticles with anisotropic properties 
has attracted the attention of scientific community 
since they enable the synthesis of advanced 
engineering materials. They consist of particles the 
two sides of which chemically differ as for 
polarity, charge, etc. and are applied in scientific 
fields such as catalysis, tissue engineering, 
emulsions stabilization and photonic crystals.  

The aim of this study is the synthesis of novel 
photoactive cementitious materials containing low 
concentrations of modified TiO2 (2.5%, 1% and 
0.5%) in order to be used as catalysts for oxidation 
of toxic air pollutants. This would be achieved 
through the synthesis of scalable anisotropic 
nanoparticles. Modified nanoparticles should not 
perform neither superhydrophilic properties 
because they will sediment in cement matrix 
leading to inhibition of air pollutants oxidation  
nor superhydrophobic since they will escape to the 
environment. Thus, in this study a balance of these 
properties was investigated. 

For the synthesis, Pickering emulsions were used. 
Hydrophobic and hydrophilic TiO2 modification 
with various concentrations of oleylamine 
(C18H37N) and polyethylene glycol 
(H(CH2CH2)nOH) were investigated. The 
synergistic effect of the surfactants was examined 
through amphiphilic TiO2 treatment. 

The modified TiO2 nanoparticles showed 
improved dispersion in chloroform solvent 
compared to the non-treated. Weight loss and 
combustion of both organic compounds were 

recorded up to 500 ºC. TEM micrographs revealed 
the formation of an amorphous Angstrom (Å) 
scaled monolayer and a thick layer 1-2 nm, 
surrounding the majority of hydrophobic and 
amphiphilic TiO2 nanocrystals correspondingly.  

Excellent results concerning photonic efficiency 
were recorded also for the cementitious materials 
with hydrophobically modified TiO2 nanoparticles 
compared to unmodified photocatalyst. The best 
photocatalytic behavior was observed in case of 
cements containing amphiphilic TiO2. This was 
attributed to the synergistic effect of hydrophobic / 
hydrophilic functionalization of nanoparticles: the 
attached hydrophobic groups facilitate the 
accumulation of TiO2 at the cement surface and its 
exposure to irradiation and air pollutants, while the 
attached hydrophilic –OH groups of polyethylene 
glycol enhance the De-NOx ability.  
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Technology Faculty of Materials Science and Ceramics, Krakow, Poland. (3) AGH University of Science and 
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Laboratories for Materials Testing and Research, Laboratory for High Performance Ceramics, Duebendorf, 
Switzerland. (5) Paul Scherrer Institut, 5232 Villigen – PSI, Switzerland. 

Figure 1. TEM image of TiO2
(SSA = 62.7 m2/g) 

The aim of this research was to examine modification of hydrogen 
sensing properties of TiO2 based nanomaterials by two kinds of 
cations: aliovalent Cr (+3) and isovalent Sn (+4). Nanopowders of 
pure TiO2, TiO2: 5 at.% Cr and TiO2 + 10% Sn were obtained 
using Flame Spray Synthesis, FSS. The influence of anatase and 
rutile predominating polymorphic form on gas sensing behaviour 
of modified TiO2 nanopowders was observed. TiO2: 5 at.% Cr 
exhibits p – type conductivity. The gas sensor response to 
hydrogen is improved for nanosensors that exhibit rutile 
polymorphic form. 

Nowadays, driven by an increasing level of 
pollution created by our civilization people search
for new energy sources and try to prevent further 
degradation of the environment. The approach to 
this problem reveals in developing modern 
environmental sensors especially for toxic, 
explosive and harmful gases that inform us about 
the changes in the surrounding atmosphere and 
warn us against all sort of danger coming from the 
chemical contamination. Detection of hydrogen is 
especially important as it is a well – promising 
source of clean energy. Being aware that H2 forms 
an explosive mixture with an air in a wide 
composition range extending from 4 – 75 % H2 it 
appears that the issue of monitoring its presence 
and concentration is especially important as far as 
we intend to use this alternative source of energy 
on a large scale. Driven by the above mentioned 
reasons this research concerns the issue of TiO2
based nanomaterials for hydrogen detection.  

The theoretical approaches to describe the sensor 
response have been proposed mainly for SnO2
[1,2] which is one of the best and commonly 
known sensing metal oxide. The interest in TiO2
based materials for resistive gas sensors began 
around 1980s due to well promising features such 
as: reversible and large changes in the electrical 
resistance along with exceptional chemical 
stability.  

In our previous work we focused on modelling 
hydrogen sensing behaviour of pure TiO2
nanopowders [3]. The aim of this research is to 
describe the mechanism of the interaction between 
hydrogen and TiO2 based nanopowders modified 
by aliovalent Cr and isovalent Sn cations. Having 
in mind that TiO2 exhibits two main polymorphic 
forms (anatase and rutile), our intention was to 
obtain nanomaterials with the same composition 
but different crystallographic structure. 

Chromium aliovalent dopant was chosen since it 
has been reported that its addition improves 
sensitivity and response time of TiO2 based 
sensors due to the increase of oxygen vacancies 
concentration [4]. Moreover, Cr dopant enhances 
conductivity of TiO2 [5] as well as influences 
anatase to rutile transformation [6, 7]. 

Tin isovalent additive was chosen as it was 
observed that Sn can improve TiO2 sensor 
response and operating temperature [8, 9]. In our 
previous studies we focused on H2 sensing 
properties of TiO2 – SnO2 commercial composites 
[10]. The aim of this work is to verify if this 
improvement can be observed in the case of flame 
spray synthesized nanomaterials. 

Nanopowders of pure TiO2, TiO2: 5 at.% Cr and  
TiO2 + 10% Sn were obtained using Flame Spray 
Synthesis, FSS, as described in [3]. Titanium 
diisopropoxide bis(acetylacetonate), tetramethyltin 
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as well as chromium acetyloacetonate were used 
as metal organic precursors. 

In order to characterize nanomaterials the 
following techniques were applied: Brunauer–
Emmett–Teller adsorption isotherms, BET, X –
 ray Diffraction, XRD, Scanning Electron 
Microscopy, SEM, Transmission Electron 
Microscopy, TEM, impedance spectroscopy, UV – 
vis optical spectrophotometry as well as 
Mossbauer spectroscopy. Gas sensing experiments 
consisted in measuring dynamic changes in the 
electrical resistance of nanosensors prepared in a 
from of tablets induced by the interaction with 
hydrogen as described in [3]. The measurements 
were performed at constant temperature within 
250 – 400oC for H2 concentration in the range: 50 
– 3000 ppm. 

As indicated by TEM imaging, TiO2 
nanopowders with spherical grains were obtained 
(Figs. 1, 2). The specific surface area, SSA, is in 
the range of: 54.9 – 126.6 m2/g. 

 

Figure 2. TEM image of: (a) TiO2: 5% Cr (rutile); 
(b) TiO2: 10% Sn 

Figure 3 demonstrates the results of XRD 
measurements in the case of pure TiO2 before and 
after annealing as well as TiO2: 5 at.% Cr sensing 
tablets.  

 

Figure 3. XRD patterns of TiO2 and TiO2: 5 at.% Cr 
both in a form of anatase and rutile 

On the basis of XRD analysis one can conclude 
that nanostructures are well crystallized. Post-
synthesis annealing affects anatase or rutile 
transformation. Moreover, it was possible to 
obtain TiO2: 5 at.% Cr nanopowders in two 
polymorphic forms (anatase and rutile). The 
details concerning BET and XRD analysis are 
listed in Table 1. 

Figure 4. demonstrates the influence of 
hydrogen on the electrical resistance of TiO2 based 
nanosensors. As it can be seen the changes are 
large and reproducible which means that the initial 
value of resistance R0 recovers after switching off 
H2 flow. In the case of TiO2: 5 at.% Cr, p – type 
conductivity can be observed and the electrical 
resistance increases upon interaction with H2. 

Table 1. The results of BET and XRD measurements for 
TiO2 based nanomaterials modified with aliovalent Cr and 
isovalent Sn cations; (A) -  anatase, (R) - rutile 

Crystallite 
 size from 
XRD (nm) Sample SSA 

(m2/g) 
dBET 
(nm) 

(A) (R) 

Weight 
% of 
rutile 

(A) 62.7 24.5 20 16 7 
TiO2 (R) 

annealed at 
700oC 

37 57 75 

126.6 12.1 9 8 16 
TiO2: 5% Cr 

102.9 14.0 12 11 77 
TiO2: 10% Sn 54.9 26.3 28 14 73 

 

Figure 4. Dynamic changes in the electrical resistance of 
TiO2: 10% Sn and TiO2: 5% Cr sensing tablets upon 
interaction with H2 at 300oC; R0 denotes electrical 
resistance of the material in the reference atmosphere 
and R is its value upon interaction with H2 

On the basis of the dynamic changes in the 
electrical resistance of examined materials the 
sensor response parameter can be determined. In 
our case the sensor response S was defined as: 
S=R0/R for n – type sensors and S=R/R0 in the 
case of p – type sensors, where R0 denotes 
electrical resistance of the material in the reference 
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atmosphere and R is its value upon interaction 
with H2. Figure 5 presents the sensor response in 
the case of TiO2 and TiO2: 5 at.% Cr, respectively 
both in a form of anatase and rutile. As one can 
see the increased sensor response is observed in 
each case for the sample that exhibits 
predominating rutile polymorphic form. 

 

Figure 5. Gas sensor response S defined as a relative 
change in the electrical resistance in air (R0) and upon 
interaction with H2 (R) as a function of hydrogen 
concentration for: (a) TiO2, (b) TiO2: 5at.% Cr anatase 
and rutile 

The influence of Sn additive on H2 sensing 
properties of TiO2 is presented in Fig. 6. which 
demonstrates the sensor response as a function of 
H2 concentration for TiO2 and TiO2 + 10% Sn at 
300oC. As it can be seen doping with tin in the 
case of flame spray synthesized nanopowders is 
well promising from the point of hydrogen sensing 
as it increases the sensor response. 

The effects of: (1) polymorphic form influence 
together with (2) aliovalent Cr and isovalent Sn 
doping on TiO2 H2 sensing characteristics need 
additional investigation and will be the subject of 
our further research. 

 

Figure 6. Gas sensor response S defined as a relative 
change in the electrical resistance in air (R0) and upon 
interaction with H2 (R) as a function of hydrogen 
concentration for TiO2 and TiO2 + 10% Sn 
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Photocatalytic oxidation of As(III) in aqueous solution with TiO2

obtained by a modified sol–gel method  

M.J. López-Muñoz, L. Cerro, J.M. Raez, R. Sánchez, N. Millán, Environmental and Chemical Engineering Group, 
Universidad Rey Juan Carlos, C/ Tulipán s/n, Móstoles, Madrid, Spain, mariajose.lopez@urjc.es.

High active TiO2 photocatalysts were synthesized through 
a sol–gel method in which the hydrolysis of Ti(IV) n-
butoxide was carried out by water released in the 
esterification reaction between a carboxylic acid and 
ethanol in the presence of an inorganic acid.  
The influence of several parameters of synthesis (nature of 
inorganic acid, temperature of synthesis, calcination and 
hydrothermal processing) on crystalline and 
morphological properties of materials obtained were 
investigated. The synthesis procedure allowed the control 
of hydrolysis and condensation of the precursor leading to 
well-crystallized materials.  The photocatalytic activity of 
the samples was evaluated by their performance for the 
oxidation of As(III) to As(V) in aqueous solution. 

Arsenic pollution of water has become in the last 
years a major environmental concern in many 
countries worldwide. The occurrence of As in water 
is due to both natural processes that mobilize As 
from soils and sediments and to anthropogenic 
activities. In aqueous systems As exists primarily as 
oxyanions of As(III) (H3−xAsIIIO3−x; arsenite) and 
As(V) (H3−xAsVO4−x; arsenate). Compared with 
As(V), As(III) is more toxic and has higher mobility 
in the environment. In addition, the removal of 
arsenite species is more difficult than arsenates 
therefore a previous oxidation of As(III) to As(V) 
is usually required to achieve the removal of arsenic 
from polluted water. 

With this objective, heterogeneous photocatalysis 
with titanium dioxide has been successfully applied 
for oxidation of As(III) to As(V) in aqueous 
systems [1,3]. Most work reported until now deal 
with commercial titania samples so it can be of 
great interest the development of new materials that 
show a high photocatalytic activity for the process. 
One of the methods most widely used for synthesis 
of titanium dioxide is the sol–gel processing based 
on the hydrolysis and polycondensation reactions of 
Ti(IV) alkoxides or halides. This procedure, 
however, has as main drawback the difficulty for 
controlling the hydrolysis rate of titanium 
precursors due to their high reactivity towards 
water. As a result, uncontrolled local precipitation 
may occur preventing the formation of a 

homogeneous titanium dioxide network. This can 
have a detrimental influence on the morphological 
and crystalline properties of the resulting materials 
and as a consequence, on their photocatalytic 
performance. 

To avoid this inconvenience different approaches 
have been investigated, among them carrying out 
the synthesis in mixed organic solvents composed 
of acetic acid and a low molecular weight alcohol 
in the presence of sulfuric acid as catalyst [4-6]. In 
these conditions, it has been reported the control of 
the hydrolysis rate which is ascribed to the gradual 
release of water molecules in situ by the 
esterification reaction between acetic acid and the 
alcohol. Following this procedure, in the present 
work several TiO2 samples have been prepared. The 
objective has been to evaluate the influence of some 
synthesis parameters such as nature of chemicals 
involved, temperature of the synthesis or 
hydrothermal processing, on the crystalline 
properties and the photocatalytic performance for 
aqueous As(III) oxidation of the titania materials 
obtained. 

For preparation of TiO2 samples Ti(IV) n-
butoxide (TNB, Ti(OC4H9)4) was used as titanium 
source. After dissolving the alcoxide in absolute 
ethanol, acetic acid was added under stirring. The 
reactions were catalyzed by either sulfuric or nitric 
acid. For a first series of samples, the ageing of the 
mixture was performed by keeping the synthesis
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system immersed in a silicon bath heated at the 
chosen temperature (313 K, 328 K or 343 K). The 
second series of samples were synthesized 
following hydrothermal treatment in a 100 ml 
Teflon-inner-liner. The solids obtained were 
washed with ethanol, dried at 363 K and calcined in 
air atmosphere. The analysis of TiO2 crystal phases 
was carried out using an X-Ray Diffraction 
equipment (Philips X’PERT MPD) 

The photocatalytic reactions were performed in a 
batch reactor in which the aqueous suspension of 
arsenite and the photocatalyst was irradiated by a 
medium-pressure mercury lamp (Heraeus TQ-150), 
under continuous air flow and magnetic stirring. 
Aliquots were taken at time intervals, following 
filtration through 0.45 µm cellulose filters in order 
to remove the suspended TiO2 particles before 
being analyzed. As(III) and As(V) were quantified 
by a colorimetric method based in the formation of 
a blue complex arsenate-molybdate, with a 
maximum absorbance at 884 nm.  

The analysis of XRD patterns of the samples 
revealed that the procedure of synthesis allows to 
obtain well-crystallized materials under all 
experimental conditions evaluated. It was observed 
a great influence of both synthesis and calcination 
temperatures on the crystal phases of TiO2 formed. 
As an example, Figures 1 and 2 show, the different 
development of either TiO2-β, anatase or a mixture 
of anatase and rutile phases on samples synthesized 
in the presence of sulfuric acid at different 
temperatures but calcined under the same 
conditions (Figure 1) and those synthesized at the 
same temperature but calcined at increasing 
temperatures (Figure 2). 

  

 

 

 

 

 

 

 

Figure 1. XRD patterns of samples synthesized in 
the presence of sulfuric acid at: a) 313 K; b) 328 K 
and c) 343 K and calcined at 1023 K. 

 

 

   

 

 

 

 

 

 

 

 

Figure 2. XRD patterns of samples synthesized 
at 343 K in the presence of sulfuric acid and 
calcined at: a) 823 K; b) 923 K and c) 1023 K. 

 

Also the nature of inorganic acid added to the 
synthesis as catalyst for the esterification reaction 
had a great influence on the crystalline phases 
present in the obtained materials. The comparison 
of XRD patterns included in Figures 2 and 3 
displays the different phase composition shown by 
samples synthesized in the presence of sulfuric acid 
(Figure 2) or nitric acid (Figure 3) at analogous 
temperatures and similarly calcined.   

 

 

 

 

 

 

 

 

 

Figure 3. XRD patterns of samples synthesized 
at 343 K in the presence of nitric acid and calcined 
at: a) 823 K; b) 923 K and c) 1023 K. 

 

Not only the crystalline composition but also the 
textural properties were influenced by changing the 
inorganic catalyst, as can be observed in Table 1. In 
general, the presence of nitric acid allowed to obtain 
materials with surface areas greater than those of 
samples obtained upon addition of sulfuric acid. 

 

 

 

a

b 

c 

10 20 30 40 50 60

 

 

 In
te

ns
id

ad
 (

U
.A

.)

2θ (deg)

R
R

R
R

AA

A

AA

A

 A-40-S-750
 A-55-S-750
 A-70-S-750

A

R

10 20 30 40 50 60

 

 

 2θ (deg)

 In
te

ns
id

ad
 (

U
.A

.)

T i-BTi-BTi-B

R
R

R
R

AA

A

A A

A

 A-70-S-550
 A-70-S-650
 A-70-S-750

A

R

Ti-B

c 

b 

a

10 20 30 40 50 60

 

 

 In
te

ns
id

ad
 (

U
.A

.)

2θ (deg)

R

R

R R

R

R

AA
A

AA

 A-70-N-550
 A-70-N-650
 A-70-N-750

A

A

R

c 

b 
a
a 



3 

Table 1. Influence of variables of synthesis on the 
surface area of titania materials 

Inorganic 
acid 

Synthesis 
T (K) 

Calcination 
T (K) 

BET area 
(m2·g-1) 

H2SO4 

343 823 103 

343 923 49 

343 1023 29 

HNO3 

343 823 97 

343 923 101 

343 1023 49 

 

That improvement in the surface area did not 
result, however, in an increase of the photocatalytic 
activity for oxidation of As(III) to As(V) as even 
though all materials were photocatalytically  active, 
the TiO2 samples synthesized in the presence of 
sulfuric acid exhibited a higher activity in 
comparison to the catalysts prepared in the presence 
of nitric acid. Moreover, the results of activity were 
very close to those obtained for commercial TiO2 
P25. 
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Photocatalytic degradation of organic dye (methyleneblue) over sulfur 
doped TiO2 prepared by sol-gel process
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Sungkyunkwan University, Suwon 440-746, South Korea, thank42@hanmail.net. (2) Institute of Basic Science,
Sungkyunkwan University, Suwon, 440-746, South Korea.

In this study, sulfur doped TiO2 is prepared by a simple sol-gel 
process with titanium hydroxide oxide (Ti(OH)2O) with different 
thiourea as 1, 2 and 3 wt%. The photocatalytic activity of TiO2
powders was evaluated using UV-vis absorption spectroscopy 
through degradation of methyleneblue solution. Photocatalytic 
activity of sample for degradation of methylene blue showed that 
2 wt% sulfur doped TiO2 under visible light has higher activity 
than undoped TiO2 powders. However, in the 3 wt% doped TiO2,
the efficiency was rapidly reduced below the value of the 1 wt% 
doped TiO2, which was attributed to either the extensive 
interstitial incorporation of sulfur elements on the TiO2 lattice or 
the existence of inactive sulfur elements, leading to the 
predominant generation of trap states around the fermi level.

TiO2 has been widely used as a pigment since as 
early as 1916 [1] and considered as the most 
promising photocatalyst in environmental cleanup, 
mainly stimulated by the discovery of its water 
splitting activity under ultraviolet (UV) light in the 
early 1970s [2]. However, its limited UV-driven 
activity largely inhibits its overall efficiency under 
natural sunlight, which consists of 5% UV (300–
400 nm), 43% visible (400–700 nm), and 52%
infrared (700–2500 nm) [3]. One of the potential 
solutions for improving its efficiency is to shift its 
absorption from the UV region into the visible-
light region, allowing for more photons to be 
absorbed and utilized in decomposing the 
pollutants. Much progress has been made in the 
area of visible-light-active TiO2 by introducing 
various dopants into its lattice, including metal [4] 
and nonmetal elements [5].

The S-doping caused the photon-to-carrier 
conversion in the energy region below the band 
gap of pure TiO2. The photocatalyst applications 
of the S-doped TiO2, therefore, are of great
importance. In this study, we report the optical, 
physical, chemical and photocatalytic properties of 
S-doped TiO2 with different sulfur concentration
synthesized by hydrothermal method.

For the synthesis of the S-doped TiO2 powder, 
titanium hydroxide oxide (Ti(OH)2O) was mixed 
with thiourea (CS(NH2)2) having various 
concentration and hydrochloric acid (HCl) in 
ethanol. The solution was stirred at 80 oC for 2 h 
and concentrated under reduced pressure. After 
evaporation of ethanol, white slurry was obtained.
The slurry was kept for 1 day at 80 oC at an 
electric oven, and a yellow powder was obtained. 

This powder was calcined in the furnace at 600 oC
for 60 min.

Synthesized S-doped TiO2 powders were 
characterized by SEM, EDS, XRD, UV–vis, FT-
IR and Raman spectroscopy tests. 

The photocatalytic activity of S-doped TiO2
powders was evaluated using UV–vis absorption 
spectroscopy through degradation of methylene
blue (MB) solution with 1 ppm concentration.

Figure 1. Raman spectra of various S doped TiO2 and 
undoped TiO2 powders.

The Raman spectra (Fig. 1) demonstrated that all 
the undoped and S-doped TiO2 samples were 
present in the anatase phase, corresponding to four 
characteristic peaks with the principal peak
locating around 143 cm-1, which was in good 
accordance with the XRD patterns. The absence of 
the weak peak around 140 cm-1 demonstrated that 
no rutile phase was present in the S-doped TiO2
sample. The position of the principal peak shifted 
toward higher wavenumber of S-doped TiO2
indicating that the supercritical treatment and the S 
doping might increase the number of surface 
oxygen vacancies and/or defects in the S-doped 
sample.
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Figure 2. Kinetics of photocatalytic degradation of MB 
in the presence of various S doped TiO2 and undoped 
TiO2 powders. 
 

Fig. 2 shows the relative concentration of MB, 
C/C0, for different times during the artificial 
visible light after 6 h of irradiation of undoped and 

S-doped TiO2. The 1 wt% S-doped TiO2 photo-
catalysts can have about 60% methylene blue 
removal under visible irradiation. However, for 
undoped sample, the methylene blue degradation 
was less than 10%. It is clear that S-doping can 
increase the visible light activity. The visible light 
activity was not proportional to the S-doping and 
visible absorption, however, an optimum amount 
of doping S existed. 

In this study, the S-doped TiO2 powders were 
successfully prepared by hydrothermal method. 
Photocatalytic activity efficiency of sample for 
degradation of MB showed 1 wt% S-doped TiO2 
under visible light has higher activity than 
undoped TiO2 powder. 
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The aim of this work was study the effect of the silver 
state as dopant on the TiO2-CeO2 for the phenol 
photodegradation in an aqueous medium using solar and 
solar irradiation simulated. The materials were prepared 
by the sol-gel method using mild conditions, treated at 
500 ° C with two different gas streams (O2 and H2). 
Materials were characterized by DRX, SEM, N2 
Physisorption, and UV-Vis DRS. Materials treated in H2 
flow have the characteristic absortion of Surface Plasmon 
Resonance, also their values bandgap energy are greater 
than pure TiO2. Meanwhile solid treated with O2 showed 
higher photocatalytic activity. 

TiO2 is the most widely used semiconductor in 
photocatalytic processes due to their high 
photoactivity, no toxicity, chemical stability and 
low cost [1]. Unfortunately, the photocatalytic 
degradation efficiency on the surface of TiO2 
particles is still low, which is due to the fast 
recombination rate of photogenerated electro-hole 
pairs [2]. Another drawback is that the band gap of 
TiO2 semiconductor lies in the UV region which 
makes it inactive under visible light irradiation, 
requiring external UV light to carry out for the 
generation of electron-hole pairs efficiently 
increasing the cost of the process [3]. Recently 
there has been increased interest in extending the 
spectral response of this material in the visible 
region in different ways: doping with metallic [4] 
and non-metallic [5] impurities, mixing with 
others semiconductors [6] and generating 
deficiencies of oxygen in the surface [7]. 

The titania mixed with other semiconductors for 
example CeO2 improves his spectral response 
towards the visible region, generating a special 
electron transfer process that increases the 
production of electron-hole pairs [8]. Also 
increases the specific area, stabilizes the anatase 
phase and reduces the crystal size. It is therefore 
possible to find report describing the coupling of 
CeO2 with other semiconductors or insulators to 
augment their photoactivity [9]. 

Furthermore, noble metal impurities as dopants 
act as electron traps in the surface of TiO2, 
capturing electrons in the conduction band to 
reduce the recombination of electron-hole pairs, 
which increase the photocatalytic activity. 
Specifically, the silver nanoparticles are capable 

able to perform this task but in the presence of UV 
light [10]. 

According to the above, the aim of this work 
was to join the use of composite materials 
(photoactive in the visible) and silver impurities 
(doping) in order to increase the photocatalytic 
activity of materials under simulated solar 
irradiation, on behalf of application in the 
treatment of organic contaminants present in 
water, using a renewable energy source like 
sunlight and minimize costs in the process of 
advanced oxidation. 

Photocatalysts were prepared using the sol-gel 
method using mild conditions, the content of CeO2 
was fixed at 0.1, 0.25 and 0.5 wt% respectively 
and silver doped at 0.5 wt%. In a beaker a 
stoichiometric amount of deionized water, in 
which the precursors of Ce and Ag salts (nitrates) 
were dissolved and mixed with a portion of 
butanol. After under constant stirring, slowly drip 
Titanium Butoxide with a second portion of 
Butanol as solvent to avoid waste in the container. 
At room temperature a gel, which was broken to 
the complete the addition of the alcoxide, was 
formed. Finally ammonium hydroxide was added  
as hydrolysis catalyst. The system was kept under 
close conditions for 24 hours. Then the excess 
solvent was removed by evaporation in an stove at 
70 ° C until crystals amber, which were screened  
for calcination at 500 ° C with a heating rate of 2 ° 
C / min for 4 hours in a furnace, under two 
different flow conditions to 60 ml/min in an 
oxidizing (atmospheric oxygen) and reduction 
(hydrogen) atmosphere. This same procedure was 
performed to synthesize a pure TiO2 sample to get 
a grip. 

PP1- 27



2 

The materials were characterized by powder X-

Ray Diffraction (DRX), N2 Physisorption, 

Scanning Electron Microscope (SEM) and Uv-Vis. 

spectroscopy with diffuse reflectance (DRS). 

The degradation and mineralization of phenol 

were following by Uv-Vis spectroscopy and Total 

Organic Carbon technique respectively. A 

photocatalytic reactor exposed to sunlight 

described in previous studies [11] was used to 

perform the experiments. Supplied sunlight was 

generated in a solar simulator SUNTEST CPS + 

with an irradiance of 500 W/m2. 

XRD analysis showed the exclusive existence of 

the anatase crystalline phase, also no presence of 

signals for silver and cerium. By N2 physisorption 

it was determined that the mesoporous materials 

have unimodal structures with an average pore 

diameter of 8-16 nm and that increasing the CeO2 

concentration on titania  the surface area increase 

too, adding Ag in the oxidized state the specific 

area and the pore diameter decreases. Nevertheless 

varying the silver oxidation state morphology 

rearrangement of the material was found and the 

specific area again increases the diameter of pores 

and suffers drastic changes. The materials exhibit 

an irregular morphology, which are characteristic 

of mesoporous solids, this according to images 

obtained by SEM.  

Figure 1 shows diffuse reflectance spectra for 

pure TiO2 and Ag/TiO2-CeO2 (treated with H2) 

calcinated at 500 °C. It can be seen that increasing 

the concentration of CeO2 and the presence of Ag 

on Titania changed to regions absorption of UV 

light, but from 500-650 nm its absorption is 

favored, this due to the absorption band of solid 

overlaps with the associated band the plasmon 

resonance of silver metallic nanoparticles 

deposited, which is located in the region between 

450-550 nm [12]. This result suggest that the 

formation of a Schottky barrier, which transfers 

the photogenerated electrons to Ag nanoparticles 

of TiO2, which acts as an electron trap inhibiting 

the recombination of electron-hole pairs, 

significantly improving or decreasing the 

photoactivity of titania in the visible region. 

Moreover the values of band gap energy increased 

due to reduced stated of silver. 

The above phenomenon does not occur, and that 

in analyzing Ag doped samples (Figure 2) 

absorption bands between the materials are similar 

to each other. Here were no signals corresponding 

to surface plasmon resonance of silver. 
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Figure 1. Uv-Vis. DRS spectra of TiO2, and Ag/TiO2-
CeO2 (treated with H2) calcined at 500 ° C. 
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Figure 2. Uv-Vis. DRS spectra of TiO2, TiO2-CeO2 
(0.10, 0.25 and 0.50% w) and Ag/TiO2-CeO2 (treated 

with O2) calcined at 500 ° C. 

According to the results of photocatalytic test, 

clearly increased the photoactivity of TiO2 in the 

visible region when mixed with CeO2 at 0.25% w 

was used. Materials treated with atmospheric 

oxygen have a spectral response in the region 

visible with values lower band gap energy to pure 

TiO2.  

The band gap energy of the materials were 

calculated using Uv-Vis.-DRS spectra that shown 

in Figures 1 and 2. The value obtained for pure 

TiO2 was 3.14 eV. 
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Photodegradation of 17 -Methyltestosterone with Simulated Solar 
Radiation Using SUNTEST CPS+ with TiO2 -Gd3+ and TiO2-Sm3+  
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 The photocatalytic oxidation of 17 -methyl 
testosterone (MT) was carried out using SUNTEST 
CPS+ and TiO2 doped with Sm3+ and Gd3+ synthesized 
by sol-gel. These materials were characterized by SEM-
EDS, UV-Vis-DRS. Results showed, at 500 °C, the 
formation of an anatase semi phase with a surface area 
of 80 m2/g. The solar photodegradation was followed up 
by UV-Vis, LC-MSD-TOF and TOC. The best 
conversion was obtained with 0.5% wt Sm/P-25 and 
0.3% wt and Sm/TiO2 sol-gel with [MT]o=5 mg/mL for 
each case. It was found that the increased photocatalytic 
activity is directly related with the increasing of the 
dopant percentage; it is attributed to the inhibition of 
anatase phase contrary to the Degussa P-25. 
 
 In this work, the photocatalytic oxidation of MT 

in the presence of TiO2 Degussa P25 and TiO2 
doped with Sm3+ and Gd3+ is studied. In order to 
decrease the speed of recombination in the 
Degussa P25, it has been tried to improve the 
efficiency of charge separation with the purpose 
that these species may be available in the reaction 
medium for a longer time. The reduction of this 
recombination; some researchers have succeeded 
in several ways: through periodic controlled 
lighting and through the degradation of organic 
compounds electrochemically assisted [1,2]. 

  In the photodegradation of MT by solar 
photocatalysis ( > 290 nm) and 500 Wm-2 of 
simulated solar irradiation; the doped materials 
with 0.5% Sm/P-25 and 0.3% Sm/TiO2 proved to 
be the highest photocatalytic activity probably 
because on one hand the doping increases the 
surface area, stabilizes the anatase phase, allows to 
move the bandgap towards the visible region and 
secondly, the materials impregnated with rare 
earths form surface oxides that possibly decrease 
the Eg and, certainly, it is obtained a better charge 
separation of the electron-hole pair. This makes 
these materials candidates to be use in 
photocatalytic reactors for applications in real 
effluents, particularly for water treatment of fish 
farms. 
  Preparation of TiO2. The TiO2 was obtained by 
sol-gel process using titanium n-butoxide 
(Aldrich) as precursor. A mixture of buthanol-
water was stirred and maintained at reflux at 70°C. 
The NH4OH was added to the mixture until reach 
a pH of 7. This was added dropwise to the mixture 
of buthanol-water for 3 hours while maintaining 
the reflux and stirring for 24 hours until the gel  

formation. The gel was dried in a rotary evaporator 
at 80 °C using vacuum, then the powder obtained 
was left in an oven to dry at 120 °C for 24 hours. 
The samples were calcined at 800 °C for 4 hours 
with heating ramp of 2 °C/minute. 
  The Degussa P25, were fitted with the same 
percentages of rare earths by the impregnation 
method. For both cases it was used rare earth 
nitrates to obtain 0.3% and 0.5% weight in all the 
samples. The rare earths were diluted in water and 
mixed with commercial TiO2 for three hours in a 
rotary evaporator, the final samples were calcined 
at 500 °C 
  In order to investigate the kinetic behavior of the 
nine materials synthesized in the degradation of 
MT, the monitoring of the reaction with 
[MT]o=10 mg/L and [MT]o=20 mg/L was 
realized. During the reaction, aliquots were taken 
every 30 minutes for 3 hours before the reading, 
the samples were passed through filters with pore 
size of 0.2 μm (Miller ®-GN, 25 mm, Millipore 
Nylon). 
 
  The degradation of [MT]o=5 mg/L, was held 
with a LC-TOF-MS composed of a liquid 
chromatograph HPLC Series 1100 (Agilent 
Technologies) coupled to mass spectrometer of 
time of flight TOF MSD (Agilent Technologies ) 
equipped with electro spray interface. The 
conditions for HPLC analysis were: isocratic 
method, mobile phase in aqueous solution of ACN 
(90/10), formic acid (0.1%), flow 0.2 mL/min and 
analysis time of 45 min. A C18 column with a 
dimension of 3x250 mm, and a 5 μm particle size 
(Zorbax SB-C18, Agilent Technologies) was used. 
Volume injected: 20 µL, Mode: positive,  
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Table 1. Results Morphology and Band Gap Energy 
Characterization.  

 Doped photocatalysts calcined at 500◦C 
presented practically equivalent pore size 
diameters to that of pure TiO2. Most of the 
materials presented unimodal distributions, only 
the TiO2 with 0.5 wt% Sm3+ as it is shown in the 
above table. , when Sm is introduced into TiO2 and 
calcined to 500 C. Specific surface area increases, 
being the sample doped with 0.5 wt% which 
exhibited the highest increase (1.33% with respect 
to pure TiO2). 

Figure 1. SEM-EDS spectra doped Sm3+ (0.5%wt), 
calcined to 500 ªC 

According to the element distribution mapping 
obtained by STEM-EDS (see figure. 1), high 
dispersion of the dopant samarium was reached on 
the TiO2, this results agree with the reported by 
other authors which use a low percentage of 
lanthanum as a dopant [3].  

Although the effect of photocatalytic properties 
are not enough to justify the improvement in the 
photocatalytic activity in the 17 methyl 
testosterone degradation, therefore it is necessary 
to make a deeper characterization by XPS, and/or 
ELLS to explain in function of the electronic 
structure the partial inhibiting of the anatase phase 
to rutile when introducing the Sm3+ and Gd3+ in 
the TiO2 . 

From the results in the degradation of MT to three 
different concentrations 20, 10 and 5 mg/L, the 
latter is considered the most important for the 
final application in aquaculture system when is 
required lower concentration below 5mg/mL in 
extensive farming systems of tilapia. Figures 2, 3 
and 4 shows the kinetics of photodegradation by 
simulated solar radiation with synthesized 
materials, it is observed the following order in 
activity, according to the initial concentrations of 
each test. 
 
 

 
  Figure 2. Behavior of solar simulated photocatalytic 
degradation of the hormone with a [MT]o = 5  mg/L).  
 
 
 

 
  Figure 3. Behavior of solar simulated photocatalytic 
degradation of the hormone with a [MT]o = 10  
mg/L). 
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  Figure 4. Behavior of solar simulated photocatalytic 
degradation of the hormone with a [MT]o = 20 
mg/L). 
 
To [MT]o = 5 ppm, we have: 
 P25, 0.5%Sm> P25, 0.3%Sm> Sm TiO20.5%> 
TiO2 0.3%Sm> TiO2 0.5%Gd> TiO2 0.3% 
Gd>TiO2  
 
To [MT]o = 10 ppm, we have: 
P25, 0.5%Sm>P25, 0.3% Sm>Sm TiO20.3%> 
TiO2 0.5% Sm>TiO2 0.3% Gd>Degussa>TiO2 
0.5% Gd>TiO2  
 
To [MT]o = 20 ppm, we have:  
P25, 0.5% Sm> Sm TiO20.3%> P25, 0.3% 
Sm>Degussa>TiO2 0.5% Sm>TiO2 0.3% 
Gd>TiO2 0.5% Gd>TiO2 
 
In all cases, the Sm-doped materials retain their 
photocatalytic activity, for materials prepared by 
sol-gel, as Degussa P25 modified by 
impregnation, on the other hand, undoped TiO2 
activity is always the lowest at different [MT]o. 
Thus it can be said that the photocatalytic activity 
of dopant ions increases when using a higher 
percentage of these [4], and it is evident the effect 
of simulated radiation, since the synthesized 
solids improved their photocatalytic activity 
confirming the fact that most show values of Eg 
corresponding to wavelengths above 400 nm. 
In general the changes of TiO2, were reflected in 
the photocatalytic activity of doped solids at 0.3 
and 0.5%wt and calcined at 500 °C showed that 
with 0.3%wt of dopant, it is obtained a higher 
degradation rate for the Degussa P25 and when 
using a 0.5%wt Sm on sol-gel; and between these 
two, it stands out the photocatalyst doped with 
0.3%wt Sm/P25 which obtained 100% 
degradation at 66 minutes. The percentage of 
optimal doping at this calcination temperature and 
λ>400nm is 0.3%wt for Sm, since by increasing 
more the samarium content it would go out to the 
surface forming clusters and making it not to be 
as active as verified in previous studies with other 
molecules. 
 
Doping TiO2 by sol-gel or dispersing the rare 
lands by impregnating Degussa P25 generates 
significant changes in the photocatalytic properties 
showing variations in Eg, specific area, crystal size 
and mixture of phases, as the case may be 
The presence of trivalent ions of Sm3+ and Gd3+ in 
the crystal lattice of TiO2 generated nanoparticles 
which led to decrease the recombination of charge 
carriers (e-,h+) and stabilize the TiO2 phases, and 
this was reflected when comparing the reactions in 

which pure TiO2 was used with doped samples, 
where most of the reactions showed higher values 
in the rate of degradation for samples doped and 
scattered  mainly with samarium. 
Furthermore, it was shown that the oxidation of 
MT by photolysis does not occur when exposed to 
500 Wm-2 of simulated solar radiation, so the 
photocatalytic oxidation method is a viable 
alternative choice even without bubbling of 
oxygen for rapid degradation and full of the 
hormone, especially when are applied improved 
materials like TiO2-0.3%wt Sm and Sm P25-
0.5%wt which achieved the 100% degradation at 
66 and 120 minutes respectively. 
The attempt to elucidate the intermediate products 
structures of the photocatalytic degradation of 17 
α-methyl testosterone is emerging and 
unprecedented. 
Finally, it is concluded that when is combined the 
simulated sunlight (λ>290 nm) and TiO2 modified 
with (Sm and Gd), these rare earth elements in its 
3+ oxidized phase layer of these 4f electrons have 
higher vacancies mainly Sm, which, when 
irradiated with simulated sunlight, which contains 
λ correspondant of 300-800 nm maintaining the 
oxidized state to generate a surplus of electrons 
donated by Ti4+ ions passing to Ti3+ generating a 
vacancy which decreases energy expenditure to 
make the e- of the BV pass to the BC  generating a 
h+ in BV which makes them candidates to be used 
in photocatalytic reactors for applications in real 
effluents, particularly in cropping systems of 
tilapia (Oreocromis niloticus). 
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 Ιn the present work, the preparation of tire-char/Ν-TiO2 
(CTN) and tire-char/Ν-F-TiO2(CTNF) composite catalysts by 
a sol–gel method was investigated. XRD analysis showed 
formation of TiO2 anatase phase, as well as a small fraction of 
brookite phase. UV–vis DRS spectroscopy showed that  
both N–F and N-doping resulted in a decrease in the band gap 
energy. The photocatalytic activity of PC/doped-TiO2 
composite catalysts were investigated for the degradation of 
phenol in aqueous suspensions. The photocatalytic 
degradation followed pseudo-first order kinetics. According to 
our results the pyrolytic char acts as a very efficient electron-
acceptor from doped-TiO2 particles resulting in decreased e- –  
h+ pair recombination and subsequently in enhanced 
production of HO• that oxidized phenol. 

1. Introduction 
 
In recent years, photocatalysis mediated by 
semiconducting materials represents a well- 
established Advanced Oxidation Process (AOP) 
attracting considerable interest for the removal of 
various non-biodegradable and/or toxic organic 
pollutants from aquatic environments [1-3]. 
Although TiO2 is the most widely investigated 
semiconducting material, its UV-driven 
photocatalytic activity caused by its wide bandgap 
(3.2 eV for anatase and 3.0 eV for rutile crystalline 
phase) and the high recombination probability of 
photo-induced electron (e-)–hole (h+) pairs are 
limiting factors for solar applications [1,4]. 
Various approaches have been adopted  to improve 
the photocatalytic efficiency of TiO2 and include 
morphological modifications, such as increasing 
surface area and porosity, as well as chemical 
modifications e.g. by incorporation of additional 
components, usually metals and non- metals, in the 
TiO2 structure [1]. Moreover, it has been 
demonstrated that the rate of photodegradation of 
pollutants by TiO2 is enhanced by loading TiO2 
onto adsorbents with high adsorption capability. 
This capability can facilitate the 
proximity/reaction of pollutant with the TiO2 
surface, where the photocatalytic degradation of 
pollutant takes place and enhance the overall 
process performance [4-5]. 
Apart from activated carbon (AC), pyrolytic char 
(PC) from tire-rubber, a newest type of adsorbent 
similar to carbon black (CB), has been recently 
used as another support in order to improve the  
photo-efficiency of TiO2 with promising results 
[4,5]. 

In the present work, the preparation of  pyrolytic 
char/N-TiO2 and pyrolytic char/N-F-TiO2 
composite materials by a sol–gel method, was 
investigated. The photocatalytic performance of 
the catalysts has been assessed for the 
photodegradation as well as the total 
mineralization of phenol aqueous solutions. 
 
2. Experimental Section 
 
The char was derived from the pyrolysis of used 
rubber tires at 450 °C in oxygen -free atmosphere 
under vacuum for 4 h and purified with HNO3 2 N 
solution under vigorous stirring [4]. 
N-doped and N–F co-doped TiO2 catalysts were 
prepared via a sol–gel method using NH4Cl and 
NH4F as N and N–F dopant precursors, 
respectively, having Ti:N and/or F molar ratio of 
1:1. Then, the appropriate amount of char (0.2, 0.5 
g) was added and the black sol was left for 12 h 
under stirring. The resulted suspension was spread 
into Petri dish, dried for 24 h at 110 °C under 
ambient air and calcined for 1 h at 500 °C. For the 
preparation of blank TiO2 sample, the same 
procedure was repeated without the addition of 
char. The crystal phases of all prepared catalysts 
were characterized by recording their X-ray 
diffraction (XRD) patterns using a Brüker 
Advance D8 instrument. Crystal size was 
calculated by the well-known Sheerer’s equation.  
The ultraviolet–visible diffuse reflectance spectra 
(UV–vis DRS) of the catalysts were measured by a 
PerkinElmer (Lamda 35) spectrophotometer. 
Photocatalytic experiments were carried out in a 
solar simulator Atlas Suntest XLS+ (Heraeus, 
Germany). Illumination was provided with a 
xenon lamp (2.2 kW) which was jacketed with 
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special filters restricting the transmission of 

wavelengths below 290 nm. Irradiation 

experiments were performed using a Pyrex glass 

UV-reactor containing 250 mL of aqueous 

solutions and the appropriate amount of TiO2 at 

natural pH. The suspension was kept in the dark 

for 60 minutes, prior to illumination to reach 

adsorption equilibrium onto semiconductor 

surface. Aliquots were withdrawn from the reactor 

at specific time intervals and were filtered through 

a 0.45 μm filter in order to remove the catalysts 

particles before further analysis with the 

appropriate techniques. 

Phenol concentration was determined by a Dionex 

P680 HPLC equipped with a Dionex PDA -100 

Photodiode Array Detector. The mobile phase was 

a mixture of LC-grade water pH 3 (60%) and 

acetonitrile (40%) with a flow rate of 1 ml/min. To 

determine the extent of mineralization during 

photocatalysis, TOC were measured via a 

Shimadzu, TOC V-csh Analyzer. 

 

3. Results 

 

3.1.Catalysts characterization 

 

XRD analysis showed formation of TiO2 anatase 

phase, as well as, a small fraction of brookite 

phase. UV–vis DRS spectroscopy showed that all 

the prepared composites have enhanced absorption 

at visible wavelengths. The average particle size of 

the catalysts ranged from 13 to 20 nm (Table 1). 

 

Table 1. Crystal size (nm) of nanocomposite catalysts 
Catalyst  Crystal size (nm) 

CTNF0.2/2  13.5 

CTNF0.5/2 15.9 

CTN0.2/2 17.3 

CTN0.5/2 15.3 

 

3.2  Preliminary experiments 

 

Preliminary hydrolysis, photolysis and adsorption  

experiments were carried out at the initial phenol 

concentration of 5 mg L-1. Negligible hydrolysis of 

the target compound was observed under dark 

conditions. Similarly, the direct photolysis 

(simulated solar radiation alone) showed that only 

10% of phenol was removed after 240 min of 

simulated solar illumination (SSL) (Fig. 1). 

Adsorption percentages of the target compound on 

the catalysts surface, equal to 10-20%, were 

observed under dark conditions (Fig. 2). 
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Figure 1. Degradation kinetics of phenol 

(Cphenol=5 mg L-1, I= 350 W/ m2) 
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Figure 2. Adsorption kinetics of phenol (Cphenol=5 

mg L-1, Ccat=100 mg L-1, I= 350 W/ m2) 

 

3.3 Photocatalytic degradation of  phenol 

 

In order to evaluate the photocatalytic efficiency 

of the new nanocomposite materials a series of 

experiments have been carried out under simulated 

solar light. The kinetic profiles for the phenol 

degradation in the presence of different catalysts 

are depicted in Figure 3. Undoped TiO2 

nanopowder was also used for comparison. 

The nanocomposite catalysts exhibited an 

improved photocatalytic activity for degradation of 

phenol in comparison with pure-TiO2, in aqueous 

solutions. The efficiency of the catalysts can be 

attributed to the synergistic action of the following 

mechanisms [4]: (i) enhanced adsorption of phenol 

onto catalysts surface due to the presence of char 

and the diffusion of the adsorbed phenol from char 

toward TiO2, (ii) enhanced radical HO• production 

in solution due to decreased electron–hole pair 

recombination rates in TiO2 as shown in Graphical 

Illustration.   
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Figure 3. Degradation kinetics of phenol 

(Cphenol=5 mg L-1, Ccat=100 mg L-1, I= 350 W/ m2) 
 

A shown in Fig. 3 the photocatalytic efficiency for 

phenol degradation followed the trend CTNF 

0.2/2> CTNF 0.5/2 > CTΝ 0.2/2 > CTN 0.5/2. 

 

It’s worth pointing out that a correlation between 

the crystallite size and photocatalytic activity was 

observed. So, the highest phenol-degradation 

ability was detected for the CTNF 0.2/2 catalyst, 

which has the lowest crystallite size. On the other 

hand, for CTN 0.5/2 and CTN 0.2/2, the catalysts 

with the highest crystallite size, the lowest activity 

was observed.  

On the basis of previous results, as shown in Fig. 3 

the kinetic photocatalytic degradation rates of 

phenol can be ascribed to a pseudo-first-order 

kinetics.  Table 2 lists the kinetic parameter’s 

values for the pseudo-first-order model. The 

apparent first-order rate constant (kapp) for 

photocatalytic degradation of phenol ranged from 

0.8 × 10−3 min−1 to 4.7× 10−3 min−1. 

 

 Table 1. Kinetic Parameters (Rate constants, 

Correlation Coefficients (R2), Half-Lives (t1/2)) of 

phenol  

Treatment 

system 

k×10-3 

(min)  

t 1/2 

(min) 

R2 

CTNF0.2/2  4.7 147.5 0.9849 

CTNF0.5/2 2.7 256.7 0.9923 

CTN0.2/2 0.9 770 0.9865 

CTN0.5/2 0.8 866.3 0.9632 

 

3.4 Mineralization study 

 

For the detailed assessment of the photocatalytic 

performance, the evolution of TOC was also  

followed.  Similarly to the substrate degradation, 
the photocatalytic efficiency for TOC reduction, 

followed the trend: CTNF 0.2/2> CTNF 0.5/2 > 
CTΝ 0.2/2 > CTN 0.5/2. As shown in Fig. 4, 

almost 70% TOC removal was achieved in the 

presence of CTNF 0.2/2. In contrast no 

mineralization was observed in the presence of 

pure-TiO2  after the same irradiation time. 
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Figure 4. Mineralization kinetics of phenol 

4. Conclusions 

 

Tire-char/Ν-TiO2 and Tire-char/Ν-F-TiO2 

composite catalysts by a  simple sol–gel method 

with enhanced activity was successfully prepared. 

The photocatalytic activity of the composite 

catalysts were investigated for the degradation of 

phenol. According to the results, the prepared 

nanocomposite catalysts exhibited an improved 

photocatalytic activity for degradation of the 

selected compound in comparison with pure-TiO2, 

in aqueous solutions. CTNF 0.2/2 catalyst showed 

the highest photocatalytic efficiency. The 

enhancement of photocatalytic activity of TiO2 

might be attributed to the increased adsorption of 

phenol on char, the better dispersion of TiO2 on 

the char surface and the electron-storage capacity 

of PC which can decrease the electron–hole 

recombination rate of photo-generated in TiO2. 
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Photocatalytic reduction of Cr(VI) by char/TiO2 composite 
photocatalysts: Optimization and modeling using the response surface 
methodology (RSM) 
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 In the present study, the photocatalytic reduction of Cr(VI) 
using char/TiO2 composite catalyst under  simulated  solar 
irradiation was studied in detail. Chemometric optimization 
tools such as response surface methodology (RSM) and 
experimental design were used to model and optimize the 
operational parameters of the photocatalytic reduction of Cr(VI) 
in the presence of MeOH. RSM was developed by considering a 
central composite design with four input variables i.e. catalyst 
concentration, initial concentration of Cr (VI), pH and % MeOH 
concentration. It was found that the selected variables have 
significant effect on Cr (VI) removal efficiency. The results 
demonstrated the important role of the selection of the 
appropriate conditions in order to achieve the highest removal 
efficiency. 

1. Introduction 
 
The water pollution caused by heavy metal ions 
represent an important ecological and health 
hazard and had gradually become a major concern 
worldwide [1].  Chromium (VI) is one of the most 
frequent and toxic heavy metals in wastewaters 
arising from various industrial processes such as 
electroplating, pigment production, leather 
tanning,  textile dying, wood preservation, as well 
as finishing of metals and plastics. In contrast with 
the relatively low toxic and insoluble at pHs over 5 
in aqueous systems trivalent chromium (Cr(III)), 
Cr(VI) is highly soluble and mobile in aquatic 
environment, toxic to humans, animals, plants and 
microorganisms and is suspected to be carcinogen 
and mutagen [1-2]. As a result the removal of 
Cr(VI) from water and wastewaters or its 
reduction to less harmful and immobile Cr(III) is 
an urgent demand [1-2].   Recently heterogeneous 
photocatalysis seems to be a promising method, 
for reducing hexavalent chromium to the less-toxic 
trivalent chromium in aqueous solutions [1-3]. The 
application of experimental design methodologies 
in the development of photocatalytic processes can 
result in improved remediation efficiency with the 
lesser number of experiments [1,4].  
In the present study the application of pyrolytic 
char/TiO2, a photocatalyst with improved photo-
efficiency for the  removal of Cr (VI) was studied. 
The enhanced activity  is attributed to the so-called 
synergistic effect e.g., the adsorbent may adsorb a 
large amount of pollutant, thus, facilitating the 
proximity/reaction of pollutant with the TiO2 
surface, where the photocatalytic 
degradation/removal of pollutant takes place [5]. 

The main objectives of this study were a) to assess 
the  removal of the toxic heavy metal Cr(VI) b) to 
investigate the effect of  four parameters 
(catalyst’s concentration, initial concentration of 
Cr (VI), pH and % MeOH concentration) on the 
total  process efficiency and c) to  model and 
optimize the photocatalytic procedure by means of 
a central composite design and response surface 
methodology.  
 
2. Experimental Section 
 
Char/TiO2, named as CT 0.5/2 was prepared based 
on a simple sol-gel impregnation method, as 
mentioned at our previous work  [4]. 
Photocatalytic experiments were carried out in a 
solar simulator Atlas Suntest XLS+ (Heraeus, 
Germany). Illumination was provided with a 
xenon lamp (2.2 kW) which was jacketed with 
special filters restricting the transmission of 
wavelengths below 290 nm. Irradiation 
experiments were performed using a Pyrex glass 
UV-reactor containing 250 mL of aqueous 
solutions and the appropriate amount of catalyst. 
The pH of solutions were adjusted by H2SO4 or 
NaOH aqueous solutions. The suspension was kept 
in the dark for 60 minutes, prior to illumination to 
reach adsorption equilibrium onto semiconductor 
surface. Aliquots were withdrawn from the reactor 
at specific time intervals and were filtered through 
a 0.45 μm filter in order to remove the catalysts 
particles before further analysis with the 
appropriate techniques. Performance of the 
process was evaluated by analyzing the responses 
of Cr (VI)  removal percentage yield after a fixed 
time of 60 min: 
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where C0 is the initial Cr concentration and Ct the 

concentration after 60 min photocatalytic 

treatment. The concentration of Cr(VI) was 

determined by the diphenylcarbazide colorimetric 

method [1]at a wavelength of 540 nm using a UV-

Vis spectrophotometer (Hitachi, U-2000). 

 

3. Results 

 

3.1. Preliminary experiments 

 

Preliminary adsorption and photolysis experiments 

were carried out, before the development of the 

experimental design (data not shown). Direct 

photolysis was resulted in  negligible removal of 

target pollutant. Similarly, dark experiments in the 

presence of CT 0.5/2 led to 10% metal adsorption 

on catalyst’s surface after 240 min.  

Moreover, photocatalytic experiments of Cr(VI) in 

the absence and presence of MeOH were 

conducted. As shown in Fig. 1, the photocatalytic 

reduction of Cr (VI) is a slow process leading only 

to 18% removal after 240 min. On the other hand, 

the presence of MeOH, a well-established hole 

scavenger, inhibited effeciently  the electron-hole 

recombination leading to enhanced  reduction of 

the substrate. 

 

 

Figure 1. Photocatalytic reduction of Cr(VI) in the 

absence and presence of MeOH 

 

3.2 RSM modeling and optimization for Cr (VI) 

photocatalytic removal 

 

A central composite design (CCD) was adopted 

for the optimization of photocatalytic process and 

for evaluating the effect of four main factors i.e. 

catalyst concentration (x1), initial concentration of 

Cr (VI) (x2), pH (x3) and % MeOH concentration 

(x4). The design matrix and experimental results 

obtained for the Cr (VI) photocatalytic removal are 

depicted in Table 1.  

 

Table 1. The 4-factor central composite design 

and the experimental value of response function 

(% Removal). 

Ccat CCR(VI) pH % 

MeOH 

% 

Removal 

70.00 22.50 6.00 3.50 28.7 

50.00 30.00 4.00 5.00 67.5 

50.00 15.00 8.00 5.00 10.7 

90.00 15.00 4.00 2.00 19.2 

70.00 22.50 6.00 6.50 68 

70.00 22.50 6.00 3.50 28.7 

70.00 22.50 6.00 3.50 27 

70.00 22.50 6.00 0.50 11 

90.00 30.00 8.00 2.00 8.5 

50.00 15.00 4.00 5.00 77 

70.00 22.50 6.00 3.50 30 

110.00 22.50 6.00 3.50 11.8 

70.00 22.50 6.00 3.50 28.9 

90.00 30.00 8.00 5.00 8 

90.00 15.00 4.00 5.00 68 

90.00 30.00 4.00 5.00 54.2 

50.00 30.00 4.00 2.00 16 

30.00 22.50 6.00 3.50 17 

90.00 15.00 8.00 5.00 12.3 

90.00 15.00 8.00 2.00 6.7 

70.00 22.50 6.00 3.50 27.5 

70.00 37.50 6.00 3.50 4.5 

50.00 15.00 4.00 2.00 19.8 

70.00 7.50 6.00 3.50 10 

90.00 30.00 4.00 2.00 10 

50.00 15.00 8.00 2.00 1.2 

70.00 22.50 10.00 3.50 8 

70.00 22.50 2.00 3.50 75 

50.00 30.00 8.00 2.00 7.7 

50.00 30.00 8.00 5.00 14.5 

 

The step-wise model fitting was employed in order 

to find the best model fitted. Based on the 

experimental design, a quadratic response surface 

model was attained to fit the experimental data and 

can be expressed by the following Equation. 

 %Removal Cr= +28,47 -1,58x1 -1,65 x2 – 16,50 x3  

+ 14,05 x4  -1,41 x1x2 + 1,89 x1x3 -1,68 x1x4 + 2,76 

x2x3 –1,19 x2x4  -11,27 x3x4 +3,61 x1
2 –5,40x2

2   + 

3,16 x3
2 + 2,66 x4

2   (2) 

 

Fit adequacy was explicitly checked through 

analysis of variance (ANOVA) as well as  by 

various  diagnostic tests, which included graphic 

representation of predicted vs. experimental 

values,  a normal probability plot, the graphs of 

residual vs. predicted values and a Box- Cox plot 

According to the results, the model could 

adequately be used to describe the % Cr (VI) 
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removal under the experimental range studied. The 

significance of each term in the predictive model  

was also evaluated by p-values using a 5% 

significance level.  

The effects of the four different variables on Cr 

(VI) removal were visualized in 3D response plots 

presented in Figure 2. As can be seen there is an 

increase in the removal efficiency of Cr (VI)  with 

an increase of CT 0.5/2 concentration up to certain 

concentration that above, the reaction rate levels 

off and becomes independent of the catalyst 

concentration due probably to light scattering and 

screening effects or tendency towards 

agglomeration. The increase in pH leads to a 

decrease in the rate of Cr (VI) removal. This can 

be attributed to the surface charge properties of the 

photocatalyst (PZC=5.9). As the pH of the 

solutions increases, the number of negatively 

charged sites increases and hence the absorption of 

Cr(VI) reduces due to electrostatic repulsion. On 

the other hand, as pH is decreases, the electrostatic 

attraction between the positively charged surface 

and anionic Cr(VI) is enhanced, leading in 

increased removal. An increase in initial Cr 

concentration lead to a decrease removal, as the 

available photo-generated electrons were 

inadequate for Cr removal at higher 

concentrations. In contrast, increasing % MeOH 

concentration has a positive effect on the removal 

efficiency (Fig. 2b). This  trend can be explained 

by the capability of MeOH to act as a scavenger of 

h+ inhibiting the recombination of electron-hole 

recombination. 

 

 
Figure 2. 3D response surface plots from 

optimization using RSM for the Cr (VI) 

photocatalytic removal 

 

The numerical optimization of the software using 

desirability approach was employed to find the 

specific points that maximize the % removal. The 

optimum conditions for the maximum removal 

efficiency were found as follows: catalyst 

concentration: 55 mg L-1, initial concentration of 

Cr (VI): 20mg L-1, % MeOH: 5 and pH:2 .  

 

 

 

3.3 Model validation and confirmation 

 

To confirm the adequacy of the models for 

predicting  the maximum % removal Cr (VI), 

verification experiments were conducted using the 

optimum conditions. The removal rate from the 

validation experiment is depicted in Graphical 

Illustration. Under optimized conditions first order 

kinetics  was recorded. Table 2 lists the values of 

kapp, the linear regression coefficients for pseudo-

first order kinetics of Cr (VI) and corresponding 

half-lives.   

 

Table 2. Photocatalytic kinetic parameters  of Cr 

(VI)  removal under optimized conditions. 

Treatment 

system 

k (min)  t 1/2 

(min) 

R2 

pH=2 0.07 9.9 0.9934 

 

4. Conclusions 

 

The photocatalytic  reduction of Cr (VI) in the 

presence of pyrolytic char/ TiO2 nanocomposite 

material was investigated in detail. Response 

surface methodology based on a central composite 

design (CCD) was used successfully to optimize 

significant parameters for the maximum Cr (VI) 

removal. The optimal values of process parameters 

correspond to catalyst concentration: 55 mg L-1, 

initial concentration of Cr (VI): 20mg L-1, % 

MeOH: 5 concentration and pH:2. Also, it was 

noted that the four parameters tested had 

significant effect on the total efficiency. The 

results obtained indicate that the RSM is a 

powerful tool for optimizing the operational 

conditions of the reduction of Cr (VI) in the 

presence of MeOH. 
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In this study, photo-efficient functionalized TiO2 nanoparticles 
with hydrophilic and hydrophobic organosilane compounds 
were prepared. The modified photocatalysts were grafted by an 
amorphous organic layer as TEM depicted which is a 
combination of both modifiers as FT-IR and Thermal Analysis 
showed. 
The modified photocatatalysts were applied in water based 
paints (20%, 10% w/w). The composite products showed 
increased De-NOx ability accompanied by low concentrations 
of toxic NO2 pollutant.  
 
 

 
 

The development of photoactive paints has 
attracted the attention of scientific community 
since it is an effective way to reduce NOx air 
pollutants accumulated in street canyons and 
underground car parks. For these large scale 
applications, those materials should present photo-
efficiency and inhibition of their own degradation. 
The incorporation of widely used photocatalysts 
such as TiO2 nanoparticles in paints results in the 
formation of toxic photoxidants (O3, PAN) 
because of the OH. radicals derived from NO2 
pollutant. Thus, the development of photoactive 
paints contributing to efficient NO oxidation to 
restrictive production of toxic NO2 and enhanced 
environmentally-friendly NOx is very challenging. 
This study focused on the synthesis of novel 
photoactive paints including functionalized - TiO2 
nanoparticles (20%, 10% w/w) with controlled 
hydrophilic / hydrophobic properties for oxidation 
of toxic air pollutants.  

The surfactants used for the modification 
process were the hydrophilic 3-(2-
aminoethylamino)propyltrimethoxysilane and the 
hydrophobic n-octadecyltriethoxysilane. The 
water-based paint was cordially provided by 
VITEX. The treated nanoparticles showed 
improved dispersion in ethanol solvent in 
comparison with non treated TiO2. Weight loss 
and exothermic peaks were recorded up to 500 ºC 
for functionalized TiO2. TEM micrographs 
revealed an organic layer surrounding the treated 
TiO2. The modified nanoparticles depicted 

increased photonic efficiency as for NO removal 
in comparison with TiO2 photocatalyst.  

Concerning the photocatalytic paint samples 
with commercial photocatalyst, the NO oxidation 
and NOx removal was continuously reduced while 
NO2 production was gradually enhanced. 
Contrariwise, the coatings with modified P25 
show restricted production of NO2 and higher 
values of NOx removal till the end of UV-
irradiation. The photonic efficiency of composite 
photocatalytic products was further improved as 
the hydrophobic surfactant concentration raises till 
there’s an equilibrium of both organic compounds. 
This was attributed to the synergistic effect of 
hydrophilic / hydrophobic properties treated 
nanoparticles show. The hydrophilic preparation 
of TiO2 improved its compatibility to paint while 
the hydrophobic one inhibited the production of 
OH. radicals and thus NO2 increase. 
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 TiO2/rGO composite photocatalysts were prepared by 
hydrothermal treatment of graphene oxide with ex-situ 
crystallized TiO2 as well as with titania precursor. Better 
interfacial contact between the TiO2 and the rGO is perused 
by in-situ synthesis of the TiO2 on the rGO sheets utilizing 
the shape control features of the latter. Higher BET values 
and Eg narrowing was achieved when the TiO2 was 
synthesized in presence of graphene. This type of 
composites exhibited better De-NOx under visible light 
activity attributed to more efficient light absorption and 
charge separation. 

 
Graphene-coupled TiO2 is regarded as highly 

promising photocatalyst because of favourable e- 
transfer from TiO2 to the graphene layers. 
Reduced graphene oxide (rGO) is mainly used for 
modification of TiO2 owing to its hydrophilic 
properties and semiconductor behaviour [1]. It has 
been established that the activity of the TiO2/rGO 
photocatalysts is dependent on the efficient contact 
between the two components [2]. Homogeneous 
distribution and improved interface contact 
between TiO2 and rGO is pursued. 

In the present work, the influence of the 
coupling method of TiO2 with graphene sheets on 
the photocatalytic behaviour of TiO2/rGO 
composites in removal of NOx pollutants from air 
was investigated. Two different routes were 
employed for the preparation of TiO2/rGO 
composites: (a) TiO2 synthesized by sol-gel 
method (ex-situ) was mixed with Graphite oxide 
(GtO) and hydrothermally treated at 180 oC; (b) 
TiO2 was synthesized in presence of graphene 
oxide (in-situ) at hydrothermal conditions.  

In both cases, the GtO used was initially 
prepared via modified Hummers method. The 
loading concentrations of the GtO were 0.01 wt%, 
0.1 wt% and 1 wt%, which undergo partial 
reduction during the thermal treatment. The 
crystalline and electronic structure, morphology, 
porosity and light absorption of the composites 
were comparatively investigated. X-ray diffraction 

peaks originating from the GtO were not recorded 
indicating formation of well mixed TiO2/graphene 
nanocomposites. The Raman spectra revealed 
presence of rGO in the composites with the 
highest loading. The morphology of the 
composites with in-situ synthesized TiO2 exhibited 
more layered orientation and higher BET SSA in 
comparison to the composites with ex-situ 
prepared TiO2. All rGO-containing photocatalysts 
showed small but gradual decrease of Eg from 3.2 
eV to 3.08 eV with the increase of GtO loading.  

The photocatalytic activity of the two groups of 
composites was evaluated in NOx removal from 
ambient air under visible light irradiation 
following standard procedure. Both types of 
TiO2/rGO materials exhibited enhanced activity in 
comparison to the pure TiO2. The composites with 
0.1 wt% and 0.01 wt% GO showed significant 
increase in NOx removal.  

The composites with in-situ synthesized TiO2 
demonstrated superior De-NOx ability which was 
related to better interfacial contact between the 
TiO2 and rGO layers leading to more efficient e- - 
h+ charge separation and reduced recombination. 
In addition, the more efficient one-step preparation 
route, which does not include costly TiO2 
calcination process, renders these materials 
attractive for manufacture of TiO2/rGO composites 
and application as visible light active 
photocatalysts for air purification.    
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 N-doped TiO2 and TiO2/ZnO catalysts were prepared by sol gel 
method and calcined at 380 and 500 °C. Its photocatalytic activity 
was tested in the photodegradation of BTX under UV-A light. 
Photocatalysts were characterised by textural analysis, XRD, 
XPS and photoacoustic spectroscopy. BTX samples were 
analyzed by gas chromatography applying the headspace 
technique. The photocatalytic reactions followed the first order 
kinetics for BTX reduction and the kinetics constants were found 
to be about 24x10-3 min-1 for N-TiO2 and N-TiO2/ZnO calcined 
at 500°C. 
  

Introduction  
TiO2 is the most used photocatalyst due to its low 

cost, easy availability, and chemical stability. 
However, the pratical application of TiO2 is still 
limited. In this sence, many efforts have been 
applied in order to enhance TiO2 photocatalytic 
activity [1]. In the present investigation, N-doped 
TiO2/ZnO and undoped TiO2/ZnO catalysts were 
prepared and its photocatalytic activity was tested 
in the photodegradation of BTX under UV-A light. 

Methods 
TiO2/ZnO and N-TiO2/ZnO (TiZn and N-TiZn) 

were synthesised by sol gel technique, calcined at 
380 and 500°C and then characterised. A mixture of 
BTX (100 mg L-1 each) was prepared and used in 
the photodegradation tests under UV-A rediation 
with 1 g L-1 of catalyst. 

Results e Discussion 
Doped catalysts showed higher specific surface 

area than undoped ones due to the presence of 
nitrogen [1-2] (Table 1). Anatase (A) and rutile (R) 
phases of titania were found when the catalysts 
were annealed at 500°C. The presence of rutile 
phase can be beneficial since it reduces 
recombination rate [3]. The level of nitrogen in N-
doped catalysts was found to be 0.64 at%. 

 
Table 1. Catalysts Characterization. 

Catalyst BET area 
(m2.g-1) 

Band Gap energy 
(eV) 

Ti 380 97.8 3.20 
Ti 500 34.6 3.18 

TiZn 380 161.0 3.34 
TiZn 500 71.7 3.36 

N-TiZn 380 175.7 2.94 
N-TiZn 500 102.1 2.88 
 
The first order kinetic constants, km, were 

calculated by obtaining the average value for the 

degradation kinetic constant of each compound and 
are summarized in Table 2. 

 
Table 2. . Kinetics parameters of benzene, toluene and 
xylenes degradation under UV-A radiation (120 min) 
(120)min. Catalyst kma × 10−3 (min−1)  

Ti 380 9.69±0.43 
Ti 500 11.54±0.48 

TiZn 380 7.88±0.94 
TiZn 500 25.10±0.60 

N-TiZn 380 9.91±1.12 
N-TiZn 500 24.24±0.40 

 
The best result was obtained when mixed TiZn 

catalyst was applied. Doping with nitrogen did not 
enhanced the photocatalytic activity as much as 
mixing TiO2 and ZnO oxides. The TiO2-ZnO 
interface effect is associated to the reduction of 
recombination rate [1]. Meanwhile, doping the 
catalysts with nitrogen reduces the band gap 
energy, which is associated to the enhancement of 
the catalyst activity under visible light. 

Conclusion 
Undoped and N-doped TiO2/ZnO catalysts have 

been synthesized by a simple method and the 
nitrogen doping caused a red shift in the absorption 
band. The oxides TiZn 500 and N-TiZn 500 showed 
efficient catalytic activity in degrading the BTX in 
aqueous solution under visible light. 
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An efficient hydrothermal-assisted synthesis of TiO2 
nanoparticles doped with boron (B) was developed. Tetrabutyl 
titanate was used as titanium precursor compound and boric acid 
as boron source. The prepared photocatalysts were characterized 
by Fourier transform infrared spectroscopy (FTIR). The 
photocatalytic activity of prepared nanoparticles was evaluated in 
terms of the degradation of the synthetic hormone 17a-
ethinylestradiol (EE2) under artificial solar irradiation (λ>280nm) 
and visible light (λ=435nm). Their photocatalytic activity was 
compared with the commercially available P25 Aeroxide. It was 
found that the synthesized B-TiO2 exhibited a good photoactivity 
at λ=435nm (almost 80% EE2 degradation) in 120 minutes 
compare with P25 which was almost inactivated. 
 
 

 
 

Titanium dioxide-with anatase structure- is one 
of the most promising photocatalyst. Its properties 
such high efficiency, low cost, nontoxicity and 
chemical stability, make  TiO2 be suitable 
photocatalyst in various fields, such as energy 
storage, photocatalytic splitting of water for 
hydrogen production, air purification, removal of 
organic and inorganic pollutants and disinfection. 
However, the major TiO2 drawback is that because 
of its bang gap (3.2eV), ultraviolet irradiation is 
required to facilitate the electron-hole separation 
during the catalytic reaction. The fact that the 
majority of the solar radiation is within the visible-
light region and UV light constitutes only 5% to 
the natural-light spectrum necessitates the 
improvement of TiO2 photocatalytic activity and 
the extension of its visible-light absorption. Many 
approaches have been assessed to solve this 
problem such as metal-ion implanted TiO2, 
reduced TiOx photocatalysts and non-metal doped-
TiO2. The approach of TiO2 doping with 
nonmetallic elements such as C, B, N, P, and F, 
has shown great results on extending the 
absorption band to the visible – light region and 
improvement of the photocatalytic activity under 
UV or visible light. Among the elements used, 
boron has attracted much attention. It has been 
shown that doping TiO2 with boron can improve 
the visible-light absorption significantly and can 
enhance the photocatalytic activity. In some 
studies, it was suggested that boron doping into 
TiO2 leads to a red shift of the absorption band to 
the visible region due to the overlapping of the 
impurity states of boron with the 2p electronic 

states of oxygen. In contrast, it was reported in 
other studies that the boron incorporation into 
TiO2 can induce a blue shift due to the decrease of 
crystal size [1-3].                             

In present study, an efficient hydrothermal 
assisted synthesis of TiO2 nanoparticles doped 
with boron was developed. Tetrabutyl titanate 
(Ti(OCH2CH2CH2CH3)4, TBOT) was used as 
titanium precursor compound, boric acid (H3BO3) 
as boron source and ethanol as solvent. In a typical 
synthesis procedure, tetrabutyl titanate (3.4g of 
TBOT, 163mM) was added to the ethanol (30 mL) 
with continuous stirring to obtain solution A. 
H3BO3 (60mg, 16mM) was added in the ethanol 
(30mL), and then ultrapure water (1 mL) and 
HNO3 (0.250 mL) were added to the solution 
under vigorous stirring to obtain solution B.  
Solution A was added dropwise to solution B 
under continuous stirring. Then, the new solution 
was transferred to a Teflon-lined and sealed 
autoclave (High-Pressure Laboratory Reactor, 
Berghof, BR-200, Picture 1 (a)) and heated at 
180oC for 12hours (Table 1). After the 
hydrothermal treatment, the mixture was washed 
with deionized water several times and after each 
washing, it was centrifuged at 3900 rpm for 15 
min. The precipitate was dried at 70 ° C overnight  
(Picture 1 (b)). Pure TiO2 was also prepared by a 
similar procedure without the addition of boric 
acid. The prepared nanoparticles were 
characterized by Fourier transform infrared 
spectroscopy (FTIR). FT-IR spectra of the solid 
samples were recorded on a Spectrum 1000, 
Perkin–Elmer spectrometer in KBr pellets. The 
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photocatalytic activity of synthesized 

nanoparticles under artificial solar irradiation 

(λ>280nm) (Oriel 96000, 150W) and visible light 

(λ=435nm) was investigated. The photocatalytic 

activity of each sample was evaluated in terms of 

the degradation of the synthetic hormone 17a-

ethinylestradiol ([EE2] =0.500mg/L. Catalyst 

concentration was 100mg/L and the volume of 

solution was 300mL. At the given time intervals, 

samples were taken from the mixture and 

immediately centrifuged in order to remove the 

photocatalysts. The residual EE2 concentration 

was determined by high performance liquid 

chromatography (HPLC, Alliance 2690, Waters). 

Separation was achieved on a Luna C-18 (2) 

column (5μm, 250 mm × 4.6 mm) and a security 

guard column (4 mm × 3 mm), both purchased 

from Phenomenex. The mobile phase consisting of 

35:65 UPW:acetonitrile eluted isocratically at 

1mL/min and 30 ◦C, while the injection volume 

was 100 μL. Detection was achieved through a 

fluorescence detector (Waters 474 Scanning 

Fluorescence Detector) in which the excitation and 

emission wavelengths were set at 280 nm and 305 

nm, respectively. 

 

Table 1. Description of photocatalysts synthesis 

conditions 

Catalyst  Synthesis conditions 

TiO2 
Hydrothermal treatment, 180oC, 

12h 

10% B-TiO2 
Hydrothermal treatment, 180oC, 

12h 

 

 

 

Figure 1. FT –IR spectra of the synthesized (a) 

TiO2 and (b) Boron doped TiO2 (10% B-TiO2) 

Figure 1, shows FT-IR spectra of synthesized 

TiO2 and B doped TiO2 photocatalysts. For both of 

samples, the bands at 3380 cm−1 and 1624 cm−1 

are assigned to the stretching of hydroxyl groups 

and the bending vibration of H2O adsorbed on the 

surface of the samples. The peak at 452cm-1 is 

assigned to the stretching of Ti–O bond. The peak 

at 1398cm-1 (Figure 1 (b)) can be attributed to the 

presence of tricoordinated (in the form of B3+) 

interstitial borons, which tends to interact with 

ambient oxygen atoms to exhibit chemical 

environments similar to that of normal Ti-O-B [3], 

[4]. 

 

Figure 2. EE2 degradation under artificial solar 

irradiation (λ>280nm), [EE2] =0.500mg/L, 

[catalyst]=100mg/L, ultrapure water, inherent pH). 

 

Figure 3. EE2 degradation under visible 

irradiation (λ=435nm), [EE2]=0.500mg/L, 

[catalyst]=100mg/L, ultrapure water, inherent pH) 

 

As can been seen in Figure 2, under artificial 

solar irradiation, pure TiO2, synthesized by the 

hydrothermal treatment, seem to have the lowest 

photocatalytic activity compare with the 

commercial P25 Aeroxide. More specifically, EE2 

was completely degraded in the case of P25 in 30 

minutes irradiation, 90% and almost 80% in 90 

minutes irradiation in the case of B-TiO2 and pure 

TiO2 respectively. Although, the B-TiO2 cannot 

achieve totally removal of EE2 in comparison with 

P25 Aeroxide, it is obvious that the boron doping 

of TiO2 enhances its photocatalytic activity.   
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Picture 1. (a) High-Pressure Laboratory 

Reactor, Berghof, BR-200, (b) Synthesized Boron 

doped TiO2 

 

 

Figure  4. Comparison of photocatalytic activity 

of commercially available P25 Aeroxide, pure 

synthesized TiO2 and B-TiO2, under artificial solar 

irradiation (λ>280nm) and visible light (435nm)  

 

In the other hand, under visible irradiation 

(λ=435nm), the B-TiO2 catalyst present a 

remarkable photocatalytic activity. As can been 

seen in Figure 3, the P25 Aeroxide is almost 

inactive (20% removal of EE2 in 120 minutes of 

visible irradiation) whereas synthesized TiO2 and 

B-TiO2 achieved 58% and 75% EE2 removal, 

respectively. The enhanced photocatalytic activity 

of B-TiO2 in the visible region can be attributed to 

the extension of its visible-light absorption. 

Further experiments were performed to study the 

effect of several experimental parameters during 

the hydrothermal treatment such as %w/w boron 

content, the temperature and the duration of 

hydrothermal treatment.               

From the above results is indicated that TiO2 

doping with non metallic elements as Boron is an 

effective method of enhancement of photocatalytic 

activity of TiO2 and enables the use of  the visible-

light region of solar radiation. 
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Greywater as a sustainable water source: A photocatalytic treatment 
technology under artificial and solar illumination
S. Tsoumachidou1, T. Velegraki1, I. Poulios1.(1) Laboratory of Physical Chemistry, Department of Chemistry, 
Aristotle University of Thessaloniki, 54124 Thessaloniki, Greece, stsoum@gmail.com

Given the worldwide water scarcity and future demands, the 
utilization of recycled wastewater as an alternative water source 
is gaining increasing attention. Greywater, the wastewater 
generated from washing activities in households (excluding 
blackwater) which is around the 75% of the total domestic 
wastewater flow, has a high potential for recycle and reuse 
options. Greywater treatment can provide reclaimed water in 
sufficient amounts for reuse options, inducing a reduction of 
potable water requirement within a household.
In this paper, the photocatalytic degradation of simulated 
greywater (SGW) is investigated. The mineralization of SGW 
by heterogeneous and homogeneous processes was investigated 
under artificial and solar irradiation and the effect of various 
operating variables has been assessed.

Water is an essential resource for survival of all 
living creatures. Safe and sufficient quantity of 
water is necessary for a healthy growth. A third of 
the world's population is facing some form of 
water scarcity. [1] Water scarcity is a worldwide 
problem, even in places that were traditionally 
conceived as water ample regions (Europe, Japan, 
etc.), which needs to be prevented with several 
actions to guarantee the water supply for all the 
people. Waste water recycling is emerging as an 
integral part of water demand management. 
Domestic water recycling is an attractive option 
due to relatively high domestic water consumption 
coupled with an intensive population. [2]

In order to reduce the water stress, especially in 
developing countries, greywater (GW) 
management is becoming really important. Despite 
the described inadequate greywater management 
risks, greywater has an increasing international 
recognition as an alternative water source for reuse 
such as garden irrigation, toilet flushing, washing 
vehicles and others. Greywater should, therefore,
be regarded as a valuable resource and not as a 
waste. Greywater reuse is an effective measure for 
saving water on the domestic level and reducing 
load on wastewater treatment plant. Where water 
is scarce and expensive, greywater reuse may lead 
to considerable economic benefits. [1]

Greywater is defined as wastewater that comes 
from kitchen sinks, baths, washing machines and 
hand basins excluding wastewater from toilets and 
urinals (blackwater).

The characteristics of greywater depend on the 
number of occupants, the age distribution of the 
occupants, their lifestyle and water usage patterns, 

living standards, social and cultural habits, type 
(i.e. soaps, toothpastes, shampoos, detergents, etc.) 
and quantity of household chemicals used, and 
length of time for which greywater is stored before 
being used. Bathroom greywater contains soaps, 
shampoos, toothpaste, body care products, shaving 
waste, skin, hair, body fats, lint, and traces of urine 
and faeces. Laundry greywater contains high 
concentrations of chemicals from soap powders 
(such as sodium, phosphorous, surfactants and 
nitrogen), bleaches, oils, paints, solvents, and non-
biodegradable fibres from clothing. Greywater 
originating from kitchen sink contains food 
residues, high amounts of oil and fat, dishwashing 
detergents. Greywater originating from automatic 
dishwasher contains bacteria, foam, food particles, 
high pH, hot water, odour, oil and grease, organic 
matter, salinity, soaps, suspended solids and 
turbidity. [1]

Among the so-called Advanced Oxidation 
Processes (AOPs), photocatalytic oxidation has 
shown great promise in the treatment of 
wastewater, since it could be suitable to remove 
recalcitrant organic compounds [3] and able to 
achieve the disinfection of wastewater [4]. The 
photocatalytic decomposition of organic 
compounds of environmental concern (e.g. UV 
filters, detergents, fragrances, etc.) has been 
studied extensively during the last 25 years and it 
has been demonstrated that it can be an alternative
to conventional methods for the removal of 
organic pollutants from water. Additionally, an 
advantage of the photocatalytic process is its mild 
operating conditions and the fact that it can be 
powered by sunlight, thus reducing significantly 
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the electric power required and, therefore, 
operating costs. 

The current study provides results describing the 
heterogeneous and homogeneous photocatalytic 
oxidation of greywater, under various 
experimental conditions in the presence of 

artificial and solar illumination. A simulated 
greywater (SGW), composed of commercial 
personal care products (PCPs), was reconstituted 
in order to conduct experiments on a reproducible 
effluent. 
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Electrospinning Technique 

  

G. Skouras1, G. Tatsi1, N. Todorova2, C. Trapalis2, T. Vaimakis1. 
(1) University of Ioannina, Department of Chemistry, 45110, Ioannina, Greece, gskouras@cc.uoi.gr. 
(2) Institute of Material Science, NCSR, “Demokritos”, 15310, Ag. Paraskevi, Athens, Greece. 
 

 

  
This study presents a combination of sol-gel method and 
electrospinning technique for the fabrication of TiO2 fibers of 
mixed anatase and rutile phase for acetone decomposition. The 
fibers characterized using the adsorption-desorption isotherms of 
nitrogen (BET model), UV-DRS spectroscopy, XRD and SEM 
techniques. The photocatalytic activity of the titania fibers was 
investigated by the decomposition of acetone under ultraviolet and 
visible irradiation. 

Introduction 

Titanium dioxide is known as the most suitable 
semiconductor to be used due to its biological and 
chemical inertness, strong oxidizing power, low 
cost and long time stability against photo- and 
chemical corrosion. Acetone (C3H6O) is one of the 
most common indoor air pollutants that comes 
from several industries and household purposes. 
Electrospinning is a broadly used technology for 
electrostatic fiber formation which utilizes 
electrical forces to produce polymer fibers with 
diameters ranging from 2nm to several 
micrometers using polymer solutions. 

 

Materials and Methods 

The reagents used were polystyrene (PS), titanium 
(IV) propoxide (TiPrO), dimethylformamide 
(DMF) and acetic acid glacial (AA).  A sol of PS, 
TiPrO and AA (T10, T20) in DMF, was electro-
spun. The used voltage was 17KV, the distance of 
the tip target to the collector was 8 cm and the 
flow rate was 1.2 mL/h. The as-spun fibers were 
calcined at 450 oC for 3 h. The calcined fibers 
characterized using the BET model, UV-DRS 
spectroscopy, XRD and SEM techniques. The 
photocatalytic activity of the titania fibers was 
evaluated by measuring the decomposition of 
acetone. In liquid dispersions which contained 0.2 
gr from each sample the suspensions were placed 
in Petri Dishes and then dried at 90 oC for 2 hours. 
After that the dishes were placed in the 
photoreactor where previously had reached at 
room temperature. The acetone is imported 
dropwise in the photoreactor and the vapours come 
at adsorption equilibrium with the photocatalyst. 
After the stabilization of the concentration of CO2 
in the dark the irradiation process begun. 

 

Results and Discussion 

The BET analysis showed that the specific surface 
area of the prepared samples were equal (T10) and 
lower (T20) than P25. The calculated band gaps 
(Table 1) from UV-DRS spectroscopy of the 
samples are lower than Degussa P25 that means 
that are active in the visible region. XRD patterns 
show that the rutile phase in our samples is in a 
higher proportion than Degussa P25. SEM images 
show small bars ranging from 0.8 to 3.5µm. The 
acetone decomposition (Table 2) showed lower 
photocatalytic activity in our samples in contrast to 
the reference Degussa P25 under ultraviolet 
irradiation but under visible light irradiation the 
prepared samples showed better photocatalytic 
behavior and exceeded the Degussa P25 activity. 

 

Table 1. Characterization of the samples. 

 

Table 2. Photocatalytic activity of the catalysts. 

 

Material 
Code 

TiO2  Phases  
(%) 

 SSA 
(m2/g) 

BG 
(eV) 

 Anatase Rutile   
P25 75 25 53 3.09 
T10 68 32 52 2.97 
T20 73 27 47 2.98 

Material  
Code 

        UV                  Visible 
Rate constant x10-2 (min-1) 

P25 1.4 0.7 
T10 0.95 1.35 
T20 1.1 1.2 
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An ecotoxicity based lab-scale optimization for  removal of 
three antibiotics in a suspended photocatalytic reactor
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Since most of antibiotics have been demonstrated to be 
low degradable in biological treatment systems, 
advanced oxidation processes have gained an essential 
attraction to oxidize them. This study attempts to 
optimize the removal of 10 mg.L-1 of three antibiotics 
(ampicillin, amoxicillin and clarithromycin) in 
suspended photocatalytic oxidation process at varying 
catalyst doses and pH conditions following a matrix 
approach. The process efficiency was evaluated in terms 
of degradation, mineralization and eco-toxicity. A
different rate of mineralization and degradation was 
observed for each antibiotic. pH and TiO2/antibiotic ratio 
were found to be important factors for process 
optimization. TiO2 doses were also sufficient for 
degradation and mineralization of transformation by-
products being possible promoters of toxicity formation.

Keywords: Antibiotics, Ampicilline, Amoxicillin, 
Clarithromycin, Daphnia magna, Photocatalysis, TiO2

Background
Antibiotics are highly consumed for human and 

veterinary treatment. As used a portion (1-10%) is 
remained unchanged and reach urban wastewater 
treatment plants (UWWTP) where they are not 
biodegraded effectively and can reach surface waters in 
the effluents, thus they pose severe risk to the aquatic 
environment [1,2].

The high polarity and non-volatile nature of most 
antibiotics contribute to their stability in water matrices 
rather. Antibiotics have potential to promote 
development of antibiotics resistant (AR) bacteria and 
AR genes causing non-easily mediated diseases [1].
Thus, removal of antibiotics in the UWWTP effluents 
urged the application of new and improved wastewater 
treatment technologies such as advanced oxidation 
processes (AOPs).

Photocatalysis has been demonstrated to degrade 
effectively most of the antibiotics, but mostly far from 
dealing process efficiency of the same reactor treating 
them at the same process conditions and considering 
effluent toxicity [1,3,4].

In this study, three antibiotics were treated in a lab-
scale suspended photocatalytic media irradiated in a new 
light flux adjustable photo-reactor at the same treatment 
conditions. Concentration of antibiotics was set to 10 
mgL-1, to enable (i) assessment of PC process efficiency 
within a measurable time scale, and (ii) the accurate 
determination of  organic carbon with the analytical 
techniques employed in this work

PC process efficiency was evaluated in terms of 
variations/reductions in UV absorbance as assign of 

ongoing process mechanism and TOC values 
representive of the mineralization rate [8].

Mineralization rates and UV absorbane findings were
correlated with pH and toxicity to Daphnia magna.

Materials and Methods
Chemicals

Ampicillin (AMP), amoxicillin (AMX) and 
Clarithromycin (CLRT) were provided from a
pharmaceutical company at ingredients purity and used 
as obtained. Titanium dioxide (TiO2) (CAS# 546-68-9)
was purchased by Sigma-Aldrich. Nuve ND12 distilled
water system was used for the freshly prepared solutions
with a final concentration of 10 mgL-1of each antibiotic.

Experimental

TiO2 nanoparticles were subjected to adsorption
experiments under dark conditions with (5 min) and 
without ultrasound irradiation (40000 Hz). All 
experiments were performed in a batch reactor system 
under an incidient photon flux of 36,6 w/m2 measured by 
Universal photometer. A 300 mL rectangular Pyrex
reactor was filled with 10 mgL-1 antibiotic solutions . 
Three doses of TiO2, (0.5-1-2 gL-1) and four pH (3, 5, 8, 
11) values were investigated considering pKa values of 
the studied antibiotics and zero point charge of TiO2
(6.2) during matrix approach based experiments for each 
antibiotic. pH was measured at the end of each treatment
cycle. TiO2 was added just after pH adjustments and 
before the UV irradiation was turned on.

Analysis

The treated samples were filtered through 0,45 um 
(Cellulaseacetate) to remove TiO2 particles. TOC 

1
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removal (Shimadzu, TOC-L CPN) was monitored to 
optimize degradation which was not effectively 
distinguished by UV-vis spectrophotometer (Shimadzu 
UV Lamda 1800) due to intermediates formation. pH 
(MRC Multiparameter) was also monitored in parallel to 
ecotoxicity in the samples.  

   Ecotoxicity  

   Acute toxicity of aqueous raw and treated samples of 
antibiotics was assessed on new born (<24 h) freshwater 
crustacean, Daphnia magna according to ISO6341 
method [5]. Experiments were performed as four 
replicates and 5 daphnids were tested in each replicate 
for 24 and 48 h of exposure times. Immobilization 
percentage determined by dividing total immobilized 
organisms to total number of tested organisms [5]. 

    Results and Discussion 

Different pKa values of antibiotics are known to be 
responsible to create surface interaction of antibiotics on 
TiO2 nanoparticles in the solution [7].  Thus it is 
expected to have antibiotic-specific optimized pH value. 
Optimum pH was defined to be 5 for CLRT (Figure 1) 
and  8 for AMX (Figure 2) and AMP (Figure 3). 
Increasing the TiO2/antibiotic ratio promoted degradation 
and mineralization of antibiotics studied. 
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Figure 1. Absorbance evolution during photocatataltic 
(PC) oxidation of 10 mgL-1 CLRT without  (a) and 
with ultrasonication (US) (b) at 0,5 gL-1 TiO2 and 
pH:5; and at 2 gL-1 TiO2 and pH 5 (c) 

  Adsorption studies pointed out that adosrption is almost 
negligible level and adsorption-desorption equilibrium of 
any antibiotic on TiO2 could be reached from 0 to 30 min 
(data not shown) in accordance with the literature [7].   
Pre-ultrasonication did not improve adsorption (data not 
shown), however it enhanced subsequent photocatalytic 

degradation of antibiotics. As can be seen in Figures 1-2-
3 b, UV absorbance peaks disappeared after 30 min 
oxidation, when pre-ultrasonicated TiO2 particles were 
used in the process..  
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Figure 2. Absorbance spectra of  10 mgL-1 AMX 
photocatalytic oxidation without (a) and with 
ultrasonication at 0.5 TiO2 gL-1 and pH 8 (b) and 
without  ultrasonication at 2 gL-1 TiO2 and pH 8 (c). 

  Varying UV spectra of each antibiotic indicated an  
ongoing antibiotic degradation as well as formation of 
intermediates during varying photocatalytic oxidation as 
seen in Figure 1a,c, Figure 2a and Figure 3a  [8].  TOC 
removal was the indicator parameter to define optimum 
treatment conditions .  The final optimized process 
efficiencies differed among antibiotics (Figure 4a).    
This is attributed to the interaction of oxidation 
intermediates with catalyst [7]. Thus a simultaneous 
degradation of intermediates which are to be antibiotic-
specific, in parallel to target antibiotic might occur. For 
instance, no AMP was detected after 15 min oxidation 
(data not shown) which indicated its complete 
conversion to intermediates that are possible promoters 
of toxicity in treated effluent [6,9] as seen in Figure 4b. 
As seen in Figure 4a the highest TOC removal was 
observed for AMP at pH at which ecotoxicity was 
observed as minimum  after 120 min oxidation. 
Intermediates formed during first 15 min oxidation that 
increased toxicity to 100%, started to stabilize exhibiting 
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a decrease in toxicity to minmum (30% immobilization). 
Similar conformity between degradation and ecotoxicity 
was observed for other antibiotics too (data not shown).  
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Figure 3. PC, 0,5 gL-1 TiO2, AMX 10 mg/L, pH:8 b) 
US + Pc, 0,5 g/L TiO2, AMP 10 mg/L, pH:8 c) PC 
2gL-1 TiO2, AMP 10 mg/L 

Conclusion 

  In this study photocatalysis process was optimized for 
the removal of three antibiotics using the same treatment 
conditions. Pre-ultrasonication and higher TiO2 
dose/antibiotic concentration ratio enhanced 
photocatalysis efficiency for the investigated antibiotics. 
Optimum pH was defined to be the same for AMX and 
AMP and different (pH 5) for CLRT at the same TiO2 
dose. TOC removal for AMP system was the highest. 
Degradation of antibiotics chemical structure was 
confirmed by ecotoxicity results at optimum process 
conditions. This work  emphasizes the necessity of 
studying antibiotics at the same treatment conditions to 
better understand their behaviour in full-scale plants. 
Ecotoxicity should be monitored for deciding optimum 
process conditions to secure environmentally safe 
process effluent.    
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The Influence of Polychromatic Light on Carbofuran Degradation in 
ZnO Aqueous Suspension 
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Osram ultra-vitalux�  lamp (315-400 nm, 300 W) and ZnO was 
used to study the photocatalytic degradation of insecticide 
carbofuran in water. The effect of the operational parameters such 
as initial carbofuran concentration, pH and initial salt concentration 
(NaCl, NaNO3, Na2CO3, and Na2SO4) was studied. The 
photodegradation rate was higher in acidic than in alkaline 
conditions. When salt effect was studied, it was found that sodium 
carbonate was the most powerful inhibitor used, while sodium 
chloride was the weakest one. Under the employed conditions, 
almost complete disappearance of 88.48 mg/L of insecticide, and 
57% TOC occurred within 2 h. The ion chromatography results 
showed that the mineralization led to oxalate, acetate and formate 
ions during the process.   

 
 
 Carbofuran is a broad-spectrum carbamate 
insecticide, acaricide and nematocide which was 
introduced in 1965 [1]. According to EPA, WHO 
and EC classification carbofuran is highly toxic 
compound [2]. Also, carbofuran presents a high 
persistence in water due to its chemical stability, 
consequently, it is detected in both, surface and 
wastewater. As carbofuran exhibits a special 
refractory character to biodegradation methods [3], 
our researche program focused on its oxidation by 
AOPs.  

At our previous investigations about 
photocatalytic degradation of carbofuran and 
methomyl the highest reaction rates were observed 
when 2.0 g/L of both TiO2 or ZnO were used [4] 
and accordance with, all experiments had been 
conducted with 2 g/L of ZnO as catalyst. Reaction 
proceeded fast and practically completed within 
the first 60 minutes. After 2 h of illumination less 
than 0.05 mg/L of carbofuran (or only 0.06% of 
beginning concentration) was detected in the 
raction solution. Reactions were followed by UV 
spectroscopy as well as HPLC, IC, and TOC. All 
the reaction were pseudo first order rate kinetics 
with constant k 0.0260 min–1, 0.0214 min–1, and 
0.0139 min–1, repectively. The addition of 
different ions in the reaction mixture led to 
modification of the raction rate of carbofuran. 
Having in mind the molecular structure of 
carbofuran, one could expect, as a result of his 
degradation, the possible formation of ammonium, 
nitrate, and nitrite ions, but our results show the 
formation of oxalate, acetate, and formate ions 

during the process in the presence of 2 g/L of ZnO, 
also in the presence of 0.2 g/L of ZnO. It is a 
confirmation that, in the present photoreaction, the 
originating of ions are independent from 
concentration of both, pesticide and catalyst. 
Obtained results implied that formation of ions 
depend of type of applied light and type of 
catalyst. Therefore, as TOC was not completely 
removed in our experiments, the identification of 
main by-products formed during the oxidation of 
88.48 mg/L of carbofuran by 2 g/L of ZnO and 
22.12 mg/L of carbofuran by 0.2 g/L of ZnO were 
carried out in GC-MS experiments. Several main 
carbofuran by-products were identified and 
confirmed by GC-MS analysis. Also, ZnO and 
TiO2 (Degussa and Merck anatase and rutile) were 
compared under the same reaction conditions. 
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Preparation of octahedral anatase titania particles for decomposition 
of chemical and microbiological pollutants 
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 Octahedral anatase particles (OAPs) were prepared by an 
ultrasonication (US)–hydrothermal (HT) reaction of partially 
proton-exchanged potassium titanate nanowires (TNWs).  The 
photocatalytic activities were examined for oxidative 
decomposition of acetic acid, dehydrogenation of methanol, 
decomposition of bacteria cells and growth inhibition of mould 
fungi.  The optimized conditions of US–HT process resulted in 
preparation of titania powders containing higher content of 
OAPs, and thus possessing enhanced photocatalytic activities.  It 
was found that morphology of the OAP products had obvious 
influence on degradation efficiency of both chemical and 
biological pollutants.   
 

 
In order to design photocatalysts with enhanced 
photocatalytic activity, it is necessary to study the 
correlations between physical/structural properties 
and photocatalytic activity.  The morphology of 
photocatalyst particles is one of the possible 
candidates among the properties influencing 
photocatalytic activities.  Therefore, morphology 
of anatase titania photocatalysts possessing eight 
thermodynamically most stable {101} facets 
(octahedral anatase particles, OAPs) has been 
studied in detail.  It was found that OAPs prepared 
by an ultrasonication (US)–hydrothermal (HT) 
reaction exhibited relatively higher activities for 
oxidative decomposition of organic compounds 
under aerated conditions, but poor activities for the 
photocatalytic reaction under deaerated conditions 
[1,2]. In the present study, optimization of 
preparation conditions, such as amount of 
precursor, volume of water and HT temperature, 
have been investigated. 

Partially proton-exchanged potassium titanate 
nanowires (60–600 mg) were ultrasonically 
dispersed in Milli-Q water (20–80 mL) for 1 h. 
The suspension was placed in a sealed Teflon 
bottle (100 mL) and then heated for 24 h (423–463 
K).  After cooling, white precipitate was collected 
by centrifugation and dried at 393 K for 12 h.  
Photocatalytic activities of prepared samples were 
measured by two reaction systems with 

measurement of amount of carbon dioxide (CO2) 
and hydrogen (H2) liberated from an aerated 
solution of aqueous acetic acid (CO2 system) and a 
deaerated solution of aqueous methanol in the 
presence of in-situ deposited platinum (H2 system), 
respectively.  A 400-W high-pressure mercury 
lamp was used for the photoirradiation (>290 nm).  
Antimicrobial properties were examined for 
bacteria (Escherichia coli) and mould fungi 
(Penicillium chrysogenum and Aspergillus niger) 
under vis and/or UV irradiation and in the dark.  
For antibacterial properties, photocatalysts was 
added to bacteria suspensions, continuously stirred 
and irradiated [4].  The antifungal properties were 
tested by agar plate method, where basal medium 
was supplemented with titania samples [5].   

The products contained higher content of OAP 
were prepared successfully.  The correlation 
between the morphology and photocatalytic 
acitivity shows that the products with higher 
content of OAP resulted in higher level of 
photocatalytic activity.   It was found that OAPs 
showed high antimicrobial properties, probably 
due to their sharp edges and small sizes (large 
interface between titania and microorganism).  The 
comparison between antimicrobial properties of 
OAPs and commercial titania photocatalysts of 
similar physical properties will be discussed in 
detail. 
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Polymer modification of TiO2 nanoparticles via the “grafting to” 
approach, for enhancement of their photocatalytic performance. 
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In this work, the enhancement of the photocatalytic performance of 
TiO2 nanoparticles was achieved by a facile route, via their in situ 
surface modification with polymer chains. Random copolymers 
were synthesized by RAFT and/or free radical copolymerization 
and their attachment onto the surface of anatase titania 
nanoparticles was performed via the “grafting to” method. The 
hybrid catalysts were tested for their photocatalytic performance in 
the removal of methylene blue dye. The enhanced photoactivity of 
the modified photocatalysts compared to that of bare TiO2,can be 
attributed to their superior features, such as their increased 
dispersion stability and the higher dye adsorption capacity. 
 
 

 
 

In the search for more effectual treatment 
methods for the elimination of water pollutants, 
advanced oxidation processes (AOPs) have 
emerged as promising alternatives, and among 
them, heterogeneous photocatalysis has attracted 
significant attention. TiO2 is a semiconductor 
material that has been most extensively used for 
the photocatalytic degradation of numerous 
pollutants, because of its low cost, high efficiency 
and photochemical stability [1]. On the other hand, 
the maximization of its photoactivity is inhibited 
by a number of drawbacks, i.e. the high degree of 
particle aggregation, its wide band gap (~3.0-3.2 
eV) and the high electron-hole recombination rate. 
In an effort to overcome these problems, many 
potential approaches are under investigation, such 
as doping with noble metals, coupling with 
carbonaceous materials and conductive polymers.  

In this work, a novel route for the enhancement 
of the photocatalytic performance of TiO2 
nanoparticles is reported, via their in situ surface 
modification with functional polymers. The 
binding efficiency of the polymers bearing 
different groups (carboxylic acid or catechol) on 
the surface of TiO2, as well on the activity of the 
hybrid materials was evaluated. The photoactivity 
of the catalysts was evaluated by the removal of 
methylene blue (MB) dye under UV-Vis light 
irradiation. 

In particular, random copolymers were 

synthesized by RAFT or free radical 
polymerization. In the case of RAFT 
polymerization, (2-(dodecylthiocarbonothioylthio) 
-2-methylpropanoic acid) was prepared using a 
synthetic route proposed by Lai et al [1] and was 
used as the chain transfer agent (CTA). The 
(co)monomers used were poly(ethylene glycol) 
methyl ether acrylate (PEGA), methacrylic acid 
(MAA) and dopamine methacrylamide (DMA) 
[2]. 

 

Table 1. Experimental conditions used for the 
polymer synthesis.  

Synthesis Monomer 
molar ratio 

Reaction 
conditions 

RAFT PEGA:MAA 
8:3 

 

In 1,4 Dioxane, 
70ºC, 24 h 

RAFT 
PEGA:DMA 

8:3 
In 1,4 Dioxane, 

70ºC, 24 h 
Free 

radical 
PEGA:DMA 

8:3 
In 1,4 Dioxane, 

60ºC, 21 h 
 

Anatase TiO2 nanoparticles of an average 
diameter of 5 nm were synthesized by hydrolysis 
using a precursor solution of titanium 
isopropoxide in isopropanol, followed by 
hydrothermal treatment at 95ºC for 24 h [3]. A 
high H2O:alkoxide molar ratio (~150) was 
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required to ensure a more complete hydrolysis, 

favoring nucleation in detriment of particle 

growth. Moreover, as H2O determines the degree 

of crystallization, the high water content ensures 

proper hydrothermal treatment. Polymer modified 

TiO2 was prepared by the in situ attachement of 

the polymer chains on the surface of the 

nanoparticles, achieved by dissolution of an 

appropriate amount of polymer (100 or 300 mg) in 

the reaction solvent, prior to the hydrolysis of the 

alkoxide. 

The photocatalytic decolorization of a 20 ppm 

aqueous solution of MB was carried out with 160 

ppm of the photocatalyst. The irradiation was 

provided by a high pressure mercury lamp (150W) 

emitting in the UV-Vis spectrum range, while 

changes in the concentration of MB were 

monitored by UV-Vis spectroscopy. 

 

Table 2. TiO2 modified particles and polymer 

content.  

Polymer Grafted 

polymer (%) 

 

RAFT 

P(PEGA-co-MAA), 100 mg 
11 

RAFT 

P(PEGA-co-DMA), 100 mg 

 

15 

RAFT 

P(PEGA-co-DMA), 300 mg 
27 

Free radical 

P(PEGA-co-DMA), 100 mg 
16 

 

The high binding efficiency of the catechol 

containing copolymer was determined by 

thermogravimetric analysis (TGA), suggesting the 

catechols are more efficient binding groups 

compared to carboxylic acid (Table 2) [4]. 

Moreover, upon increasing the polymer used in the 

reaction feed from 100 to 300 mg, a higher 

polymer content on TiO2 was found (15% versus 

27%).  

The crystallinity of the inorganic nanoparticles 

was not inhibited by the presence of the polymer 

in the reaction, resulting in the formation of 

anatase nanoparticles. Additionally, ATR-FTIR 

measurements indicated that the polymer was 

attached on the TiO2 surface via the formation of a 

bidentate linkage (mononuclear chelating and/or 

binuclear) with the hydroxyl groups on the surface 

of the nanoparticles [5]. At the same time, the 

aggregation of the nanoparticles was significantly 

decreased, as seen by TEM (Figure 1). 

 

Figure 1. TEM images of (a) bare TiO2 and (b) 

27% RAFT P(PEGA-co-DMA) modified TiO2. 

 

The photocatalytic performance of the polymer 

modified TiO2 was in all cases higher than that of 

the bare TiO2 photocatalyst. Moreover, the 

performance of the synthesized nanocatalysts 

stabilized with the copolymer prepared by free 

radical polymerization was superior to that of the 

modified TiO2 using the copolymer prepared by 

RAFT, which was attributed to a possible 

scavenging of the charge carriers by the sulfur 

bearing RAFT copolymer. In addition, an 

enhanced dye adsorption capacity was observed in 

the case of the 27% P(PEGA-co-DMA) modified 

TiO2, which was the sample with the highest 

polymer loading.  

In conclusion, semiconductor materials loaded 

with functional copolymers are promising 

materials for the effective photocatalytic removal 

of water contaminants, thanks to their superior 

properties compared to conventional TiO2. 
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 Hexavalent chromium reduction to the trivalent state was 
evaluated in a solar driven photocatalytic system, using cellulose 
acetate monolithic structures coated with TiO2-P25 thin films, in 
the presence of citric acid. Heterogeneous photocatalytic 
processes are more attractive for water treatment, since the need 
for a post-filtration step is avoided. Firstly, the effect of the 
number of TiO2 coating layers on the Cr(VI) photoreduction was 
analysed. The catalytic activity increased substantially from 3 to 
6 layers, and afterwards remained unchanged. The influence of 
citric acid concentration was also studied. Its gradual addition 
along the reaction improved the reaction rate. Using two doses 
of citric acid (0.072 mM), the reduction of 0.0192 mM Cr(VI) 
was achieved in 45 min (2.17 kJ L-1). 
 
 

 
 

Introduction 

Recently, the photocatalytic reduction of Cr(VI) 
to Cr(III) using different semiconductors has 
received considerable attention [1]. Due to its high 
stability and relatively low cost, TiO2 is the most 
frequently used photocatalyst. In the 
photocatalytic process, electron (e−) and hole (h+) 
pairs are generated due to the photons absorption 
with higher energy than the semiconductor 
bandgap. The generated photoelectrons can react 
with Cr(VI) originating Cr(III) [1]. 

As the anodic reaction is sluggish, an arrest of 
Cr(VI) reduction is observed because of the 
Cr(V)/(IV)/(III) species reoxidation by holes or 
•OH radicals. On the contrary, Cr(VI) removal in 
the presence of sacrificial organic agents is 
complete in less time, as the short-circuiting 
process is hindered (Graphical abstract). In many 
cases, organic compounds (as citric acid) are 
present simultaneously with Cr(VI) in the 
wastewater as a result of different industrial 
processes, being important to take into account 
their contribution. 

Most of the information on water treatment by 
photocatalytic processes is concerned to the 
evaluation of compounds removal using 
semiconductors in suspension. However, 
heterogeneous processes are more attractive for 
real applications, eliminating the need for a post-
filtration step and allowing, at the same time, the 
semiconductor reuse. 

Supports can be coated with catalyst films by 
several methods, such as chemical/physical vapour 

deposition, sputtering or dip coating methods. 
Materials as ceramic tiles, stainless steel, paper, 
fiberglass and glass were already tested as 
supports. However, thin-walled monolith 
structures of cellulose acetate is a promising 
alternative since it is UV-transparent, lightweight, 
inexpensive and easily shaped polymeric material 
[2]. 

In this work, the photoreduction of hexavalent 
chromium present in aqueous solutions was 
investigated using TiO2-coated cellulose acetate 
monolith structures in the presence of citric acid 
irradiated by simulated solar light. 

 
Methods 

Cr(VI) solutions were prepared from K2Cr2O7 
(Merck, purity 99.9%). 1,5-diphenylcarbazide 
(Merck, purity 98%) was used as colorimetric 
reagent to determine Cr(VI) concentration. TiO2 
P25 powder was supplied by Evonik® (formerly 
Degussa) and used as delivered, without further 
modification or purification. Some characteristics 
of P25 powder provided by the manufacturer are 
given in Table 1. Cellulose acetate monolithic 
(CAM) structures (TIMax CA50-9/S - LC = 80 
mm, d2

ch = 9 mm × 9 mm, ew,ch = 0.1 mm) were 
evenly coated using aqueous suspensions of P25 
by the dip-coating method (Dip-Coater RDC 15, 
Bungard Elektronik GmbH & Co. KG). Several 
P25 powder layers  (3 –  12) were deposited by 
immersing the monolithic structures into an 
aqueous suspension at a withdrawal rate of 0.8 mm 
s−1 , assuring a thin and uniform film on each 
substrate surface (samples were dried at 50ºC for 
30 min between each layer deposition). Before 
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coating, the monolithic structures were soaked for 

1 h with distilled water and alkaline detergent 

(Derquim LM 01, Panreac Química, S.A.U.), 

subsequently washed with Milli-Q water, and 

dried at 50ºC. The photocatalyst aqueous 

suspension (2 wt. %) was sonicated for 10 min at 

50 kHz in order to better disperse the particles. 

The TiO2-coated monolithic structures were 

assembled into the tubular photocatalytic reactor 

for the Cr(VI) reduction studies. The catalytic bed 

properties are also detailed in Table 1. 

Total chromium concentration was determined 

by atomic absorption spectrometry (current/λ of 

6.0 mA/357.9 nm) with a detection limit (DL) of 

0.08 mg L-1. The hexavalent chromium 

concentration was measured by molecular 

absorption spectrophotometry (λ = 540 nm, DL = 

2.05 µg L-1).  

The photocatalytic experiments were carried out 

in a lab-scale photoreactor comprising: (i) a solar 

radiation simulator (ii) a compound parabolic 

collector (CPC) with 0.026 m2 of illuminated area 

and Duran tube (cut-off at 280 nm, internal 

diameter 46.4 mm, length 161 mm and thickness 

1.8 mm); (iii) one glass vessel with a cooling 

jacketed coupled to a refrigerated thermostatic 

bath (iv) a magnetic stirrer (v) one peristaltic 

pump (Ismatec, model, operating at a flow rate of 

0.6 L min-1) (vi) pH and temperature meter (VWR 

symphony – SB90M5).  

The recirculation glass vessel of the lab-scale 

prototype was filled with 1.5 L of Cr(VI) solution 

(0.0192 mM) and citric acid (0.036 – 0.576 mM), 

which was pumped to the CPC unit and 

homogenized by recirculation in the closed system 

during 15 min in the darkness. Samples were taken 

after each addition before turning on the suntest. 

Then the suntest was turned on and the irradiance 

was set at 500 W m-2, which is equivalent to 43.9 

WUV m-2 measured in the wavelength range from 

280 to 400 nm. The accumulated UVA energy 

(QUV,n, kJ L-1) received on any surface in the same 

position with regard to the sun, per unit of water 

volume inside the reactor, in the time interval Δtn, 

is calculated by Eq.(1): 

 

QUV,n =  QUV,n−1 +  ΔtnUV̅̅ ̅̅
G,n

Ar

1000 × Vt

;                     

Δtn =  tn − tn−1                                      (1) 

where tn is the time corresponding to n-water 

sample (s), Vt the total reactor volume (L), Ar the 

illuminated collector surface area (m2) and UVG;n 

the average solar ultraviolet radiation (W m-2) 

measured during the period Δtn (s). 
 

Table 1. P25 powder and catalytic bed properties 

 

 

Results 

 

The first set of photoreduction experiments was 

performed using 0.0192 mM of Cr(VI), 0.567 mM 

of citric acid, pH 3.0 – 3.3, temperature of 25ºC 

and varying the number TiO2 layers of  the  

monolithic structures (Table 1). According to Fig. 

1, increasing the number of P25 layers from 3 to 6, 

the accumulated energy required for total Cr(VI) 

reduction decreased from 9.29 kJ L-1 (180 min) to 

7.62 kJ L-1 (150 min). For higher number of layers 

(9 and 12) the reaction rate increment is small. 

Increasing the number of P25 layers on CAM 

structures could have both positive and negative 

effects: i) increases the number of electrons to 

promote the Cr(VI) reduction; ii) decreases the 

monolithic structure transparency, which can 

hinder the radiation passage, reducing, 

consequently, the reaction rate. The total 

chromium concentration decreased only 12% 

during the reaction, which indicates that trivalent 

chromium has a low affinity to the TiO2 films. 

Trivalent chromium precipitation is negligible at 

the working pH values. According to these results, 

monolithic structures coated with 6 P25 layers 

were used to perform the next experiments. 

In the next set of experiments, the influence of 

the citric acid concentration on the photocatalytic 

Cr(VI) reduction by TiO2-coated monolithic 

structures was evaluated. In the absence of citric 

acid, the photocatalytic reduction (Eq. 2) stops 

after 30 minutes of reaction, achieving only 20% 

of Cr(VI) reduction (data not shown). This is 

mainly due to a short-circuiting caused by the 

continuous reduction and reoxidation of chromium 

species by holes or hydroxyl radicals (Eq. (2 and 

4)) [4]. Citric acid acts as sacrificial agent (species 

D at Eq. (5)) of hydroxyl radicals generated from 

the reactions between the holes and the water (Eq. 

(3)). 

 

Parameters Values 

TiO2 - P25 (Evonik®)Crystal 

structure 

80%  anatase,  

20%  rutile 

Crystal size [nm] 25 

Surface area [m2 g−1] 50 

Eg[eV] 3.25 [3] 

ρA,P25[mg cm−2] 3 layers 3.5910-2 

ρA,P25[mg cm−2] 6 layers 5.7110-2 

ρA,P25[mg cm−2] 9 layers 7.6510-2 

ρA,P25[mg cm−2] 12 layers   9.0610-2 



3 

 
Figure 1. Effect of P25 CAM layers number on 

photocatalytic reduction of Cr(VI). [Cr(VI)] = 0.0192 

mM. [Citric acid] = 0.576 mM. 3 layers (Cr(VI) , 

Cr(total) ); 6 layers (Cr(VI) , Cr(total) ); 9 
layers (Cr(VI) , Cr(total) ); 12 layers (Cr(VI) , 

Cr(total) ). pH = 3.0 – 3.3, T = 25ºC. 

 

Cr(VI) + ecb
- → Cr(V) + ecb

- → Cr(IV) + ecb
- → 

Cr(III)                           (2) 

 

H2O + hvb
+ → HO + H+                                      (3) 

 

Cr(V)/Cr(IV)/Cr(III) + hvb
+ (HO) → 

Cr(VI)/Cr(V)/ Cr(IV)(+HO-)                             

(4) 

 

D + hvb
+ → D+                                              (5)                  

 

However, according to Fig. 2, high amounts of 

citric acid affect negatively the reaction rate. The 

gradual addition of citric acid (the first addition is 

made before turning on the lamp and the second 

one is made 15 minutes after lighting the lamp) 

enhances the reaction rate and decreases 

significantly the citric acid consumption. This can 

be attributed to the saturation of TiO2 catalyst 

surface in the presence of high citric acid amounts, 

hindering Cr(VI) molecules to reach it, or even 

blocking the catalyst surface from receiving 

radiation. The strategy of two citric acid additions 

of 0.072 mM resulted in the highest Cr(VI) 

reduction rate. The adsorption of trivalent 

chromium on the catalyst surface was also near 

12%. 

 
Figure 2. Influence of citric acid dose on 

photocatalytic reduction of Cr(VI). [Cr(VI)] = 0.0192 

mM, [Citric acid] = 1.152 mM (Cr(VI) , Cr(total) 
); 0.576 mM (Cr(VI) , Cr(total) ); 0.576 mM + 

0.576 mM (Cr(VI) , Cr(total) ); 0.144 mM + 

0.144 mM (Cr(VI) , Cr(total)  ); 0.072 mM + 

0.072 mM (Cr(VI) , Cr(total) ); 0.036 mM + 

0.036 mM (Cr(VI) , Cr(total) ). pH = 3.0 – 3.3, T 
= 25ºC. 

 

Conclusion 

Solar photocatalytic reduction of hexavalent 

chromium was successfully achieved using 

transparent cellulose acetate monolithic structures 

coated with TiO2 P25 in the presence of citric acid. 

The Cr(VI) photocatalytic reduction rates 

increased substantially with the number of TiO2 

layers in CAM, and the optimum was 6. Although 

the addition of citric acid is essential to promote 

the Cr(VI) reduction, when in excess it decreases 

the reaction rate. The gradual addition of citric 

acid was the best strategy to achieve the highest 

Cr(VI) reduction rate and lowest citric acid 

consumption. Two citric acid doses of 0.072 mM 

led to total chromium reduction in 45 minutes. 
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Fabrication on PDMS films of textured pyramidal structure via PS 
beads with different size for self-cleaning application
Jung-Hoon Y1, Sang-Hun Nam2, Ki-Hwan Hwang1, Hyeon Jin Seo1, Jin-Hyo Boo1. (1) Department of Chemistry,
Sungkyunkwan University, Suwon 440-746, South Korea, thank42@hanmail.net. (2) Institute of Basic Science,
Sungkyunkwan University, Suwon, 440-746, South Korea.

In this study, we have fabricated PDMS film of textured 
pyramidal structure via polystyrene (PS) spheres with various 
sizes. PS spheres were synthesized by emulsifier free emulsion 
polymerization method. Pyramidal silicon structure was made by 
wet chemical etching process using TMAH solution. Textured 
pyramidal structure was fabricated using PS monolayer having 
various sizes on the Si (100) substrate with pyramidal structure. 
These structures had high contact angle of about 150 degree. 
Also, these structures have a higher reflectance of about 100% 
than flat structure. These structures will be applied to the catalyst 
industry because it has a high reflectance with self-cleaning 
effect.

Nature has represented a wide variety of 
superhydrophobic surfaces with low or high water 
adhesion. The lotus leaf, with an ultrahigh water 
contact angle (CA) but ultralow water adhesion, is 
demonstrated as the ideal water repellent super-
hydrophobic surface and shows excellent self-
cleaning property [1]. These superhydrophobic 
surfaces with a CA higher than 150° have received 
considerable attention due to their importance in 
fundamental research and practical applications [2] 
and many efforts have been made in developing an 
artificial superhydrophobic surface by mimicking 
the lotus leaf structures. In general, this 
hydrophobic surface requires two main character-
izations; one is the hydrophobic properties of the 
materials and the other is the presence of highly 
porous network textures or nano to micro scale 
projection areas on the surfaces.

In this study, we were fabricated on the PDMS 
textured pyramidal structure films having a contact 
angle more than 150o. These structures will be 
applied to the catalyst industry because it has a 
high reflectance with self-cleaning effect.

Figure 2 shows top-view SEM images of PDMS 
film having textured pyramidal structure using PS 
sphere and pyramidal structured Si template. 

Figure 2(a) shows that image of a PDMS based 
pyramidal structure have a size of 2×2×1.4 μm. 
Pyramidal structures have been aligned with an 
interval of 2 μm.

Figure 2. Top-view SEM images of PDMS film having 
textured pyramidal structure using PS sphere and 
pyramidal structured Si template.

Figure 2 (b) ~ (e) shows that images of textured 
pyramidal structures fabricated via PS sphere of 
different sizes. According to The distance between 
the pyramidal structure was appeared to tendency 
increasing because size increasing of PS sphere. In 
figure 2(e), the collapse of textured pyramidal 
structure was appeared in the case of using PS 
sphere having 1800 nm.
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New Composites Obtained by Friendly conditions for Advanced Wastewaters 
Process 

Maria Visa1, Andreea Chelaru1  

1R&D Center Renewable Energy Systems and Recycling, Transilvania University of 

Brasov, Eroilor 29, 500036, Romania. 

The goal of this paper was to develop a new composite at low-temperature using TiO2-

modifed fly ash (TiO2-MFA), composites based on interaction in alkaline solution using 

hydrothermal methods, to obtained crystalline nanocomposite at room temperature 

without heat treatment stage. 

 These composites are interesting to be applied in visible photocatalysis/adsorption 

simultaneous advanced wastewater processes. Combining fly ash with titanium dioxide 

has the following advantages: (1) the titanium oxide crystallites grow on the support fly 

ash), (2) pollutant molecules migrate to the surface of TiO2 can be degraded by 

photocatalysis and (3) fly ash substrates are regenerated in situ. 

The nancomposites were synthesized from Degussa P25 and fly ash activated in sodium 

hydroxide solutions (NaOH) at hydrothermal conditions, resulting anatase and rutile 

crystalline phases by controlling the content of water/solvent. The composites were 

characterized by the scanning electron microscopy (SEM) and atomic force microscopy 

(AFM) for morphological characterization of the surface, X-ray diffraction (XRD) for 

phase and crystallinity analysis, UV-VIS spectroscopy to calculate the energy band gap, 

surface analysis by determining the contact angle, porosity analysis (BET) and isoelectric 

point (pHzpc).  

The photocatalytic property of the composites was evaluated by dye (methyl orange), 

surfactant (sodium dodecyl sulphate) degradation under UV and Visible irradiation. The 

adsorption tests were made on heavy metal (Cu2+) cation. Properties of composites were 

correlated with the adsorption/photocatalytic activity of the samples. 
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Green Technologies based on Advanced Oxidation Processes (AOPs): 
Water Decontamination by Photocatalysis using Solar Light 
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Solar energy, along with other renewable 
resources, could potentially solve environmental 
problems, as demonstrated by recent 
developments in the use of solar energy, such as 
solar photocatalysis. The solar photocatalytic 
technology has been demonstrated to be effective 
for treating groundwater, drinking water, 
wastewater and air and soil pollution. In this 
work, a solar photocatalytic application for 
wastewater decontamination is presented studying 
several materials as phototcatalyst. Luminiscent 
material has been evaluated as up-conversion 
materials for enhancing photocatalytic activity. 
 
 

 
 

Photocatalysis using solar light is an 
environmental application of Advanced Oxidation 
Processes (AOPs). The increase in greenhouse gas 
emissions and air/water contamination within 
decades have led to the development and 
integration of green technologies mainly based on 
renewable sources, photocatalytic processes for 
air/water decontamination using solar light is a 
sustainable and environmental friendly 
technology. 

In this study, some natural volcanic materials 
have been evaluated as photocatalyst or catalytic 
support. The photocatalytic activity of these 
materials was investigated for the decontamination 
of wastewater using solar light for photocatalytic 
process activation. These natural materials 
constitute a photocatalyst in particles capable of 
photocatalyze the degradation of pollutants in 
wastewater, with the main advantages of being a 
cheap material and the facility of their separation 
from treated wastewater once the photocatalytic 
treatment has finished. The studied materials can 
be used for implementing a tertiary wastewater 
treatment in a wastewater treatment plant based on 
photocatalytic technology as advanced oxidation 
process and using solar light as sustainable energy. 

Besides, luminiscent material (based on rare-
earth doped) has been evaluated as up-conversion 
materials for enhancing photocatalytic activity. 
The up-conversion phenomenon can transform the 
IR and Visible radiation from sun to UV radiation 
improving the global photocatlytic 
decontamination process. 

Photocatalitic decomposition of methylene 
blue dye over different materials samples as 

photocatalyst was carried out in a 100 ml quartz-
Erlenmeyer mounted over a parabolic radiation 
colector. The reaction mixture inside the 
Erlenmeyer was maintained in suspension by 
magnetic stirring. As light source, natural sun 
radiation was used.  

 

 
Figure 1. Pollutant photodegradation by solar 

photocatalysis using several materials 
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Substituent Effects on the Photocatalytic Degradation of Arylazo 
Pyridone Dye: An Experimental and Theoretical study

J. Dostani� 1, D. Lon� arevi� 1, M. Zlatar1, F. Vlahovi� 2, D. Jovanovi� 1, (1) Institute of Chemistry, Technology and 
Metallurgy, University of Belgrade, Belgrade, Serbia, jasmina@nanosys.ihtm.bg.ac.rs  (2) Innovation center of the 
Faculty of Chemistry, University of Belgrade, Belgrade, Serbia

A series of arylazo pyridone dyes with substituents ranging 
from strong electron-donating to strong electron-
withdrawing groups were subjected to photocatalytic 
degradation. The effects of the substituents on the structure 
and reactivity of investigated dyes via photocatalysis was 
quantified using Hammett equation. The most vulnerable 
position to be attacked by hydroxyl radical was predicted 
according to calculated electronic charges and Fukui 
functions. The results showed that the reactive site shifts 
from nitrogen atom linked to benzene ring to nitrogen atom 
linked to pyridone ring going from dyes with el.-donating 
group to dyes with el.-accepting group.  

Background 

Over the past decades, photocatalysis using 
irradiated titanium dioxide particles has been 
extensively used as an attractive way for waste 
water purification [1]. The main advantage of the 
photocatalysis is its ability to generate highly 
active hydroxyl radicals, which are capable to 
degrade a great variety of organic compounds. A 
numerous studies have shown that 
photodegradation rate is strongly governed by the 
pollutant structure and the electronic nature of the 
substituent group [2]. Hammett substituent 
constants, which quantify the electron 
withdrawing or donating capabilities of a given 
substituent, have been successfully applied to 
obtain quantitative description of many chemical 
equilibriums and reactions [3]. 

Objectives 

In this study, the applicability of the Hammett 
relationship to the description of the electronic 
properties and photoreactivity of arylazo pyridone 
dyes was performed. DFT based reactivity 
descriptors, e.g. condensed Fukui function were 
used to predict the preferred site of hydroxyl 
radical attack [4]. To the best of our knowledge, 
this is the first attempt to apply DFT based
reactivity descriptors to the study of reaction 
mechanism of photodegradation of arylazo 
pyridone dyes through hydroxyl radical attack. 

Methods 

A detailed procedure for the synthesis of 

investigated dyes, 5-(4-substituted arylazo)-6-
hydroxy-4-methyl-3-cyano-2-pyridones and their 
structural characterization were given elsewhere 
[5]. The photocatalytic degradation of synthesized 
dyes was investigated using commercial catalyst 
TiO2, Aeroxide TiO2 P25. The photocatalytic tests 
were performed in an open cylindrical 
thermostated Pyrex cell of a 1 L capacity using 
Osram Vitalux lamp (300 W). The initial 
suspension pH was adjusted to 12 using sodium 
hydroxide solution. The mass of the used TiO2
during experiments was 0.5 g; the concentration of 
dye solution was 10-5 mol/L; while the volume of 
the dye solution was 500 mL.  

The structural and electronic properties of the 
studied dyes were calculated at M062X/6-
31+G(d,p) level of theory. Atomic charges using 
natural population analysis (NPA) and reactivity 
indices, i.e. condensed Fukui functions were used 
to predict reactive site of hydroxyl radical attack, 
and to explain the reactivity differences between 
substituted dyes.  

Results  

The molecular structures of the investigated 
arylazo pyridone dyes with atom numbering are 
presented in Scheme 1 (D1-D8). At applied pH, 
dye exists in anionic form, which represent 
"resonance hybrid" between azo anion (A) and 
hydrazone anion (Hy) canonical forms with 
negative charge being delocalozed over pyridone 
oxygen and azo nitrogen atoms. Table 1 presents 
the computed atomic charges for O1 pyridone 
oxygen and N3 and N4 azo nitrogen atoms. The 
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data revealed that the electron density of the N4 
nitrogen atom increase sensitively going from dyes 
with el.-donating groups to dyes with el.-
withdrawing groups. On the contrary, a 
substituents exerted a reverse effect on the N3 
nitrogen atom. 

 

C5C6

O1

N3
N4

 

Scheme 1. Structure of investigated arylazo 
pyridone dyes, R = OH(D1), OCH3(D2), H(D3), 
Cl(D4), Br(D5), CN(D6), NO2(D7). 

 

The effects of the substituents in the investigated 
compounds on the photocatalytic rate were 
interpreted by correlation of the reaction rate 
constants with the Hammett substituent constants 
σp, as shown in Graphical Illustration. Apparent 
first-order reaction rate constants kapp (min-1) were 
determined using simplified Langmuir-
Hinshelwood model. The results revealed that the 
reaction is being facilitated by electron-
withdrawing substituents, and retarded by 
electron-donating substituents. A good linear 
correlation with reaction rate constant of 0.507 
was observed.  

Table 1. The computed atomic charges 

Atomic charge Dye Ra 
σp

b 

N4 N3 O1 
D1 OH -0.370 -0.244 -0.218 -0.639 
D2 OCH3 -0.270 -0.243 -0.217 -0.641 
D3 H 0.000 -0.251 -0.211 -0.637 
D4 Cl 0.227 -0.258 -0.212 -0.634 
D5 Br 0.232 -0.261 -0.212 -0.633 
D6 CN 0.660 -0.277 -0.207 -0.625 
D7 NO2 0.778 -0.282 -0.206 -0.620 

a-Substituent, 
b-Hammett constant. 

  

A numerous studies suggested that the 
electrophilic attack of hydroxyl radical on the azo 
bond is the rate determining step of the reaction 
[2]. Due to electrophilic character of the hydroxyl 
radical, it is expected that photocatalytic reaction 

should be favoured by increased electron density 
at the reaction site, i.e. accelerated by el.-donating 
substituents, and retarded by el.-acceptors and the 
negative sing is expected for the reaction constant. 
However, our investigation results indicate the 
contrary. The obtained unexpected results can be 
rationalized with the fact that photocatalytic 
studies were performed in alkaline medium at 
pH=12, where dyes exist in their anionic form 
(pKa of dyes ~ 8.0 [6]), with extra available 
electrons being delocalized between carbonyl O1 
oxygen and azo nitrogen N4 atom. It is suggested 
that after hydroxyl radical attack, the electrons 
withdraw from pyridone oxygen anion to azo 
bond, which causes increase of negative charge 
density of azo bond and positive reaction constant.  

To gain further elaborate on the latter point, 
additional analysis involving molecular 
descriptors, particularly Fukui functions, ought to 
be conducted. Considering initial mechanism for 
dye degradation, it can be expected that the 
hydroxyl radicals would attack the most electron-
populated part of compound. DFT calculations 
showed that partial negative charge on N4 atom 
increases going from dyes with el.-donating 
substituents to dyes with el.-withdrawing 
substituents in the same direction as a reaction rate 
(Figure 1). Even though a reasonably good linear 
correlation between N4 atomic charge and 
degradation rates was observed, according to the 
research of Mitnik and Lucero [7], the partial 
charges could not be used as primarily descriptors 
for molecule reactivity and moreover may 
sometimes produce some contradicting 
conclusions.  

 

 

 

Figure 1. Atomic charge at N4 nitrogen atom 
versus reaction rate constants for investigated 
dyes. 
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Instead of using atomic charges, it is preferred to 
use Fukui function as a reactivity index for the 
prediction of most possible reactive site. Table 2 
list the obtained values of condensed Fukui 
functions, computed for N3 and N4 nitrogen atoms 
and C4 and C5 carbon atoms. On inspection of the 
results presented in Table 2, it is conclusive that 
the hydroxyl radicals sustain attack from two 
reaction centres, depending on the dye employed. 
The hydroxyl radical attack would preferentially 
occur at the N4 nitrogen atom for the dyes with 
OH, OCH3 and Cl, while the radical attack will 
preferentially be at the N3 nitrogen atom for dyes 
with H, Br, CN, and NO2 substituents. 

 

Table 2. Condensed Fukui function 
 C5 N3 N4 C6 

OH 0.0822 0.0573 0.1203 -0.0125 
OCH3 0.0816 0.0580 0.1199 -0.0141 
H -0.0031 0.1837 0.1686 -0.0111 
Cl 0.0873 0.0531 0.1141 -0.0079 
Br 0.0007 0.1798 0.1600 -0.0074 
CN 0.0097 0.1688 0.1369  0.0083 
NO2 0.0216 0.1443 0.1063  0.0277 

 

Conclusion 

A theoretical and experimental study of the 
substituent effects on the electronic properties and 
photoreactivity of arylazo pyridone dyes has been 
carried out. Hammett equation was successfully 
applied to obtained quantitative description of 
substituents effect on atomic charges and 
photoreactivity of investigated compounds. It was 
found that el.-withdrawing substituents inhibited 
the reactions, while el.-donating ones promoted. 
The obtained positive value for reaction constant 
can be explained by a shift of electrons from 
pyridone ring to azo bond, after hydroxyl radical 
attack. The Fukui functions revealed that the 
reaction site is at N4 nitrogen atom for the dyes 
with OH, OCH3 and Cl and at N3 nitrogen atom 
for the dyes with H, Br, CN and NO2 substituents. 
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 Parabens in the aquatic environment are typically found at the 
ng/L to µg/L levels and are suspected to behave as endocrine 
disruptors. Although semiconductor photocatalysis based on 
TiO2 has been widely investigated for environmental 
remediation, other materials such as ZnO may exhibit equal or 
greater photoactivity. 
A factorial design approach was implemented to assess the 
importance of ethylparaben (500-1500 μg/L), treatment time 
(3-9 min), ZnO (100-500 mg/L), photon flux (1.1 10-6-7.3 10-7 
E/(L.s)), initial pH (3-9) on the amount of paraben degraded 
under simulated solar irradiation; paraben concentration and 
time, as well as their interaction resulted in the most important, 
positive effects. 
Furthermore, changes in estrogenicity upon oxidation were 
monitored employing the Yeast Estrogen Screen (YES) 
bioassay. 

Parabens, esters of 4-hydroxybenzoic acid with 
an alkyl or benzyl group, have been employed for 
about a century as preservatives in foodstuff, 
cosmetics and pharmaceuticals and personal care 
products. Parabens in the aquatic environment are 
typically present at the ng/L level and are 
suspected to behave as endocrine disruptors [2].   

Semiconductor photocatalysis may offer an 
appealing methodology to treat such contaminants; 
in this respect, the degradation of ethyl paraben 
employing simulated solar radiation and ZnO as 
the photocatalyst was investigated.  

Photocatalytic experiments were performed 
using a solar simulator (Oriel, model LCS-100) 
equipped with a 100 W xenon ozone-free lamp 
and an Air Mass 1.5 Global Filter simulating solar 
radiation (>280 nm) reaching the surface of the 
earth at a zenith angle of 48.2� . Paraben 
concentration was followed by HPLC with the 
mobile phase consisting of 75:25 water:acetonitrile 
eluted isocratically at 0.35 mL/min and 45� C. 
Detection was achieved through a photodiode 
array detector. The effect of photocatalysis on 
estrogenicity was evaluated employing the Yeast 
Estrogen Screen (YES) bioassay. The bioassay 
detects “real” estrogens as well as all known 
xenoestrogens such as alkylphenolic chemicals. 

The effect of operating variables on paraben 
removal was assessed implementing a factorial 
design approach; Table 1 shows the tested 
variables of the 26 factorial design, where each 
variable takes a low and a high value. It should be 
noted that the water matrix was also considered as 
a variable with the concentration of humic acid 
ranging between 0 (i.e. pure water) and 10 mg/L 

(i.e. typical for natural waters).  
Figure 1 shows the Pareto chart of the 

statistically important variables and their 
interactions according to the Lenth’s method. 

 
Table 1. Variables of the 26 factorial design. 

Paraben 
µg/L 

Time 
min 

ZnO 
mg/L pH 

Humic 
acid 

mg/L 

Photon 
flux 

E/(L.s) 

500 3 100 3 0  7.3 10-7 
1500 9 500 9 10 1.1 10-6 

 
As seen, all variables but initial solution pH and 

photon flux have a positive effect on the response 
(i.e. amount of paraben oxidized) with the 
treatment time, initial paraben concentration and 
their interaction imposing the greater effects. At 
the conditions in question, the water matrix and 
the catalyst concentration has a marginal but still 
statistically significant effect. 

 

 
Figure 1. Pareto chart of the standardized effects 
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. 

 Hybrid materials composed by natural clays and 
titanium dioxide (TiO2/clay=50/50) were prepared 
and tested for NOx photocatalytic degradation. 29% 
NOx conversion was achieved with the hybrid 
containing Spanish sepiolite. Among Brazilian 
clays, a montmorillonite presented the highest 
conversion of NOx (18%). 
 

Introduction 

NOx are produced from the reaction of nitrogen 
and oxygen gases in the air during combustion, 
mainly at high temperatures. The main natural 
source is lightning and the main anthropogenic 
source is the use of internal combustion engines , 
which has drastically increased the presence of 
nitric oxide in the environment. 

Heterogeneous photocatalysis has been employed 
for degradation of compounds containing sulfur and 
nitrogen in gaseous phase, through formation of by-
products which can deactivate the catalyst or 
produce other atmospheric pollutants. Hybrid 
photocatalysts can be an alternative to remove these 
compounds by photocatalysis and adsorption 
(Portela et. al 2012). Natural clay minerals with 
large specific surface, and therefore high adsoption 
capacity, can be used as catalyst supports and have 
a synergistic effect in the reaction acting as 

adsorbent of possible by-products generated by 
photocatalytic process. In this work, we combined 
two types of Brazilian natural clays and a Spanish 
one with TiO2 in order to verify the efficiency of 
elimination of NOx by photocatalysis/adsorption.  

Materials and Methods 

The hybrid photocatalysts were prepared by 
mechanical mixing in a proportion of 1:1 of TiO2 
(G5 Cristal) and a clay, extrusion and treatment at 
500 ºC for 4 h. Three types of clays were used:  
montmorillonite (BR), sepiolite (ES) and kaolinite 
(BR). The materials were termed as TiO2/Mont 
(50/50), TiO2/Sep (50/50) and TiO2/Kaol (50/50). 
NOx photodegradation tests were conducted 
according to ISO 22197-1 on the following 
experimental conditions: total gas flow=3 L min-1,  
[NO]=1000 ppbv, RH25=50%, I = 10 Wm-2, 
irradiation time =300 min.  

 

Results 

Table 1. Some photocatalyst characterization results  

Composite 
Anatase 

crystallite size 
nm 

MIP S area 
m² g-1 

BET S area 
m² g-1 

Pore volume 
cm3 g-1 

TiO2/Sep (50/50) 13 95 136 0.62 

TiO2/Mont (50/50) 20 67 125 0.42 

TiO2/Kaol (50/50) 20 60 73 0.54 
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Table 2. Conversion efficiency 

Sample 

XNO 

(%) 

XNOx 

(%) 

NO in 

(µmol) 

NOxout 

(µmol) 

NO2out 

(µmol) 

TiO2/Sep (50/50) 29 23 11.36 8.76 2.81 

TiO2/Mont (50/50)  18 10 6.97  4.01 3.12 

 TiO2/Kaol (50/50) 7 3 2.62 1.3 1.51 

Conclusions 

Sep/TiO2 has a higher NOx degradation efficiency  

compared to the Brasilian clays studied in this 

work. This higher efficiency may be due to higher 

pore volume and specific surface area, which can 

facilitate the contact between contaminant gas and 
TiO2 particles. Moreover, a larger surface area 

favors the NOx adsorption. 
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 The efficiency of Cu2O/BiVO4 as a catalyst for the 
photocatalytic degradation of Bisphenol A under simulated 
solar irradiation in environmentally relevant matrices was 
investigated. It was found that solar photocatalysis is an 
efficient method for the degradation of BPA in aqueous 
solutions. Process performance was affected by several 
factors, such as irradiation time and type, catalyst 
concentration, BPA concentration, pH and water matrix. The 
optimum loading of Cu2O was found to be 0.75%. BPA 
removal efficiency was higher at a high pH. Interestingly 
unlikely other photocatalytic materials,, the presence of 
bicarbonates  resulted in increased process efficiency. The 
catalytic activity was reduced to 50% after five consecutive 
runs. 
 
  

The endocrine system consists of glands and 
hormones that are responsible for the growth, 
development, maturation and reproduction of 
human and animals.  Endocrine disruptors (EDCs) 
are natural or synthetic compounds that can have 
consequences on the function of human's and 
animals' endocrine system. EDCs affect the 
activity, the synthesis, the metabolism and the  
secretion of hormones, even in small 
concentrations (ng/L - μg/L). They are the cause of 
growth and reproduction disorders. Also, EDCs 
are suspected of certain cancers [1,2].  
Semiconductor photocatalysis using solar 
irradiation as the source of photons for the 
activation of the catalyst has received considerable 
attention over the past few years. Bismuth 
vanadate (BiVO4) is a chemically stable and 
nontoxic photocatalyst that can absorb visible light 
to degrade contaminants due to suitable band-gap 
energy (ca. 2.4 eV) [3]. However, bismuth 
vanadate usually shows a low activity in its 
pristine form because of electron and hole 
recombination. According to several studies, 
transition metal oxides-modified BiVO4 
composite photocatalysts exhibited enhanced 
visible-light photocatalytic activities probably due 
to the extending of absorption towards visible light 
and enhancement of charge separation efficiency 
by forming heterojunction structure at the contact 
interface of metal oxides and BiVO4 [3]. 

The objective of the present study was to 
investigate the degradation of BPA by 
Cu2O/BiVO4 solar photocatalysis with regard to 
the operational parameters that influence the 

reaction kinetics in model solutions, as well as in 
environmentally relevant samples.  

Photocatalytic experiments were conducted in a 
cylindrical pyrex glass reactor (V=120 ml). Solar 
irradiation was emitted by an Oriel LCS - 100 W 
solar simulator system. Changes in BPA 
concentration were followed by high performance 
liquid chromatography (HPLC).  

The optimum Cu2O loading after testing a range 
of 0.5-3 % was found to be 0.75%. BPA removal 
follows a pseudo-first order reaction kinetics with 
respect to initial concentration, whereas the kinetic 
constant decreases as the initial concentration 
increases.  

 
Figure 1. Effect of irradiation. [BPA]=220 μg/L, 
[0.75% Cu2O /BiVO4]=250 mg/, V=120 mL. 

As one can see from Fig.1, the catalyst is active in 
both visible and solar radiation. Degradation 
increases considerably with increasing catalyst 
concentration from 100 to 1000 mg/L. Moreover 
BPA removal efficiency was higher at alkaline 
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conditions. Interestingly unlikely other 

photocatalytic materials, the presence of 

bicarbonates resulted in increased process 

efficiency possibly due to the formation of reactive 

carbonate radicals. In addition, the removal of 

BPA was greater in bottled water in comparison to 

ultrapure water but significantly lower in 

secondary treated wastewater. The catalytic 

activity was reduced to 50% after five consecutive 

runs.  

Summarizing, Cu2O/BiVO4 is an effective catalyst 

for the degradation of BPA in aqueous solutions. 

Process performance is affected by several factors, 

such as irradiation time and type, catalyst 

concentration, BPA concentration and water 

matrix. 
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 Ethyl paraben (EP), an emerging micro-pollutant 
representative of the parabens family, has been subject to 
photocatalytic degradation under simulated solar radiation 
using Cu2O/BiVO4 as the photocatalyst. 
A factorial design approach was implemented to assess 
the importance of ethyl paraben concentration (500-1500 
μg/L), treatment time (10-60 min), catalyst concentration 
(100-500 mg/L), bicarbonates concentration (0-500 mg/L) 
and initial pH (3-9) on the amount of ethyl paraben 
removed; initial ethyl paraben and time, as well as their 
interaction resulted in the most important effects. In 
addition, the presence of bicarbonates resulted in 
increased process efficiency. 
. 
 
  

Parabens, esters of 4-hydroxybenzoic acid with 
an alkyl or benzyl group, have been employed for 
about a century as preservatives in foodstuff, 
cosmetics and pharmaceuticals and personal care 
products [1]. Although they can be degraded 
relatively easily in conventional wastewater 
treatment plants [2], they are continuously released 
due to their high usage and, therefore, frequently 
met in the aquatic environment (including 
freshwater, marine water and sediments). Parabens 
are typically present at the ng/L level and are 
suspected to behave as endocrine disruptors. 

 Semiconductor photocatalysis using solar 
irradiation as the source of photons for the 
activation of the catalyst has received considerable 
attention over the past few years. Bismuth 
vanadate (BiVO4) is a chemically stable and 
nontoxic photocatalyst that can absorb visible light 
to degrade contaminants due to suitable band-gap 
energy (ca. 2.4 eV). BiVO4 composite 
photocatalysts exhibited enhanced visible-light 
photocatalytic activities probably due to the 
extending of absorption towards visible light and 
enhancement of charge separation efficiency by 
forming heterojunction structure at the contact 
interface of metal oxides and BiVO4 [3]. 

In this work, the photocatalytic degradation  of 
ethyl paraben under simulated solar irradiation on 
Cu2O/BiVO4 was investigated with emphasis on 
the effect of operating variables. 

Photocatalytic experiments were conducted in a 
cylindrical pyrex glass reactor (V=120 mL). Solar 
irradiation was emitted by an Oriel LCS - 100 W 
solar simulator system Changes in EP 

concentration were followed by high performance 
liquid chromatography (HPLC). Table 1 shows the 
tested variables of the 25 factorial design, where 
each variable takes a low and a high value. 

Table 1. Levels of variables of the 25 factorial design. 
Ethyl-

paraben 
(μg/L) 

 
 
 

 (mg/L) 

Time 
(min) 

Catalyst 
(mg/L)  pH Bicarbonates 

(mg/L) 

500 10 100 3 0 

1500 60 500 9 500 
 
Figure 1 shows the Pareto chart of the 

statistically important variables and their 
interactions according to the Lenth’s method. As 
seen, all variables have a positive effect on the 
concetration of EP removed with the treatment 
time, initial EP and their interaction imposing the 
greater effects. 

 
 

Figure 1. Pareto chart of the standardized effects. 
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The model that describes EP removal is given by 

eqn (1): 

Y = 426.1 + 190.6 Paraben + 55.9 Catalyst + 63.2 

pH + 59.0 Bicarbonate + 262.1 Time + 128.3 

Paraben*Time    (1) 
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In the present study reduced graphene oxide –  TiO2 composites were synthesized at 

two different ratios (1:10 and 1:5) through a hydrothermal method using graphite and 

commercial P25 as starting materials. Scanning Electron Microscopy (SEM), 

Transmission Electron Microscopy (TEM), X-ray diffraction (XRD), Fourier 

transform infrared spectroscopy (FTIR), BET surface area and ultraviolet–visible 

(UV–Vis) absorption spectroscopy were employed to investigate the morphology and 

properties of the produced composites. 

The photocatalytic performance of TiO2-P25 catalysts, was evaluated under 

artificial solar light and visible light in distilled water, as well as, different surface 

waters (at natural pH) with respect to risperidone (antipsychotic drug) degradation. 

TiO2photocatalyst (P25) was used as reference catalyst for comparison 

studies.Irrespectively of the irradiated aqueous matrix, the photocatalytic efficiency of 

the tested composite materials under simulated solar light was higher compared to 

bare TiO2-P25. This observation was more pronounced for the degradation of 

risperidone in aqueous solutions under visible light irradiation. 
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of Nonylphenol and Short-Chain Nonylphenol Ethoxylates from 
Aqueous Matrices 
 

  

E.E. Klontza1, N.P. Xekoukoulotakis2, E. Diamadopoulos,2. (1) University of the Aegean, Analysis and Simulation of 
Environmental Systems Research Unit, Department of Mathematics, 83200 Samos, Greece, rklontza@gmail.com (2) 
School of Environmental Engineering, Technical University of Crete, University Campus, GR-73100 Chania, Greece 

 

 The aim of this work was the application of heterogeneous 
photocatalysis mediated with TiO2 suspension and oxidation with 
ozone for the removal of nonylphenol (NP) and short-chain 
nonylphenol ethoxylates (NP1EO and NP2EO) from aqueous 
solution and from the final effluents of a municipal wastewater 
treatment plant. Both techniques were found to be very effective 
and the percentage of removal was greater than 90%. The degree 
of mineralization was assessed through the reduction of (DOC) 
during ozonation. The photocatalytic oxidation of the compounds 
followed first-order kinetics, while pseudo-first order and second 
order kinetic models were applied in the case of oxidation with 
ozone. The experimental data derived from ozonation were fitted 
in second order models. The reaction rates were higher during the 
oxidation of aqueous solution in all cases.   
 

 
 
 

 
1. Introduction 

Catalytic processes taking place in semiconductor 
suspensions (TiO2, ZnO, WO3, CdS) in the 
presence of natural or artificial light are utilized by 
heterogeneous photocatalysis and are able to 
oxidize completely organic and inorganic 
pollutants without further environmental impacts 
[1]. At the end of the 1970s, trihalomethanes and 
other organohalogenated compounds were 
identified in the drinking water as chlorination by-
products, so the use of ozone as chlorine alternative 
in the disinfection of water has increased 
significantly [2]. 

Nonylphenol polyethoxylates are recognized as 
endocrine disrupting compounds and their toxicity 
and estrogenicity is increasing with the shortening 
of the ethoxylate chain [3, 4]. They are detected in 
the final effluents of sewage treatment plants [4, 5, 
6]. In Greece, they have been detected in different 
stages of the wastewater treatment process [7, 8, 9] 
as well as in industrial wastewater [10]. 

In the present work, both methods were tested for 
their ability in removing nonylphenol (NP) and 
short-chain nonylphenol ethoxylates (NP1EO and 
NP2EO) from aqueous matrices (aqueous solution 
and final effluent of a municipal wastewater 
treatment plant). For each method, the reduction of 
DOC, the decrease in the pollutants’ concentration 
and the kinetic parameters were determined. 

 
2. Materials and methods 
2.1. Sampling and quantitation of the compounds 

Grab samples were collected from the effluent of 
Municipal wastewater treatment plant of Chania 

(Crete, Greece). The samples were collected in 
amber glass bottles and were analyzed 
immediately. In each sample pH, chemical oxygen 
demand (COD) and total suspended solids (TSS) 
were determined. Chemical oxygen demand and 
total suspended solids were measured according to 
standard methods 5220D and 2540D, respectively 
[11]. In cases where preservation of the samples 
was necessary, formaldehyde solution was added (1 
ml/100 ml of sample) [12, 13]. 

The separation and quantitation of NP, NP1EO 
and NP2EO was achieved using reversed-phase 
high performance liquid chromatography with 
fluorescence detector. A Hewlett Packard 1100 
series HPLC with SUPELCOSILTM LC 18 (15cm 
length X 4.6mm ID X 5µm film thickness) 
equipped with a fluorescence detector operating at 
305 nm and 227nm (emission and excitation 
wavelength respectively). The mobile phase 
consisted of A: acetonitrile and B: H2O. The elution 
program was gradient with a flow rate of 0.5 ml 
min-1 from 90% to 100% A [14]. 
2.2. Photocatalytic oxidation of short-chain 

nonylphenol ethoxylates  
The laboratory experiments for the photocalytic 

oxidation were executed using a cylindrical glass 
reactor placed on a magnetic stirrer. TiO2 was 
selected as a catalyst, due to its advantages [15] in 
comparison with others. It was used as a suspension 
in aqueous solution or in spiked wastewater 
chlorinated effluent sample. The final concentration 
of NPnEOs in the aqueous solution prepared with 
Milli-Q water was 750 µg l-1. The wastewater 
sample which was used in the test was a filtered 
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effluent of the third stage treatment (chlorination 

tank), spiked with the analytes (1000 µg l-1). For 

300 ml of the samples, 30 mg of TiO2 was added. 

The system was operated as a semi-batch reactor. 

2.3. Oxidation of short-chain nonylphenol 

ethoxylates with ozone  

Gaseous oxygen was transferred to an ozone 

generator (OZONIA PLANT LTD) and a mixture 

of oxygen and ozone was ended in a reactor (1 l 

volume) operated in a semi-continuous mode. A 

stream of ozone was continuously added to the 

sample through a stone diffuser and the gas inside 

the reactor was mixed with a magnetic stirrer. The 

surplus ozone stream leaving the reactor passed 

through glass traps containing 2% potassium iodide 

(KI) solution. The experimental tests were 

performed with aqueous solution and spiked 

wastewater chlorinated effluent sample (700 ml 

sample volume). The aqueous solution was 

prepared in Milli-Q water spiked with NPnEOs. 

The initial concentration was 3000 and 1500 µg l-1 

and the applied ozone doses were 15 and 20 mg l-1.  

 

3. Results and Discussion 

3.1. Photocatalytic oxidation of NPnEOs with 

TiO2  

The 80% of the initial concentration of the 

compounds in aqueous solution was adsorbed to the 

catalyst in the dark in 5 min. Equilibrium was 

reached after 45 min with the adsorption of the 87% 

of their initial concentration. The optimum TiO2 

dose which was used in the experimental tests was 

100 mg l-1. After 20 min of exposure to the solar 

light the 67% of the compounds which have been 

remained in the solution had been removed, which 

means that the initial concentration of the solution 

has been decreased by 93%. In the wastewater 

samples the removal of the concentration in the 

solution was 44%, while the 80% of the initial 

concentration has been removed after 90 min of 

exposure. 

3.1.1. Matrix effects 

The effect of the sample matrix to the removal of 

NPnEOs during photocatalytic oxidation was 

studied using an aqueous solution (750 µg l-1) and 

spiked chlorinated wastewater effluent samples 

(1000 µg l-1). The Dissolved Organic Carbon 

(DOC) content in the wastewater samples was 7.5 

and 3.5 mg l-1. The results are presented in Figure 

1.  

3.1.2. Photocatalytic reaction kinetics 

The photocatalytic oxidation of NPnEOs in 

aqueous solution followed first order kinetics 

(k=0.0562 min-1). In spiked wastewater effluent 

samples (7,5 and 3,5 mg l-1 DOC), the data fitted in 

a first order kinetic model as well. The reaction rate 

coefficients were found to be 0.058 min-1 and k= 

0,0049 min-1. In all cases, the correlation 

coefficients were greater than 0,9.  

 

 
 

Figure 1. Matrix effects in the photocatalytic 

oxidation of NPnEOs (n=0-2, [TiO2]=100 mg l-1) 

 

3.2. Oxidation of NPnEOs with ozone 

3.2.1. Matrix effects and DOC removal 

Semi-batch experimental tests for two different 

applied ozone doses 15 and 20 mg l-1 (ozone 

concentration in the feeding mixture) were 

performed. The initial concentration of NPnEOs in 

the aqueous solution and the spiked wastewater 

sample (chlorinated effluent) was 1500 µg l-1. The 

results are presented in Figure 2. 

 

 
Figure 2. Matrix effects on the oxidation of 

NPnEOs (n=0-2) with ozone 

 

The DOC in the sample was 7.7 mg l-1. After 180 

min of contact time, 44% of the initial concentration 

was removed when 15 mg l-1 O3 was applied and 

47% when the dose was increased (20 mg l-1). 

Obviously, the removal of DOC was not depended 

to contact time, or ozone dose. Moreover, oxidation 

with ozone did not lead to mineralization of the 

compounds. The percentage of the organic matter 

in the sample was transformed, thus DOC 

concentration was kept in high levels. 

3.2.2. Study of the reaction kinetics during the 

oxidation of NPnEOs with ozone 

Pseudo-first order kinetics: The rate of the 

removal of the compounds was calculated 

considering that the ozone is in great excess during 

the ozonation, so the reaction rate coefficient was 

determined based on the pollutant’s consumption 

and equation ln
[C

0
]

[C]
=k[O3]t (1) is derived. The 
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slope equals to the reaction rate constant multiplied 

by ozone concentration. By changing the ozone 

concentration, the coefficient is determined. In any 

case, it represents the observed reaction rate 

constant (kobs). Since the reaction rate is also 

depended on the ozone concentration, the 

breakdown constant will be calculated by equation 

kobs=kNPnEOs×[O3] (2) where kNPnEOs is the 

breakdown rate constant of the pollutants (M-1 min-

1) and its value depends on the applied ozone dose. 

Second-order kinetics: The reaction rate for the 

removal of NPnEOs during ozonation is calculated 

using equation -
d[CNPnEOs]

d[t]
=k[CNPnEOs]

2 (4) 

The reaction rate constants for the pseudo-first and 

second order kinetic models are summarized in 

Table 1. The values of the reaction rate constants 

are increasing when the applied ozone dose 

increases. The breakdown of the compounds is 

faster when there is no organic matter in the sample. 

In the case of second-order kinetic model, the 

reaction rate constants are one order of magnitude 

higher for the aqueous solution in comparison with 

the ones for the wastewater sample. The data fit 

better into second-order kinetic curves.  

 

4. Conclusions 

The removal of short-chain NPnEOs from 

aqueous solution and wastewater effluent is feasible 

with the use of Advanced Oxidation Processes 

(AOPs). Both during the photocatalytic oxidation 

as well as the oxidation of the compounds with 

ozone the total removal is greater than 90%.  

The application of AOPs for the removal of 

nonylphenol ethoxylates can be used as a third stage 

treatment method in the wastewater treatment 

targeting in the elimination of environmental 

impact of the effluents in the aqueous environment.   

Table 1. Kinetic parameters for the oxidation of NPnEOs with ozone 

Sample 

Applied 

ozone dose 

(μΜ) 

Pseudo-first order kinetics Second order kinetics 

kobs 

(min-1) 

kNPnEOs 

(Μ-1 min-1) 
R2 k2 

(l µg-1 min-1) 
R2 

Aqueous solution 312.5 0.0402 128.64 0,8267 3 x 10-4 0.9637 

Aqueous solution 416 0.4059 159.86 0,7499 4 x 10-4 0.9746 

Wastewater sample 312.5 0.0201 64.32 0,9611 4 x 10-5 0.9728 

Wastewater sample 416 0.0389 93.51 0,9234 7 x 10-5 0.9624 
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Photo-Fenton degradation of pharmaceutical diphenhydramine in 
water at circumneutral pH
S. Esplugas1, S. Plaza1, A. De Luca 1, P. Marco1, J. Gimenez1. (1) Department of Chemical Engineering, Faculty of 
Chemistry, Universitat de Barcelona, C/Martí i Franqués, 08028, Barcelona, Spain. email: santi.esplugas@ub.edu.  

The need for acidification in photo-Fenton process (Fe2+/3+, 
H2O2, hυ) is often outlined as one of its major drawbacks. 
Nevertheless, recent studies have shown that this process also 
occurs at circumneutral pH in the presence of natural organic 
matter in water matrixes. In this work, resorcinol was 
selected as organic precursor. The results showed that the 
total transformation of diphenhydramine was reached after 60 
minutes with the highest concentrations (150 mg/L of H2O2
and 5 mg/L Fe2+). However a low mineralization was 
achieved. Moreover the Fe2+ concentration was kept constant 
during all the experiments. The complex formation of Fe2+

with dihydroxybenzene isomer seems to improve the 
extension of the iron solubility.  

Diphenhydramine hydrochloride (DPH) is the 
classic H1 receptor antagonist used in pregnancy 
for the treatment of allergics, nausea and vomiting 
as well as an analgesic adjuvant in cancer pain. 
DPH has relatively low molecular weight (291.81 
g/mol) with high solubility in lipids, making it 
readily bioaccumulative. Low concentrations of 
these compounds [1] have been found in the 
environment [2]. Despite these low concentrations, 
concern for these pollutants comes from their 
bioaccumulation and persistence as well as their 
resistance to conventional wastewater treatments 
[3]. Their degradation is necessary to prevent 
accumulation in the aquatic environment and 
injuries to living organisms and human health. 
Advanced Oxidation Processes (AOPs) may be a 
solution in the treatment of this contaminants [4]. 
As known, AOPs comprise a range of techniques 
which can generate highly oxidant species able to 
oxidize these substances to CO2, H2O and 
inorganic salts [5]. Among these processes, photo-
Fenton can be an efficient route for the 
degradation of a wide assortment of organic 
refractory compounds in water [6]. The main 
reaction involved in the production of free 
hydroxyl radicals is spontaneous due to the 
presence of H2O2. In the presence of light and at 
pH �  3, the reaction system is autocatalytic, 
because Fe (III) reacts with H2O2  giving Fe2+ [7]. 
The optimal pH for this process is 2.8, because the 
solubility of Fe3+ hydroxy complexes decreases for 
pH values higher than 3 [8]. The need for 
acidification in the photo-Fenton process is often 
outlined as one of its major drawbacks. Therefore, 
there is strong interest in working at neutral pH to 
avoid pH adjustment. The problems related to the 

lack of efficiency of photo-Fenton at neutral pH 
could be solved by the presence of dissolved 
organic matter (DOM), due to the ability to form 
stable complexes with iron [4, 8] at any pH.  

In this context, the aim of this work was the 
removal of DPH in aqueous solution by photo-
Fenton at circumneutral pH.  The acidification of 
the solution is avoided by the addition of 
resorcinol (RES, di-hydroxy benzene isomer) used 
to simulate organic matrix in water and to generate 
ferricarboxylates complexes.  

Samples of 2 L of 50 mg/L of DPH mixed with 
50 mg/L of RES were treated by photo-Fenton, at 
neutral pH, by using an UV-A photochemical 
reactor at different concentrations of H2O2 (15, 75 
and 150 mg/L) and Fe2+ (1.25, 2.5 and 5 mg/L), 
added as Fe(SO4).7H2O. The photonic flow was 
measured with o-Nitrobenzaldehyde actinometry 
[9] and it was 3.59 J/s at 365 nm. During the 
experimentation, the temperature of the solution 
was kept at 25 ºC by controlling the temperature of 
the jacket of the reservoir tank by an ultra-
thermostat bath The information of the 
experimental device may be found elsewhere [10]. 
Concentration of DP was monitored using a High 
Performance Liquid Chromatograph (HPLC) from 
Agilent (Agilent 1260 Infinity). Total Organic 
Carbon (TOC) was measured with a Shimadzu 
TOC-VCSN analyzer. Hydrogen peroxide 
consumption was monitored by a 
spectrophotometric method during photo-
degradation reactions (Hach Lange DR 3900). The 
changes in concentration of iron in the form of Fe 
(II) was monitored by a colorimetric method 
according to the 1,10-phenantroline standardized 
procedure (ISO 6332).  
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Using photo-Fenton at circumneutral pH, the DP 
degradation increases when iron and hydrogen 
peroxide concentrations also increase (see Fig. 1). 
The highest DPH degradation was obtained at the 
highest concentrations of H2O2 (150 mg/L) and 
Fe2+ (5 mg/l), which correspond to the optimum 
conditions since all the DPH was degraded at the 
first 20 minutes. 

 

 

 

 

 

 

 

 Figure 1. DPH degradation by photo-Fenton process 
at circumneutral pH (● 15 mg/L H2O2, ♦75 mg/L H2O2, 
■ 150 mg/L H2O2, − 1.25 mg/L Fe2+, …. 2.5 mg/L Fe2+ 
and − − 5 mg/L Fe2+). 

The products of DPH oxidation are very 
persistent unlike the DPH itself. The highest TOC 
removal (38.58%) was achieved in the experiment 
with 5 mg/L Fe2+ and 150 mg/L of H2O2, after 60 
minutes of irradiation (Table 1).  

Table 1. DPH mineralization by photo-Fenton process 
at circumneutral pH.   

H2O2 

mg/L 
Fe(II) 
mg/L 

% TOC 
(60 min) 

 
(20 min) 

 1.25 2.35 0.93 

15 2.5 4.19 2.89 

 5 6.56 
 

4.09 
 

 1.25 10.89 6.87 
 

75 2.5 11.03 8.49 

 5 13.54 13.42 

 1.25 22.49 8.64 

150 2.5 25.77 13.70 

 5 38.58 32.93 

In all the experiments the initial pH was around 
6 and, after Fe2+ addition, pH decreases to 3.8. As 
it can be observed in Figure 2, all iron 
concentration remained constant during the 
experiments. 

    

 

Figure 2. Iron variation and pH by photo-Fenton 
process at neutral pH with 50 mg/L of DPH and 50 mg/L 
of RES with 150 mg/L H2O2 and 5 mg/L Fe2+. 

In order to assess the formation of RES-Fe 
complexes in the DPH degradation process, UV-
vis absorption spectra has been taken. The spectra 
exhibit an absorption band at approximately 270 
nm that can be related to the formation of RES-Fe 
complex. The peak increases as the concentration 
of H2O2 does it, as it can be observed in Figure 3. 
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   Figure 3. Molecular absorption spectra of DPH 
solution with 5 mg/L of Fe2+ at 60 minutes of reaction. 

The intensity of this band (270 nm) can be 
correlated to the concentration of H2O2, indicating 
that the formation of the complex is related to the 
concentration of hydrogen peroxide. However, in 
the case of Fe, it seems that this correlation is not 
so obvious, as shown in Figure 4. This means that 
the presence of H2O2 have an important role in the 
reaction of Fe and RES. Nevertheless, the role of 
the iron concentration is not clear for all the H2O2 
concentration tested.  
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Figure 4. Molecular absorption spectra of DPH 

solution with 150 mg/L of H2O2 at 60 minutes of 
reaction. 

 
It can be concluded that DPH is easily 

degradable (100% after 20 minutes of irradiation) 
by photo-Fenton at circumneutral pH using RES as 
DOM. However, the intermediates are very 
persistent, comparatively. The best mineralization 
achieved in 60 minutes was 32.9%, applying 5 
mg/L Fe2+ and 150 mg/L H2O2. In all the 
conditions tested the Fe2+ concentration was kept 
almost constant during all the reaction. Although it 
has been not possible to find information about the 
stability constant for the RES-Fe complex, the 
absorption spectra of the DPH solution showed the 
presence of this compound and its correlation with 
the H2O2 concentration. Nevertheless, the 
influence of the iron concentration is not clear. 
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Oxidation Processes 

 

M. P. Silva1, A. C. S. C. Teixeira1. (1), University of São Paulo, Chemical Engineering Department, Avenida Prof. 
Luciano Gualberto, tr. 3, 380, São Paulo, Brazil, marpradosilva@usp.br. 
 

 
Chemical structure of 

amicarbazone. 

  

The UV/H2O2 and photo-Fenton processes are compared for the 
oxidation of the herbicide amicarbazone (AMZ), used 
extensively for weed control and developed to replace atrazine 
in large-scale cultivation. This investigation configures an 
original contribution since studies devoted to exploring AMZ 
degradation by these advanced oxidation processes (AOP) are 
presently unknown. The photo-Fenton reaction shows the 
higher pseudo first-order rate constant at pH 3, with lower rate 
constants than UV/ H2O2 process at pH 5 and 7. Addition of 
organic matter decreased the degradation rates of pesticide in all 
studied systems, via scavenging of hydroxyl radical and screen 
effect produced by these materials. 
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Background  

Pesticides have been detected in surface waters 
and ground water around the world [1,2]. They 
reach surface waters through discharge of 
industrial synthesis processes and agro-industry 
wastewaters, from spray equipment and pesticide 
containers, spills due to improper handling and 
disposal, agricultural runoff etc. 

The persistence of pesticides in aquatic systems 
depends on their resistance to different 
degradation pathways, with direct and indirect 
sunlight-induced photo-transformation recognized 
as the major degradation routes [3]. While in direct 
photolysis pollutants undergo degradation by 
absorbing radiation, indirect photolysis proceeds 
through the reaction between contaminants and 
reactive intermediates such as hydroxyl radical, 
singlet oxygen and excited triplet states of organic 
matter [4]. 

These reactive intermediates are formed through 
sunlight photolysis of natural organic matter (OM) 
and other chemical species present in natural 
waters. In engineered water treatment systems 
these species, mainly hydroxyl radicals, can be 
generated by advanced oxidation processes 
(AOPs) such as ozonation, UV/H2O2, photo-
Fenton, and others [5]. 

Amicarbazone (AMZ) is a herbicide used 
extensively for weed control in large-scale 
cultivation as sugar cane and maize. It was 
recently developed to replace atrazine [6]. 

 

AMZ belongs to the chemical group of 
triazolinones, has high solubility in water (4.6 g L-

1 at pH 4.9), is considered recalcitrant and 
therefore presents a risk to humans health as well 
as for the environment [7].  

Silva et al. (2015) showed that AMZ can remain 
in surface waters more than three months, 
depending of environmental conditions [8]. This is 
enough time for it travels significant distances 
downstream, possibly infiltrating recreation areas, 
habitat sanctuaries, or drinking water intakes, 
therefore the need to treat water discharges 
containing this herbicide. 

Peixoto and Teixeira (2014) reported, for the 
first time in literature, the degradation of 
amicarbazone by UV photolysis, and evaluated 
parameters that influence this process. However, 
studies devoted to exploring AMZ degradation by 
different AOPs are presently unknow.  

Aiming to evaluate the treatment of water 
containing AMZ in engineered systems, in this 
study we investigated AMZ degradation by the 
UV/H2O2 and photo-Fenton processes. 
Additionally, the influence of organic matter in the 
AOPs was evaluated. 
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Methods  

The technical grade herbicide amicarbazone 
(minimum purity 92%) was supplied by Arysta 
LifeScience Corp.-Brazil. The solutions were 
prepared in purified water obtained by reverse 
osmosis. The synthetic OM was obtained from the 
process lines of ACEA Pinerolese waste treatment 
plant in Pinerolo (Italy) and have been isolated -
from home gardening and park trimming residues 
piles aerated for 230 days. 

Photochemical experiments were carried out, in 
duplicates, in a tubular photochemical reactor with 
annular flow, equipped with a mercury vapor lamp 
(low pressure, tubular and concentric) with 
emission at 254 nm, as shown in Figure 1. The 
reactor temperature was kept at 25 °C using a 
thermostatic water bath. Samples were taken at 0, 
2, 4, 6, 8, 10, 15, 20, 30, 45, and 60 minutes. In all 
experiments AMZ was spiked to obtain an initial 
concentration of 20 mg L-1. 

 

 
Figure 1. Simplified diagram of the apparatus used in 

the photo-degradaiton experiments. 

 

Control photolysis experiments were performed at 
two different photon emission rates on a per unit 
reactor volume basis (EP,0), 3.6×1018 and 8.7×1017 

photons L-1 s-1. The influence of organic matter on 
photolysis was investigated by adding synthetic 
OM at initial concentrations varying over the 
range 0.1 to 100 mg L-1. 

UV/H2O2 experiments were carried out at initial 
H2O2 concentrations according to 1:5 molar ratios 
AMZ:H2O2 and EP,0 of 3.6×1018 photons L-1 s-1. 
UV/H2O2/OM experiments were also performed at 
OM initial concentration of 25 mg L-1. 

In the case of photo-Fenton process, an initial 
concentration of 5 mg L-1 of iron (III) was added, 
H2O2 at 1:5 molar ratio AMZ: H2O2 and EP,0 of 
3.6×1018 photons L-1 s-1 were used. Photo-Fenton 
experiments were also performed in the presence 

of OM, which was added at initial concentrations 
of 2.5 and 25 mg L-1. The pH influence in photo-
Fenton process was adjusted to 3, 5, and 7 by 
adding either NaOH or H2SO4 solutions. 

The quantification of amicarbazone was 
performed by high performance liquid 
chromatography, using a HPLC (Shimadzu LC 
20AD UFLC) equipped with a UV-visible detector 
(Shimadzu SPD 20A). The analysis was carried 
out with a C18 column, methanol:water (50:50) as 
the mobile phase, at a constant flow rate of 1 mL 
min-1. 

The total organic carbon (TOC) of the samples 
was measured using a Shimadzu TOC-5000A 
equipment. The TOC was determined indirectly by 
the difference between total carbon content of the 
sample (TC) and inorganic carbon (IC) content. 

 

Results and Discussion 

Preliminary photolysis experiments showed that 
the values of the pseudo first-order rate constants 
(k) increase with EP,0, with values of 1.2×10-3 and 
4.3×10-3 min-1 for 8.7×1017 and 3.6×1018 photons 
L-1 s-1, respectively. The results in Figure 2 show 
that the rate of AMZ photolysis is influenced by 
the initial concentration of OM, the higher the 
initial OM concentration, the lower the initial 
photolytic degradation rate. It suggests that the 
OM effect associated with the enhanced photo-
generation of reactive species is less important 
than expected, owing to the screen effect produced 
by these materials, negatively affecting the 
degradation of AMZ by photolysis under UV at 
254 nm. 

 

    Figure 2. Relation between pseudo first-order rate 
constant of AMZ photolysis and organic matter initial 
concentration. 

 

As shown in Figure 3, AMZ concentrations 
below the detection limit were achieved after 30 
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min of irradiation during UV/H2O2 experiments. 
Despite the efficient AMZ removal, the results of 
TOC with time showed remaining total organic 
carbon after 120 minutes, which is associated with 
the formation of persistent degradation products. 

 

  
Figure 3. Amicarbazone (AMZ) degradation  and 
TOC removal  during UV/H2O2 experiments. 

 

Figure 4 shows the fast degradation of AMZ by 
the photo-Fenton process at pH3, the best 
condition to AMZ degradation among the 
investigated processes. On the other hand, photo-
Fenton processes at pH 5 and 7 showed lower 
AMZ percent removals than the UV/H2O2 process, 
since the photo-Fenton reaction is strongly 
influenced by the acidic required pH, partly due to 
the low solubility of iron at neutral media [9]. 

 

 
Figure 4. Amicarbazone (AMZ) degradation by the 

photo-Fenton process at pH 3 ( ), 5 ( ) and 7 ( ). 

 

Results in Table 1 indicate that AMZ 
degradation slows down with increasing OM 
concentration, owing to the strong scavenging of 
!OH radicals by OM [10]. At pH 3, a 10-fold 
increase in OM concentration results in 
insignificant increase in AMZ half-life, contrasting 
with the behavior observed at pH 5 and 7, at which 
the same increase in [OM] results in a significant 
increase in the half-life of the herbicide. 

 

Table 1. AMZ half-life time for different pH and OM 
initial concentration. 

[OM]0 
(mg L-1) 

AMZ half-life time 
(min) 

   
pH 3 pH 5 pH 7 

0 1.2 9.9 10.2 
2.5 3.8 10.7 10.6 
25 3.9 21.2 28.6 

 

 Conclusions 

In this study, the degradation of the herbicide 
amicarbazone (AMZ) by photolysis, UV/H2O2 and 
the photo-Fenton reaction under 254 nm UV-
radiation is discussed for the first time. 

Photo-Fenton at pH 3 shows the lower AMZ half-
life time compared with photolysis, UV/H2O2 and 
photo-Fenton at pH 5 and 7. 

The herbicide degradation rate was found to 
decrease with increasing organic matter initial 
concentration, for all studied processes.  

These results may help understand the behavior of 
amicarbazone in different UV-driven 
photochemical degradation process. 
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  For the first time, the removal of metronidazole (MNZ) with 
combined nano zero-valent iron (NZVI) immobilization and 
Fenton processes (PPN-Fenton) was reported. PPN-Fenton 
demonstrated excellent capability for removal of MNZ. Such 
performance might be attributed to high reactivity of PPN and 
heterogeneous Fenton oxidation of MNZ. Results show that 
complete degradation of MNZ was achieved within 40 min with 
PPN dosage of 15mg, H2O2 concentration of 6.60 mmol/L, 
initial MNZ concentration of 100 mg/L, under temperature of 
25°C and pH of 5.0. In addition, the possible MNZ 
degradation mechanism by PPN-Fenton was proposed. This 
study suggests that the PPN-Fenton reaction may be a 
promising technology for treatment of antibiotic wastewaters. 

1. Introduction 
For more than a decade, a great deal of interest 

has developed in degradation of pollutant by nano 
zero-valent iron (NZVI) remediation technology, 
which is environmentally friendly[1-3]. However, 
in practical, the applicability of NZVI is hindered 
by aggregation of NZVI. In addition, degradation 
of some persistent pollutants with NZVI is hard to 
obtain an ideal efficiency. Therefore, the 
combined processes of NZVI and Fenton have 
been investigated for in situ remediation. By 
adding H2O2 into the reaction system, Fe2+ 

produced with Fe0 corrosion is capable of 
promoting decomposition of H2O2 into OH·. 
Compared to homogeneous Fenton process, the 
advantages of heterogeneous Fenton process 
include wider pH range and less sludge formation 
[4-6]. 

To prevent aggregation of NZVI, a wide variety 
of supporters have been proposed to stabilize 
NZVI[7,8]. In this study, NZVI was immobilized 
in PAA functionalized poly(vinylidene fluoride) 
(PVDF) membrane to reduce their aggregation 
extent. The as-prepared composite is donated as 
PPN. In previous literatures, Fenton process could 
be conducted together with NZVI technology for 
wastewater treatment. However, few 
investigations have been reported in using 
PAA/PVDF immobilized NZVI (PPN) and H2O2 
as combined processes (PPN-Fenton) for removal 
of antibiotics (such as metronidazole). 
Metronidazole (MNZ) is a widely used antibiotic 
that has potential carcinogenicity and mutagenicity 
if its level is increased. Thus, the removal of MNZ 
is of great concern. In this regard, the objective of 
current study is to investigate the degradation 
performance of MNZ by PPN-Fenton. The second 
objective is to characterize synthesized PPN and to 

evaluate its efficacy for removal of MNZ. The 
third objective is to propose the possible 
degradation mechanism of MNZ with two 
different treatment processes: reductive 
degradation and heterogeneous Fenton oxidation. 
2. Methods 

For the fabrication of PPN hybrids, three 
processes occurred successively: the 
functionalization of hydrophobic PVDF 
membranes by in situ polymerization of AA, the 
incorporation of ferric ions within hybrids via ion 
exchange process, and the reduction of NZVI 
precursor, whether in Fe2+ or Fe3+ forms, by KBH4.  

Batch reaction took place in a serum bottle 
containing 15 mg PPN and 50mL MNZ with 
concentration of 100mg/L. The bottles were placed 
on a rotary shaker (50 rpm, 25±1ºC). Certain 
amount of H2O2 was added into the bottles after 20 
min of reaction to initiate the Fenton process. 
Liquid sample was taken off from the supernatant, 
and then filtered through a piece of membrane 
filter with a pore size of 0.45� m. Meanwhile, 
10� L1M tert-butanol was added into the filtrate to 
prevent the oxidation of radical. For comparison, 
MNZ was removed with 15mg non-immobilized 
NZVI. The concentration of MNZ and 
intermediates were analyzed with HPLC/MS 
(Agilent 1100) equipped with a UV–Vis detector. 
3 Results and discussion 
3.1 Characterization of PPN composite 

The presence of elemental Fe signal in EDS 
spectrum of as-prepared PPN (Fig1(a)) indicated 
successful synthesis and immobilization of NZVI 
in PVDF membranes. NZVI were formed on the 
surface and inside the pore with less aggregation 
(Fig1(b)).  
3.2 Removal of MNZ by different materials 

Removal of MNZ with different materials is 
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depicted in Fig 2. In the absence of any materials, 

 
 

 
Fig1Fig1Fig1Fig1....EDS spectrum of (a) as-prepared PPN and FE-SEM 
images of (b) as-prepared PPN 

 
no MNZ loss was observed, indicating that MNZ 
was fairly stable in aqueous phase.27% of MNZ 
was degradated within 40 min by NZVI. However, 
more than 75% of MNZ was removed by PPN 
within the same reaction time. The phenomenon 
could be explained by the fact that the aggregation 
of NZVI reduced when they are immobilized in 
PVDF membrane, resulting in the increase of 
NZVI activity. Comparatively, 95.3% of MNZ 
disappeared by using NZVI-Fenton processes 
under the similar conditions. The 99% MNZ 
removal efficiency could be obtained for 
combined PPN composite and Fenton process 
(PPN-Fenton) within 30 min.100% MNZ was 
removed within 40min. This implies that in 
comparison to NZVI, the activity of PPN on MNZ 
was improved. The combined PPN and Fenton 
processes are more effective for removal of MNZ. 

The possible reaction pathways for the removal 

 
FigFigFigFig2.2.2.2.Removal of MNZ by PPN, NZVI, PPN/H2O2 and 
NZVI/H 2O2 system.(The loading of PPN is 15mg, 
NZVI15mg, H2O26.60mM. pH5.00, reaction time 40 min, 
and solution temperature 25 ± 1ºC). 
 
of MNZ by PPN-Fenton process were proposed to 
include: (1) with the adsorption of MNZ onto 
reactive sites of PPN, the reduction reaction of 
MNZ by PPN occurred, which was induced by 
reactive species like H* resulted from the 
oxidation-reduction process of NZVI; (2) Fe2+ that 
were produced with the erosion of Fe0 could be 
combined with H2O2, resulting in the formation of 
OH· radicals. Then, MNZ and its intermediates 
were oxidized into low molecular organic acid, 
NH3 and H2O by OH·; (3) the continuous 
circulation of Fe2+ were yielded with the redox 
between Fe3+ and Fe0, resulting in promotion of 
Fenton reaction.  
4. Conclusion 

This study demonstrated the effective removal of 
MNZ over combined NZVI immobilization and 
Fenton process (PPN-Fenton). Over all, the PPN-
Fenton treatment exhibited high reactivity, 
excellent removal efficiency. The reaction 
mechanism of MNZ over PPN-Fenton includes the 
reduction of MNZ by PPN and oxidation of MNZ 
and its intermediates by OH·. This result suggests 
that PPN-Fenton process may be potentially used 
to pretreat antibiotic wastewaters, and may shed 
new light on further development of NZVI-based 
hybrid materials for a wide range of environmental 
applications. 
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Intermediates of degradation generated during the first oxidation
states of phenol in a photo-Fenton system
N. Villota, L. M. Camarero, L. M. Lomas, Department of Chemical and Environmental Engineering, EUI Vitoria-
Gasteiz, University of the Basque Country UPV/EHU, Nieves Cano 12, 01006 Vitoria-Gasteiz, Spain,
natalia.villota@ehu.es.

The study has considered the formation of isomers derived from
the dihydric rings (pyrogallol, phloroglucinol,
hydroxyhydroquinone) and quinones. The oxidation through the
para-substituted via is favored, with the formation of
hydroquinone, p-benzoquinone and their corresponding isomers.
Besides, catechol is the predominant species in the reaction,
which eventually would be degraded to pyrogallol and muconic
acid. However, the oxidation by meta-substituted via also takes
place, although in a minority way. Based on the results, the
stoichiometry of the proposed reactions system has been
estimated.

1. Introduction

Studies reported in literature concerning to the
evolution of toxicity in artificial wastewaters
containing phenol, present a significant increase
during the early stages of the oxidation treatment.
This fact could be directly related to the formation
of intermediate compounds characterized by high
chemical stability and difficult to be mineralized
[1-2]. In this way, although phenol can be
effectively removed, it does not mean that the
toxicity levels of the effluent are passable [3].
The main difficulty that arises in this situation is
to identify phenol degradation intermediates
generated in the early stages of oxidation [4].

Although the chemical oxidation of phenol by
using Advanced Chemistry Oxidation Processes
has been widely studied in the literature, the
mechanism of oxidation that occurs is not yet
clarified. Being a mechanism in which radicals
participate, several series and parallel reactions
take place instantly, leading to the formation of
different kinds of species [5].

The chemical pathway for phenol oxidation
currently accepted is based on the reaction scheme
established by Devlin and Harris [6] where phenol
oxidation is expressed as a combination of
seriesparallel reactions. The purpose of this work
is to complete the oxidation mechanism of phenol.
Then, we have identified and analyzed benzene
rings and benzoquinones of hydroxylated nature.
Thus the stoichiometry of the reactions involved
has been determined.

2. Materials and methods

The experimental assays of this work have been
carried out with aqueous phenol solutions of 500
mL. The specific catalyst dose for each experiment
was added as ferrous ions (FeSO4 2H2O, Panreac
80%). These reagents are mixed in a photocatalytic
reactor equipped with a cooled quartz
sheath where the UV lamp is inserted (Heraeus
TQ-150, Hg medium pressure, 87.4V, 167.3W,
2.20A), with 95% transmission between 300-570
nm. The reaction mixture is homogenized by a
magnetic stirrer at 500 rpm. Acidity is adjusted at
pH=3.0 pouring NaOH=0.2M (Probus, 99.9%)
with an automatic burette (Dosimat 665-Metrohm)
and temperature stabilized at 25.0°C using a
cryothermostat bath of 1150 watts (Selecta
Frigiterm- 10), pumping refrigeration water through
the cooled sheath. Thereafter, the dosage of oxidant
(H2O2, Foret 30%), at which the reaction starts, is
added. The reaction mixture is irradiated in all
experiments with UV light during 120 min.

The concentrations of organic species have been
analyzed by High Performance Liquid
Chromatography (Agilent Technologies 1200
Series) attached to a spectrophotometer UV/Vis
that detects at 280 nm: phenol (Panreac, 99%),
hydroquinone (Panreac, 99%), catechol (Baker
Organic Chemical, 99%), resorcinol (Panreac,
99%) and phloroglucinol (Acros Organics, 99%);
ZZ-muconic acid (Acros Organics, 98%) and
EEmuconic acid (Acros Organics, 97%) at 242
nm; pbenzoquinone (Alfa Aesar, 98%),
hydroxyhydroquinone (Aldrich, 99%), pyrogallol
(Sigma, 98%) and 2,5-dihidroxi-1,4-benzoquinona
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(Acros Organics, 98%) at 210 nm. Analysis has 

been performed injecting manually 20 µL samples, 

which are dragged by a carrier current of 1.0 

mL/min flow, consisting of a mixture of methanol 

and distilled water MeOH/H2O:20/80, through a 

Column C18, XBridge Phenyl 5 µm 4.6x250 mm 

(Bridge Waters), being the limit of detection 

(LOD) 0.1 mg/L. 

 

3. Results and discussion 

This study analyzes the formation of isomers 

derived from the trihydroxylated rings (pyrogallol, 

phloroglucinol, hydroxyhydroquinone) and 

quinones (dihydrobenzoquinone), in order to 

enlarge the knowledge about the nature of species 

that provide water toxicity during oxidation of 

phenol. Moreover, it has been experimentally 

established the oxidation levels that would occur 

in the formation of these species. Finally, the 

stoichiometry of the proposed reactions system has 

been estimated. 

 

3.1. Chemical pathway proposed for phenol 

oxidation 

The proposed mechanism presents several levels 

of oxidation reached as a function of the molar 

ratio of oxidant used (R=mol H2O2/mol C6H6O). 

The first oxidation stage would lead to degradation 

of phenol to dihydroxylated rings, ortho, para and 

meta substituted. In turn, these dihydroxylated 

species would be in equilibrium with their 

corresponding trihydroxylated isomers (pyrogallol, 

hydroxyhydroquinone and phloroglucinol), and 

species of quinoidal nature (para and ortho 

benzoquinones). Similarly, benzoquinones would 

be in equilibrium with their corresponding 

hydroxylated and dihydroxylated isomers. 

Besides, even equilibrium reactions could occur 

with isomers of tri and tetra hydroxylated nature.  

At the end, the quinoidal species would degrade 

until carboxylic acids of cyclic nature (i.e. 

muconic or maleic acids). In a first stage the three 

isomers of muconic acid would be formed in 

equilibrium. Subsequently the opening of the ring 

would occur, generating linear chain carboxylic 

acids (i.e. oxalic, acetic or formic acids). 

 

3.2. Reaction kinetics 

When utilizing ratios around R=1.0, phenol 

would be degraded to its closer intermediates, 

which are rings of dihydroxylated nature. Using 

R=2.0 these intermediates would be decomposed 

to the corresponding benzoquinones. Carrying out 

the treatment with molar ratios R=3.0, there is an 

increase of the number of reactions involved in the 

degradation mechanism, inducing in a parallel way 

several reactions of various oxidation levels. 

Moreover, it is remarkable the formation of 

trihydroxylated rings.  

Besides, the oxidation of hydroxylated 

benzoquinones produces the formation of muconic 

acid. In addition, carrying out the oxidation with 

R=4.0, rings of trihydroxylated benzene are also to 

decomposed to muconic acid. The general scheme 

of reactions would take place as follows 

(Equations 1-5): 

( ) OHOHCp,m,oOH2OHC 226666 +−→+ •  (1) 

( ) ( ) OH2OHCp,oOH2OHCp,o 2246266 +−→+− •  (2) 

( ) ( ) 41012246266 OHCOHCp,oOHCm,p,o →−+−  (3) 

( ) 36641012 OHCm,p,o2OH2OHC −→+ •  (4) 

( ) ( ) 466246 OHCEE,ZE,ZZOH2OHCp,o −→+− •  (5) 

Figure 2 displays the reaction kinetics of the 

species shown in Figure 1, in order to 

experimentally verify the stoichiometric ratios. In 

carrying out the oxidation with molar ratios of 

oxidant R=1.0, it is found that about 10% of the 

phenol degrades to dihydroxylated rings and 

quinones. Besides, the oxidation through para-

substituted via is favored against the ortho-

substituted via. Although catechol is the major 

species when phenol is oxidized, hydroquinone 

concentration is lower because it is degraded to p-

benzoquinone. In turn, formation of its 

corresponding hydroxyhydroquinone and 

dihydroxibenzoquinone isomers occurs. The meta-

substituted oxidation via also takes place through 

the formation of resorcinol, although is minority. 

When using R=2.0, approximately 30% of 

phenol oxidizes to dihydric rings and quinones. 

Catechol is the majority species in the reaction 

mixture. However, the oxidation through the para- 

substituted via is still favored. As a remark, 

irrelevant concentration of hydroxyhydroquinone 

is found. Moreover, a minority amount of 

resorcinol appears in the system.  

Operating with R=3.0, approximately 75% 

phenol is degraded. In this case, catechol and 

dihydroxibenzoquinone are mainly produced at the 

expenses of the concentration of p-benzoquinone. 

Increasing the dosage of oxidant to R=5.5, 

approximately 90% of the phenol is degraded. 
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Note that in this case dihydroxibenzoquinone is 

the predominant species generated, whereas 

catechol concentration decreases around 25%, 

because is degraded to other species such as 

muconic acid. 

 

0,00

0,04

0,08

0,12

0,16

0,20

0 20 40 60 80 100 120

Time (min)

C
 / 

P
h

o

0,0

0,2

0,4

0,6

0,8

1,0

P
h 

/ P
h

o

 

Figure 2. Kinetics reactions of phenol operating at 

R=2.0 (■ phenol, □ catechol, ∆ hydroquinone, 

○resorcinol, ◊ hydroxyhydroquinone, ♦ 

dihydroxybenzoquinone, ● p-benzoquinone, ▲ 

ZZ-muconic acid). Pho=100.0 mg/L, Fe=20.0 

mg/L, pH=3.0, T=25ºC. 

 

3.3. Analysis of the steady state 

Figure 3 shows that operating with R=0.5 the 

oxidation is activated, whereas with R=0.5-2.0 a 

chemical equilibrium takes place between phenol 

and its closer intermediates. 
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Figure 3. Concentration of several species at the 

steady state (■ phenol, □ catechol, ∆ 

hydroquinone, ○ resorcinol, ◊ 

hydroxyhydroquinone, ♦ dihydroxybenzoquinone, 

▲ pyrogallol, ● p-benzoquinone). Pho=100.0 

mg/L; Fe=20.0 mg/L; pH=3.0; T=25ºC. 

 

Ratios on the order R=2.0 lead to the highest 

formation of dihydroxylated rings (catechol, 

hydroquinone and resorcinol), and p-

benzoquinone, as well as its corresponding 

isomers, dihydroxibenzoquinone and 

hydroxyhydroquinone. On the other hand, 

pyrogallol formation is favored with R=4.0 as 

result of the oxidation of catechol and resorcinol. 

 

4. Conclusion 

In order to estimate the oxidation level that 

would lead to the formation of these species, the 

stoichiometry of the theoretical reactions that 

would occur is set. These results have been 

compared with the ones obtained by conducting 

oxidation reactions of phenol with different 

dosages of oxidant. Results prove that operating 

with R=2.0, maximum formation of these species 

happens. Using R=5.0 dosages, muconic type 

acids would begin to appear, so that the water 

would start to reduce toxicity. The degradation of 

phenol is favored through the oxidation by para-

substituted via, producing hydroquinone, p-

benzoquinone and their corresponding isomers 

(hydroxyhydroquinone, dihydroxybenzoquinone). 

Moreover, catechol is the predominant species 

present in the reaction mixture, which eventually 

is degraded to pyrogallol and muconic acid.  
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The degradation of ciprofloxacin (CIP), a common 
antibiotic, was studied using Photo-Electro Fenton (PEF). 
The contribution of different processes implied in PEF were 
investigated: Photolysis (UV), Electrochemical Oxidation 
(EO) and Electro-Fenton (EF). Higher degradation rates 
were observed during the Fenton based treatments. However, 
an enhancement of the mineralization was achieved with the 
PEF process. The antibiotic activity (AA) showed to be 
closely related to CIP structure variations. Therefore, the 
identification of the main degradation by-products was 
carried out as well as their AA. Finally, the possible 
degradation pathways of PEF process were proposed.   

 
 
Introduction 

The presence of antibiotics in residual waters is 
one of the major health issues of the 21st century. 
Prolonged exposure time of antibiotics with 
microorganisms induces bacterial resistance 
leading to ineffectiveness of their treatment. 
Inefficiency of conventional water treatments 
regarding the degradation of some antibiotics 
causes them to accumulate in the environment, 
consequently a world environmental and human 
health concern. Ciprofloxacin (CIP), an antibiotic 
used against Gram-positive and Gram-negative 
bacterial infections, is part of these degradation 
resistant pollutants, commonly known as emergent 
contaminants (EC), which are found in different 
types of waters: natural water and wastewaters [1]. 
A solution to this problem is the use of Advanced 
Oxidation Processes (AOPs), which –  by hydroxyl 
radical formation –  are able to degrade EC, as 
antibiotics, and eliminate most organic matter 
present in waters. Photo-electro Fenton (PEF) is a 
quite recent AOP based on the combination of the 
processes photo-Fenton and electro-oxidation [2]. 
This process has shown to be highly efficient for 
the degradation of several organic pollutants in 
which different degradation processes could be 
involved: photolysis, direct and/or indirect 
electrochemical oxidation and hydroxyl radical 
attack.  PEF could be considered an environmental 
friendly technique since no critical reagents are 
needed. One of the major advantages of this 
technique is related to the electro-generation of 
hydrogen peroxide, which makes of this a feasible 
system to be handle and automatized. Several 
studies have shown that CIP can be degraded by 
photo-chemical and electro-chemical processes [3] 

[4]; however, under the authors knowledge, there 
is no publications about the treatment of CIP by 
PEF. Moreover, previous investigations have 
shown the environmental risks associated to 
antibiotics degradation by-products [5] and so it 
becomes necessary to identify CIP by-products 
and their biological activity. This information 
contributes to a better understanding of the 
degradation pathways involved during CIP 
treatment with this complex process. Therefore, 
the main objective of this study was to investigate 
the relationship between the degradation by-
products and the antibiotic activity, which leads to 
determine the degradation pathways when CIP is 
submitted to PEF process.  

 

Methodology 
The experiments were carried out in a 250 mL 

reactor equipped with an external lamp 
(λmax=254 nm). The flow through the reactor was 
of 34 mL min-1 and the airflow through the 
cathode was of 838 mL min-1. The 
electrochemical cell was made of a 4 cm2 
dimensionally stable anode (Ti/IrO2) and a 4 cm2 
gas diffusion cathode (GDE) that was electrically 
supplied with a current of 20 mA. CIP solutions 
(0.1 mM) were prepared using distilled water with 
sodium chloride (0.05 M) that was used as 
supporting electrolyte and iron sulfate (0.09 mM) 
as the Fenton catalyst. Antibiotic Activity (AA) 
was measured by the inhibitor halo methodology 
using Escherichia coli (Gram-negative) and 
Staphylococcus aureus (Gram-positive) as the 
tested bacteria. The mineralization level was 
obtained by measuring the Total Organic Carbon 

PP2- 5
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(TOC) in a Shimadzu 5000A. CIP was quantified 

by HPLC analysis in an Agilent 1100 series. 

 

Results and discussion 
The PEF process, as complex system, is a result of 

several individual or combined processes: 

photolysis (UV), electro-oxidation (EO) and 

electro-Fenton (EF). In order to understand the 
involved mechanisms during PEF system, CIP 

initial degradation rates (r) were determined for 

each individual process (Fig. 1). Despite all the 

systems allow CIP elimination, significant 
differences regarding the initial degradation rates 

could be noticed. UV shows the lowest 

degradation rate followed by EO and the processes 

involving Fenton reaction (EF and PEF), which 
present the highest efficiencies with no significant 

difference between them. This behavior is 

attributed to the fast rate of the hydroxyl radical 

formation by the Fenton reaction therefore CIP 
elimination can be accelerated. However, the 

pollutant degradation is not the only information 

used to determine the efficiency of the techniques. 

In fact the remaining organic matter in the solution 
after the treatments should be investigated 

considering the environmental and human risks of 

the target molecule.  

 

 

Figure 1. Initial CIP degradation rates using different 

systems 

 

Figure 2 represents the TOC evolution (black 
symbols) during CIP degradation submitted to 

different processes in which none of the tested 

systems reached 100% of mineralization after 3 h 

of reaction. As the previous results, UV and EO 
showed the lowest efficiency in terms of 

mineralization. However, in this case, no 

difference was observed between UV and EO. On 

the contrary, EF and PEF show higher 
mineralization levels, suggesting an important role 

of hydroxyl radicals for both CIP degradation and 

its by-products. Nevertheless, major differences 

between EF and PEF systems were observed. EF 

reached a plateau after 60 min of treatment while 

PEF showed a continuous decrease in the 
mineralization along the treatment. The high 

mineralization efficiency obtained with the PEF 

system is attributed to the contribution of several 

processes taking place on CIP molecule and its by-
products: (1) direct photolysis; (2) indirect 

electrochemical oxidation; and (3) the UV action 

during the Fenton reaction by which it becomes 

catalytic and extra hydroxyl radicals are produced.  

The recalcitrance of degradation by-products to 

the tested treatments makes it necessary to conduct 

a deeper investigation on their environmental 

risks. Since CIP is an antibiotic product, the 
antibiotic activity of treated solutions was studied 

for each system (Fig. 2, red symbols). EO, EF and 

PEF processes showed complete AA removal after 

60 minutes of treatment while UV system showed 
only 40% of removal after 3 hours. Results suggest 

that CIP undergoes into different structural 

modifications according to the submitted process.  

 

 

Figure 2. TOC evolution (black symbols) and 

antimicrobial activity removal (red symbols) for CIP 

treatment by different systems. 

 

In order to have a better understanding, the 

degradation by-products for each system were 

identified and their evolution was determined. In 
general, four main by-products could be 

distinguished: P1, P2, P3 and P4. All of them were 

observed in the UV system, EO produced only one 

(P3) and EF showed two (P1 and P3). 
Unexpectedly, during PEF, P4 was not obtained 

and only P1, P2 and P3 were observed. These 

findings suggest that CIP degradation is promoted 

by different causes: (i) photolysis is attributed to 
the absorption of hν by the molecule; (ii) EO 

degradation is based on HOCl produced by the 

chlorine electro-oxidation, promoting an indirect 

oxidation. On the other hand, (iii) EF involves 
both HOCl and •OH as oxidative species; while 
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(iv) PEF combines the effects of hν, HOCl and 

•OH, consequently improving the efficiency of the 

treatment (see graphical abstract).  

The involvement of the oxidative agents as well 
as the identification of the intermediates during 

CIP treatment indicates the existence of different 

degradation pathways. Therefore, the possible 

routes that CIP could undergo during Photo-
Electro Fenton were proposed and described. 

 

Conclusions 

All tested systems showed to be efficient regarding 

the treatment of water contaminated with CIP. 

However, differences were observed in the initial 

degradation rates where processes based on 

hydroxyl radical action showed the highest 

efficiency. Nevertheless the mineralization was 

enhanced due to the contribution of several 

processes during the PEF system. The observed 

tendencies of AA evolutions help to understand 

CIP structural modifications along each tested 

process.  

This information lead to determine that each 

system has specific by-products and consequently 

different degradation pathway are involved.  
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In this study, the applicability of sandwich cathode formed by 
the combination of carbon fiber sheets and granular activated 
carbon in electrochemical treatment of two dyes (Reactive 
Black 5 and Rhodamine B) and an antibiotic such as 
chloramphenicol was demonstrated. Initially, the effect of the 
cathode on the H2O2 generation and decoloration of dyes was 
evaluated. After determining the optimal operational 
conditions, the process was carried out in continuous mode in 
a column cell reactor with multiple cathodes and anodes, 
obtaining near complete chloramphenicol degradation in the 
effluent. Summing up, sandwich cathode seems to be a 
suitable cathode material for the electrochemical oxidation of 
recalcitrant compounds in continuous mode. 
  

 

1. Introduction 

Nowadays, an increasing number of hazardous 
organic compounds are being discharged into the 
environment, so that there is a public concern 
about the world environmental situation. More 
specifically, textile industry generates 
approximately 10.000 different synthetic dyes 
annually, discharging a high percentage of its 
production into the environment, mostly into the 
wastewater. Similarly, pharmaceuticals, personal 
care products, “life -style” and select ed industrial 
compounds have emerged as emerging pollutants. 
Although their effects are still not well-known, it 
has been documented that they have adverse 
effects on human health and aquatic ecosystems. 
The presence of these pollutants and their 
metabolites in rivers, groundwater and drinking 
water represents a potential hazard. For this 
reason, numerous studies are being carried out in 
order to develop inexpensive and rapid wastewater 
treatments capable of degrading these organic 
compounds and their derivates.  

One solution to this problem may be the use of 
advanced oxidation processes. They have attracted 
much attention because of their potential in the 
elimination of recalcitrant organic pollutants from 
different environmental matrices. These 
technologies are based on the in situ generation of 
hydroxyl radicals (� OH), a highly oxidant and low 
selective agent able to react with any pollutants 
and oxidize them until their almost complete 
mineralization [1]. Among them, Electrochemical 
Advanced Oxidation Processes (EAOP) have 

reached an excellent state of development [2]. 
They employ the electrical current to generate 
� OH, avoiding the use of chemicals and thus, 
reducing the potential hazards of the process. The 
degradation mechanism of the organic pollutants 
follows the Eq. 1 and 2, where M represents the 
anode material, M(� OH) are the adsorbed radicals 
on the anode, R is the organic matter and X are the 
inorganic ions. 

M + H2O    � M(.

.

OH) + H+ +e-                 (1) 

M(� OH)+R�  M+mCO2+nH2O+pX-        (2) 

Since the generation of � OH is highly dependent 
on the electrode materials, their optimization and 
configuration are decisive to increase the 
production of this reagent on solution and thus the 
efficacy of the oxidative treatment [3]. 

Regarding electrode materials, in the literature 
have been described the advantages of several 
materials, among them granular activated carbon 
shows interesting properties such as high 
adsorption capacity, large porous volume, vast 
surface area and ability to oxidize several 
compounds. Thus, Santos et al. [4] reported the 
removal of dyes by the synergistic effect between 
H2O2 and a modified activated carbon.  

Bansal et al. [5] reported the catalytic 
decomposition of H2O2 by activated carbon, which 
involves directly the exchange of the hydroxyl 
group on activated carbon surface with a hydrogen 
peroxide anion (-OOH). Additionally, oxygen is 
produced and regenerated on the activated carbon 
surface when the peroxide anion latter generated 
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decomposes another H2O2 molecule. Besides, 

regarding the Haber–Weiss mechanism, the 

activated carbon (AC) can act as an efficiently 

electron-transfer catalyst thus, involving the 

reduction (AC) and oxidation (AC+) of the catalyst 

(Eq. 3, 4). 

AC+H2O2 → AC+ + OH +●OH  (3) 

AC+ + H2O2 → AC + H++●O2H (4) 

Therefore, the presence of granular activated 

carbon in an EAOP treatment enhances the 

removal of pollutants, given the combined action 

between oxidation and activated carbon 

adsorption.  

The aim of this study was to develop a sandwich 

cathode manufactured by the combination of 

carbon fiber sheet and granular activated carbon 

and to determine its ability to enhance the 

degradation of recalcitrant compounds in the 

EAOP of several pollutants. Initially, sandwich 

cathode configuration was optimized in the 

decoloration of two dyes (Reactive Black 5 and 

Rhodamine B). After that, a deep study was 

carried out to evaluate the sandwich cathode in the 

removal of an antibiotic such as chloramphenicol. 

Then, the performance of different electrochemical 

cell configurations using sandwich cathode and the 

possibility to operate in continuous mode were 

evaluated and discussed. 

2. Materials and Methods 

2.1 Pollutants  

Three model pollutants, Reactive Black 5 (RB5), 

Rhodamine B (RhB) and chloramphenicol (CAP) 

were provided by Sigma-Aldrich (Barcelona, 

Spain) and used without further purification. 

2.2 Sandwich electrode  

The sandwich electrode used as cathode was 

composed by two sheets of carbon fiber 

(Advanced Composites Group UK) linked with a 

nylon thread to entrap granular activated carbon 

inside (Granulated nº2 QP Panreac Spain).  

2.3 Electrochemical cell configurations  

In this study, the electrochemical process was 

carried out in two reactors: cylindrical tank cell 

and column cell reactor, both with a working 

volume of 0.15 L. In these experiments solutions 

of RB 5, RhB and CAP at initial concentration of 

100, 40 and 100 mg/L, respectively, were used as 

model polluted wastewater. 

Cylindrical tank cell: The electric field was 

applied by a sandwich electrode (area of 15 cm2 

and 2.65 g of granular activated carbon) and a 

BDD anode of 11 cm2 (DIACHEM®, Germany). 

The electrodes were placed opposite to each other 

at 1 cm above the bottom of the cell with an 

electrode gap of 6 cm. A constant potential drop of 

5V was applied with a power supply (HP model 

3662). Current intensity was continuously 

monitored along the process with a multimeter 

(Fluke 175). Continuous saturation of air at 

atmospheric pressure was ensured by bubbling 1 

L/min of compressed air near the cathode. For 

each experiment, 0.15 L of the wastewater sample 

at the desired concentration of organic pollutant 

and Na2SO4 (used as electrolyte 0.01 M) were 

continuously homogenized by means of a 

magnetic stirrer in order to avoid concentration 

gradients. The pH was stabilized at 2 by the 

addition of H2SO4 or NaOH provided by Sigma-

Aldrich (Barcelona, Spain). The temperature of the 

solution was kept constant at room temperature 

throughout all the experiments. 

Column cell reactor: A cylindrical glass cell 

(internal diameter of 4 cm) with several sandwich 

electrodes with an area of 7.07 cm2 and contains 

0.75 g of granular activated carbon. Graphite sheet 

(Carbon Lorraine, France) (7.07 cm2) or BDD (11 

cm2) (DIACHEM®, Germany) were evaluated as 

anode materials. A constant potential drop of 5V 

was applied with a power supply (HP model 

3662). The column was filled with glass beads in 

order to reduce the flow dispersion along the 

column. The electrodes were distributed into the 

cylindrical glass cell with a distance between each 

one of 4 cm. In this configuration, the continuous 

saturation of air at atmospheric pressure was 

ensured by bubbling 0.3 L/min of compressed air 

from the bottom of the reactor. 

2.4 Sample preparation and analysis  

In all experiments, samples were taken 

periodically from the reactor cells to be analyzed 

for pH and pollutant concentration. Dye 

concentration was measured spectrophoto-

metrically from 500 to 700 nm using a calibration 

curve associated with the area under the curve. 

CAP concentration was determined by HPLC 

(Agilent-1100) equipment with an XDF-C8 

reverse-phase column (150 x 4.6 mm i.d., 5 µm) 

using a gradient elution program with acetonitrile 

and water with 1.5 % of acetic acid as the mobile 

phase. Detection was performed with a diode array 

detector at 278 nm. Total Organic Carbon (TOC) 

in aqueous solutions was determined by using a 

Lange cuvette test (LCK 380) in a Hach Lange DR 

2800, according to the standard method DIN 

38409-H3. 
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3. Results  

3.1. Effect on H2O2 production 

A preliminary and comparative study using as 

cathode the sandwich electrode or graphite sheet in 

a cylindrical tank cell was carried out in order to 

determine the effect on the H2O2 production. It is 

clear that the efficiency of EAOPs depends on the 

oxidant generated in the bulk. The results showed 

that when sandwich electrode was used as cathode 

the amount of generated H2O2 was around 3-folds 

the produced by graphite sheet. This higher 

production could be to the larger specific surface 

area and greater number of mesopores in the 

granular activated carbon present inside the 

sandwich electrode. 

3.2. Decoloration of RB5 and RhB 

After determining the differences in the H2O2 

production, these configurations were used to 

compare the efficiency in the decoloration of the 

studied dyes. As depicted in Figure 1, by using the 

sandwich electrode the decoloration levels of both 

dyes increased around a 15%. 

 

Figure 1. Electrochemical decoloration of dyes after 
160 minutes of treatment at pH 2 and 5V with BDD 

anode and different cathodes.  

Additionally, a kinetic study was carried out and 

first-order kinetic model, with respect to the dye 

concentration, fitted well to the decoloration data 

obtained. As expected from the degradation 

profiles, k values show that the extent of 

decoloration was significantly faster using 

sandwich electrode (k=0.012 and 0.0115 min-1 for 

RB5 and RhB, respectively) than for those related 

with the electrochemical process using graphite 

sheet as cathode material (k=0.0075 and 0.0076 

min-1 for RB5 and RhB, respectively). 

 

 

 

3.3. Degradation of antibiotic CAP 

The obtained results demonstrated that the best 

results were obtained using sandwich electrode. 

Thus, this was the cathode selected henceforth. 

Initially, the CAP reduction profiles in the EAOP 

showed higher efficiency of these systems in 

comparison with the results obtained by other 

treatments. Then, the operational conditions such 

as pH, intensity and aeration were optimized. 

Operating in these conditions a complete CAP 

degradation was obtained after 120 min. 

Based on the successful results, a flow system 

using a column cell reactor was performed. The 

continuous mode operation was tested using a flow 

rate of 50 mL/h of simulated wastewater (100 

mg/L of CAP). In this column, different 

distributions of anodes and cathodes were 

employed in order to determine the most efficient 

cell configuration. In the best configuration, with 

three cathodes and one anode in the top of the 

reactor, the reduction of CAP was higher than 90 

% and around of 73% of TOC removal. 

4. Conclusions 

These results allow us to conclude that the 

EAOP using sandwich electrode as cathode is a 

promising alternative to treat emerging and 

recalcitrant organic pollutants in continuous 

processes. 
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 In this study, an Electrokinetic-Fenton (EK-Fenton) 
process was designed and several techniques were coupled 
to enhance the process. 
The feasibility of the developed EK-Fenton for the removal 
of dye, polycyclic aromatic hydrocarbons and pesticide 
from clay and sandy soils was demonstrated. In all cases, 
the natural iron in the soils acted as catalyst for the 
Fenton’s  reaction. Moreover, key operational parameters 
such as H2O2 concentrations, facilitating agents (citric acid, 
surfactants) or pH of electrolyte were optimised.  
The results obtained indicate the suitability of EK-Fenton 
in the treatments of real soils with high content in iron and 
petroleum hydrocarbons open an alternative in the 
technological challenge of the in situ treatments of soils. 
  

1. Introduction 

The environmental effects of contamination in 
soils and water have been increasing in the last 
years. Most of the released pollutants come from 
anthropogenic sources and are persistent in the 
environment. The accumulation of these 
contaminants in low permeability soils poses a 
significant environmental problem difficult to 
tackle. For this reason, several investigations have 
been focused to solve this technical challenge by 
application of in situ remediation technologies. 
Total petroleum hydrocarbons (TPHs) are one of 
the most common pollutants present in the soils 
due to industrial activities, accidental spills, etc. 
These pollutants may be toxic for microorganisms, 
plants and a source of contamination in 
groundwater.  

Conventional treatment technologies such as 
bioremediation, vapour extraction or pump-and-
treat usually require long operational periods and 
can be mainly used as containment technologies 
with high operation and maintenance costs [1]. 
Therefore, the development of new in situ 
treatments able to overcome these drawbacks is 
required. Among the different in situ treatments, it 
is important to highlight the electrokinetic 
remediation. This technique is based on the 
application of a low intensity current to an 
electrokinetic cell filled with a polluted soil, both 
of its extremes connected to two electrode 
chambers. This current promotes the movement of 
the pollutants from the anode chamber toward the 
cathode chamber. The main problems of this 
treatment are the concentration of the pollutants in 

a small area of soil close to the cathode chamber 
and the need to treat the liquid collected in 
chambers. To overcome these problems several 
technologies have been performed in combination 
to electrokinetic treatments. 

Advanced oxidation processes have shown a 
high potential for the treatment of different organic 
compounds due to the generation of nonspecific 
and highly reactive species. When this technology 
is coupled to electrokinetic, a combined 
technology named electrokinetic-Fenton (EK-
Fenton) is performed. This technique consists in 
several stages: i) the transport of Fenton’s  reagent 
(hydrogen peroxide) into the polluted soil by the 
electric field action, ii) in situ generation of ·OH 
radicals from hydrogen peroxide decomposition by 
Fenton reaction with the iron present in soil, 
according to the equation 1[2], and iii) 
subsequently, the reaction of degradation of the 
pollutants by oxidation reaction with ·OH radicals.  

H2O2 + Fe2+ � Fe3+ + •OH + OH- (Eq. 1) 

Thus, to improve the degradation reactions, it is 
necessary to increase the mobility of the hydrogen 
peroxide across the soil and the solubility of iron 
and organic pollutants from solid matrix. Recently, 
the addition of facilitating agents such as 
surfactants or complexing agents to the processing 
fluid has been applied to enhance the feasibility of 
the process. 

The aim of this study is to analyse the 
decontamination of TPH-polluted soils using the 
enhanced EK-Fenton process. For this purpose, the 
EK-Fenton process was initially investigated for 
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model samples of different permeability (clay and 

sandy soils). These soils were spiked with 

different organic pollutants in order to determine 

the viability of the treatment and to evaluate the 

effect of different key parameters. Once the 

previous studies were done, the feasibility of 

treatment for the amendment of two different 

polluted soils obtained from industrial areas was 

tested.  

2.  Methods 

2.1 Samples 

Four different soil samples were evaluated 

(Table 1). Previously to be used in the 

experiments, the soils were sieved. The fractions 

with a size lower than 0.5 mm were selected for 

the assays. 

 

Table 1. Characteristics of the selected soils  

Soil 
OM  

(%)a 

Fe 

(ppm) 
Pollutant 

C 

(mg/g) b 

Clay soil  
- 3000-

6000 
Rhodamine B 160  

Sandy 
soil 

4.2  33594  

Pyrimethanil 

Phenanthrene 
Anthracene 

Fluoranthrene 

Pyrene 
Benz[a] 

anthracene 

0.125  

each 

one 

Industrial 

(SP) 
20.1 76320  TPH 80.4  

Industrial 

(RO) 
13.1 182000  TPH 45.6  

aOM: Organic Matter, bC: Concentration 

  

 

2.2 Reagents 

Citric acid, iron sulphate and sodium sulphate 

were purchased from Sigma-Aldrich. Hydrogen 

peroxide (30%) was obtained from Panreac. The 

selected pollutants (Rhodamine B, Pyrimethanil, 

Phenanthrene, Anthracene, Fluoranthrene, Pyrene 

and Benz[a]anthracene) and surfactants (Tween 

80, Triton X-100) were obtained from Sigma-

Aldrich. 

2.3 Experimental setup 

The experiments were developed in an 

electrokinetic cell, as shown in the graphical 

abstract, with dimensions 10 cm x 3 cm and 

containing approximately 120 g of soil. Potential 

difference was kept constant to a value of 3 V/cm 

using a power supply (HP model 3662). The anode 

and cathode electrodes used were graphite sheets, 

Na2SO4 (0.1 M) as electrolyte, citric acid 0.1 M 

for pH control and the selected working pH=2. 

H2O2 10% was added in the anolyte. When the 

selected surfactants were considered for the 

experiments, a concentration of 1% w/v was used 

in anolyte and catholyte.  

The process was monitored along the time with a 

multimeter (Fluke 175). pH was measured with a 

Sentron pH meter (model 1001). The experiments 

were carried out in duplicate. 

At the beginning and at the end of each 

experiment, samples were taken from the cathode 

and anode solutions as well as from the solid 

matrix for physical-chemical analysis. After the 

experiment, the soil was divided in three sections 

(S1-S3, namely from anode to cathode) and each 

one was analysed for moisture content, pH and 

pollutant concentrations. All analytical 

determinations were done in duplicated and the 

showed results are the mean values. 

2.4 Analytical procedures 

TPH concentration was determined by GC-FID 

using an Agilent 7820A equipped with a 

Phenomenex Zebron column. 

PAHs and pesticide were determined by HPLC 

using an Agilent 1100 HPLC equipped with an 

Agilent J&W HP5 column. 

Elemental analysis was accomplished with an 

elemental analyser LECO CN-2000 to quantify 

total carbon, organic matter and total nitrogen. 

Metal characterization of the soils was made 

using an Inductively Coupled Plasma Optical 

Emission Spectrometry (ICP-OES).  

3. Results  

3.1 EK-Fenton treatment of clay soil 

Initially, the effectivity of the EK-Fenton 

technique for the in situ remediation of a clay soil 

polluted with a dye, Rhodamine B, was evaluated.  

For these experiments, a solution of citric acid and 

H2O2 at pH 2 was used as processing fluid.  

In the conducted experiments, the processing 

fluid was successfully transported across the soil 

using the electric field. It was found that the 

presence citric acid increased the electroosmotic 

flow and the iron availability. The reaction of the 

H2O2 with the iron yielded the ·OH radical 

according to the Fenton’s reaction and the 

degradation of the dye with the radicals was 

achieved. This reaction could be easily followed 

by observing the decolourisation of dye in the soil 
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along the treatment time. As it is clearly evidenced 

in the photos showed in Figure 1.   

 

Figure 1. Evolution of Rhodamine B decolourisation 

along the treatment time by EK-Fenton. 

Furthermore, the effect of the concentration of 

Fenton’s reagents (H2O2 and Fe) was also 

evaluated. The obtained results demonstrated that 

the total degradation of the dye was achieved in a 

short period of time (3-4 days) independently of 

the value of iron concentration studied.  

 

3.2 EK-Fenton treatment of sandy soil  

After the best results obtained with the clay soil, 

the treatment was evaluated for a soil of different 

nature: sandy soil. The soil was spiked with 

different organic pollutants: polycyclic aromatic 

hydrocarbons (PAHs) and a pesticide, 

Pyrimethanil. In these experiments, it was 

expected that the natural iron content in the soil 

facilitates the development of the EK-Fenton 

process and reactions, avoiding the necessity of 

extra iron addition.  

Initially, the EK-Fenton technique was applied 

to the spiked soil without pH control, achieving a 

pollutant degradation degree between 45-65% for 

the studied PAHs and almost 60% for pyrimethanil 

after 27 days. However, when the enhanced EK-

Fenton was carried out with a control pH by using 

a solution of citric acid as processing fluid, the 

efficiency of the treatment improved reaching 

higher average removals and increasing the 

electro-osmotic flow after 27 days.   

3.3 Electrokinetic-Fenton treatment of industrial 

polluted soils: RO and SP 

The feasibility of the developed technique in the 

treatment of complex matrixes (polluted soils from 

industrial areas) was evaluated for removal of 

TPHs. 

The selected soils were characterised and as can 

be seen in Table 1, high concentrations of 

petroleum hydrocarbons measured as TPH were 

assayed. It is highlighted the high pollutant 

concentration of SP, with near two-fold the value 

of RO.  

After 22 days of treatment, the obtained removal 

values were approximately 7% and 28% for the SP 

and RO soils, respectively. The low solubility of 

the TPH could explain these levels obtained. In 

order to improve the process the addition of TPHs 

solubilising agents as surfactants was required.  

Several surfactants (Tween 80, Triton X-100) 

and concentrations were used. This action allows 

to increase the solubility of the pollutants and the 

efficiency of the process was significantly 

increased after 22 days of treatment. 

4. Conclusions  

The enhancing of EK-Fenton treatment with 

facilitating agents proved to be an efficient 

combination in the treatment of soils from 

industrial areas polluted with TPHs.  

More assays are required for the optimisation of 

the working parameters for the scale-up of these 

processes. 
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This study focuses on the application of electro-
Fenton process using iron alginate beads (FeAB) as 
catalyst for the treatment of polluted water with Ionic 
Liquids. Five Ionic Liquids were selected in order to 
evaluate the effect of the length of the alkyl chain 
and the nature of the anion on the degradation. 
Initially, the optimum FeAB dosage and the kinetic 
degradation of the pollutants were determined. After 
optimisation, the effect of the current intensity 
applied on the degradation and mineralisation of the 
compounds were studied. The results indicate that 
the electro-Fenton process is a good option for the 
complete elimination of hazardous contaminants, 

h I i Li id f 
 

1. Introduction 

Over the past decades, the use of Ionic Liquids 
(ILs) has been extended to a broad number of 
industrial applications, generally involving water 
streams. ILs are usually composed of an inorganic 
anion and an organic cation [1]. Initially regarded 
as “green” solvents, during the last years the 
toxicity of ILs on different organisms has been 
demonstrated [2]. Since they are continuously 
released on the industrial streams, it can be 
expected the pollution of the aquatic 
environments. Different technologies have been 
investigated for recovering and recycling ILs, 
however, they have not demonstrated their 
effectiveness to avoid a release on the water. 
Furthermore, the conventional sewages treatment 
plants are incapable to reach a complete 
elimination of these pollutants. Thus, the 
development of new technologies able to 
efficiently treat this wastewater is warranted.  

During the last years, Electrochemical Advanced 
Oxidation Processes have gained great attention 
due to their potential to efficiently destroy 
different hazardous pollutants. Among them, one 
of the most popular is the so-called electro-Fenton 
process, which involves the “in situ” 
electrogeneration of H2O2 by the continuous 
aeration of a suitable cathode and its reaction with 
Fe2+ present at an acidic bulk. As consequence, 
highly reactive species such as •OH are formed via 
Fenton reaction [3]. Formed •OH can quickly 
attack the saturated aromatic rings of organic and 
organo-metallic compounds yielding up the 

complete elimination of these pollutants. Although 
it is possible the regeneration of Fe3+ to Fe2+ 
during the electro-Fenton, the main drawback of 
this process is the impossibility to operate in 
continuous process. On this way, the 
immobilisation of the catalyst on different 
supports, such as alginate, has been studied [4]. 

The aim of this work was to evaluate the 
feasibility of the electro-Fenton process for the 
elimination of five ILs from water. The FeAB 
dosage was initially optimised. Besides, the 
degradation and mineralisation abatements 
reached for all the ILs at different current 
intensities were followed. Furthermore, the 
efficiency of the treatment related to the effect of 
the alkyl chain and the nature of the inorganic 
anion was also investigated. To better understand 
the harmful effect of the degradation products 
formed during the treatment, ecotoxicity assays 
were performed to the treated polluted water. 
Finally, the degradation pathway of the different 
ILs was determined. 

2. Materials and Methods 

2.1 Chemicals 

The selected ILs were: 1-Hexyl-3-
methylimidazolium dycianamide (C6mim-DCA), 
1-Butyl-3-methylimidazolium dycianamide 
(C4mim-DCA), 1-Ethyl-3-methylimidazolium 
dycianamide (C2mim-DCA), 1-Ethyl-3-
methylimidazolium acetate (C2mim-Ace) and 1-
Ethyl-3-methylimidazolium methylsulfate 
(C2mim-MeSO4). They were provided by Iolitec. 

PP2- 8



2 

The molecular structures of the studied ILs are 
showed in Table 1. The initial concentration 
treated in all cases was 500 mg L-1. 

 

Table 1. Molecular structure of the different ILs 

Abbreviate
d name 

Molecular  
structure  

C6mim- 
DCA 

N N
+

CH3
CH3

-
N(CN) 2

 

C4mim- 
DCA  

C2mim- 
DCA  

C2mim-Ace N N
+

CH3

CH3 O

O
-

CH3  

C2mim-
MeSO4 

N N
+

CH3

CH3 MeOSO3
-

 

Na2SO4 was purchased from Sigma–Aldrich 
(Barcelona, Spain).  

FeAB were prepared as previously described by 
Iglesias et al. [4]. Sodium alginate solution and 
Fe2(SO4)3 x nH2O were purchased from Sigma–
Aldrich (Barcelona, Spain) 

2.2 Electro-Fenton assays 

The assays were performed at room temperature 
filling 200 mL of an open and undivided 
cylindrical glass cell with a volume capacity of 
250 mL, equipped with two electrodes. A 3D 
carbon felt (18.0 cm x 6.0 cm x 0.5 cm, from 
Carbon Lorraine) was used as cathode, placed on 
the inner wall of the cell, covering the total 
internal perimeter. The anode was a BDD (3 cm x 
6 cm), centred in the electrolytic cell. Na2SO4 
(0.05M) was added to the cell as background 
electrolyte. Prior to start the electro-Fenton assays, 
compressed air flow at 0.75 L min-1 was bubbled 
during 5 min through the solution to ensure the O2 
saturation of the aqueous solution, thus ensuring 
the H2O2 production from reduction of dissolved 
O2. Besides, the solution was continuously 
agitated by a magnetic stirrer (250 rpm) to 
enhance mass transfer to electrodes. The pH of the 
experiments was adjusted at value of  3.0 with 
H2SO4.  

 

2.3 Analytical measurements 

The degradation of ILs was followed using an 
Agilent 1100 HPLC equipped with a Synergi 4u 
Polar-RP 80A column. The generated aliphatic 
carboxylic acids were quantified by ion-exclusion 
HPLC using Agilent 1100 HPLC equipped with a 
Rezex™ ROA-Organic Acid H+ (8%). The 
mineralisation of the pollutants was determined 
using a Lange TOC cuvette test (LCK 380) in a 
Hanch Lange DR 2800. Finally, the degradation 
pathway of the ILs was determined by GC/MS 
analysis using a 6850 Agilent GC/MS equipped 
with a HP-5-MS column. 

2.4 Ecotoxicity test 

Based on the luminescence response of the 
bacteria Vibrio fischeri, the ecotoxicity of the 
treated effluents was determined. Standard 
Microtox® liquid-phase assays, here abbreviated 
as Microtox® test were performed.  

3. Results  

3.1. Effect of the catalyst dosage 

In order to determine the optimum FeAB 
dosage, degradation experiments of the ILs were 
performed applying 0.1 A of current intensity. 
Three doses of FeAB were tested 3.20, 4.27 and 
5.33 g of FeAB.  

 
Table 2. Influence of FeAB dosage on degradation 

kinetic 

IL 
FeAB 

(g) 
Kinetic 
(min -1) 

C/C0 (2h) 

C6mim- 
DCA 

3.20 0.0094 0.33 
4.27 0.0154 0.15 
5.33 0.0032 0.40 

C4mim- 
DCA 

3.20 0.0014 0.15 
4.27 0.0130 0.08 
5.33 0.0109 0.17 

C2mim- 
DCA 

3.20 0.0207 0.13 
4.27 0.0335 0.11 
5.33 0.0157 0.13 

C2mim-
Ace 

3.20 0.0164 0.11 
4.27 0.0267 0.02 
5.33 0.0134 0.15 

C2mim-
MeSO4 

3.20 0.0311 0.13 
4.27 0.0405 0.05 
5.33 0.0250 0.24 

As showed in Table 2, 4.27 g of alginate was 
determined as the optimum quantity for all the 
studied ILs. 

The results conclude that the degradation of all 

 

N N
+

CH3

CH3 -
N(CN)2

N N
+

CH3

CH3 -
N(CN)2
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the ILs under the assayed conditions could be 
quantitatively described by a first-order kinetic 
with respect to the pollutant concentration as 
follows: ∂C∂t = −kC 

where C is the concentration of IL (mg L-1), t 
reaction time (min); and k, kinetic coefficient for 
the first order reaction (min−1).  

3.2. Effect of the current intensity  

In the electro-Fenton process, the •OH formation 
rate is controlled by the applied current during 
electrolysis and thus, the degradation and 
mineralisation are strongly influenced by this 
parameter. Therefore, different currents ranging 
from 0.1 to 0.3 A were applied to the polluted 
solution and both were followed along the 
treatment. As expected, the results showed in 
Table 3 confirms that even when the differences 
between degradation at different current intensities 
were not very  high, the mineralisation achieved at 
0.3 A of applied current was much higher than 
yielded by the assays performed at 0.1 A. 

The mineralisation and degradation abatements 
yielded in all cases were lower for those ILs with 
longer alkyl chain. On this way, the nature of the 
anion did not show remarkable effect. 

Table 3. Influence of current intensity on 
mineralization and degradation 

IL I(A) 
TOC 

reduction C/C0 (2h) 

C6mim- 
DCA 

0.1 46 0.15 

0.2 64 0.07 

0.3 80 0.00 

C4mim- 
DCA 

0.1 53 0.08 

0.2 66 0.05 

0.3 83 0.00 

C2mim- 
DCA 

0.1 60 0.10 

0.2 80 0.04 

0.3 100 0.00 

C2mim-
Ace 

0.1 41 0.06 

0.2 75 0.02 

0.3 100 0.00 

C2mim-
MeSO4 

0.1 65 0.11 

0.2 82 0.05 

0.3 100 0.00 

 

 

3.3 Ecotoxicity assays 

The ecotoxicity test was performed to the treated 
solutions at different treatment times. They 
revealed more acute toxicity for those ILs with 
higher alkyl chain length. In fact, ILs with the 
cation 1-Ethyl-3-methylimidazolium did not 
exhibit any toxicity. Furthermore, the nature of the 
inorganic anion did not show significant 
contribution to the toxic effect.  

3.4 Degradation pathway 

Finally, the degradation pathway of C6mim-
DCA, C4mim-DCA and C2mim-DCA, the three 
ILs with different cation, was followed using 
GC/MS equipment, which allows finding the 
biggest intermediates formed along the treatment. 
Besides, Ion-Exclusion HPLC equipment allows 
determining secondary products such as malonic, 
oxalic, acetic, glycolic and succinic acid. 

 

4. Conclusion 

To sum up, it has been proved the feasibility of 
the electro-Fenton treatment for the elimination of 
different studied ILs from polluted water.  
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 Silica SBA-15 was synthesized for the first time with spherical 
morphology via non-hydrothermal sol-gel method. Analysis by 
TEM showed that the SBA-15 presents highly organized 
structure with hexagonal pores. The synthesized SBA was 
applied as support for Fe catalyst, giving the SIFe catalyst. The 
iron nanoparticles supported were used for carbon deposition on 
the surface of SBA from ethanol via Chemical vapor deposition - 
CVD. The catalyst obtained by CVD was named SIFeC. SIFe 
and SIFeC were employed in quinoline and methylene blue 
oxidation reactions, showing promising results. It is observed 
that the carbon coating stabilizes the SBA and favors oxidation 
reaction. 

 
  

Introdution 
 
Highly ordered mesoporous silica have been 
widely used recently as adsorbents, catalysts and 
catalyst supports [1]. A special family of highly 
ordered mesoporous silica called Santa Barbara 
Amorfa (SBA)[2,3] has acquired great importance 
in nanotechnology. 
The SBAs can present cubic or hexagonal 
structure. Among these materials, the SBA-15 has 
been extensively studied due to present 
mesoporous structure with one-way hexagonal 
ordering, connected by micropores with diameters 
ranging from 2 to 30 nm and with remarkable 
thermal, hydrothermal and mechanical stability 
[3,4].  
The highly ordered silica can be prepared by a 
variety of methods using surfactants as templates. 
The most common method used is the sol-gel 
[5,6].  
Pure mesoporous silica is an inert matrix, which 
usually exhibits low adsorption capacity and low 
catalytic activity due to the absence of heteroatoms 
that provide active sites. Several studies report the 
dispersion of different atoms on the surface of the 
silicate materials in order to provide catalytic 
active sites on the surface and/or in the cavities of 
the mesoporous silica. 
The synthesis of silica in the shape of spheres with 
well defined size and pore diameter has been the 
object of several studies, because the control of the 
particle morphology and pore size opens up new 
possibilities for the application of these materials 
in adsorption, chromatography, catalysis and 
pharmaceuticals. To the best of our knowledge, 
SBA-15 with spherical morphology is obtained 

only by complex synthesis routes, mostly 
involving high pressure. In this work, we proposed 
a very simple and low cost method for the 
preparation of highly ordered spherical SBA-15 
and its application as catalyst support. 
The activity of the catalysts based on SBA-15 was 
evaluated in quinoline oxidation reactions. One of 
the main contaminants currently generated are the 
nitrogen organic molecules originated from 
petroleum-based fuels, the main energy source 
today. The presence of these compounds in fuels is 
undesirable because they produce environmental 
pollutants (NOx) during combustion, affect the 
stability of fuels over time and are suspected to be 
carcinogenic agents and acid rain precursors. 
 
Methods 
 
Pluronic P123 surfactant (2g) was dissolved in 
50mL of milli-Q water and 10mL HCl(conc) under 
stirring at 40 °C for 2h. Then 4.5mL of tetraethyl 
orthosilicate (TEOS) was added dropwise, under 
stirring for 4h at 40 °C. After 20h the temperature 
was then increased to 85 °C and maintained for 
48h. The obtained solids were filtered and washed 
with deionized water until conductivity reached 
values lower than 10 µS/cm. From there they were 
dried in an oven at 60 °C for 12h and calcined at 1 
°C min-1 to 550 °C for 6h to obtain pure SBA-15. 
To produce the SBA-15 impregnated with iron 
(SIFE), Fe(NO3)3.9H2O was dissolved in ethanol 
and mixed with SBA-15 previously dispersed in 
ethanol. The mixture was allowed to stir at 30 °C 
for 24h before  calcination at 1 °C min-1 to 300 °C 
for 1h. SIFe was subjected to a CVD process 
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(chemical vapor deposition) under flow of 50mL 

min-1 ethanol/N2 up to 700 °C at 10 °C min-1 to 

form the SBA-15 hydrophobized (SIFeC). 

 The materials produced from the SBA-15 were 

initially characterized by several techniques, ie 

scanning electron microscopy (SEM), transmission 

electron microscopy (TEM), Mössbauer 

spectroscopy, Raman spectroscopy. 

The material was used in the catalysis of oxidation 

reactions quinoline (QN) and methylene blue 

(MB). For tests with quinoline, 10 mg of material 

were placed in contact with 10 mL of aqueous 

solution of 10 ppm QN and 0.1 mL of oxidation 

mixture (1H2O2: 1HCOOH) for up to 5h. The 

reactions were monitored by mass spectrometry 

with electrospray ionization, ESI-MS (LCQ-Fleet, 

Thermo - Scientific).  

For tests with methylene blue, 20mg of material 

was added to 10mL aqueous solution of AM and 

1mL of H2O2 for up to 3h. The reactions were 

monitored by UV-Vis spectroscopy (Shimadzu 

2550). 

 
Results 
 

Scanning (SEM) and transmission (TEM) electron 

microscopies were used to characterize the 

morphology of the materials produced (Figures 1 

and 2).  

 

 
Figure 1. Images obtained by SEM.      

   

It is observed that SBA-15 presents predominantly 

spherical morphology with average particle size of 

2 µm. From SEM images, the iron impregnated on 

the surface of the matrix cannot be visualized, 

what suggests that this metal is widely dispersed 

with nanometric dimensions. 

The images obtained by TEM in Figure 2 show 

that SBA-15 synthesized presents a high 

organization degree, with well-defined plans and 

hexagonal cavities characteristics of this type of 

silica. The cavities have an average diameter of 6 

nm. The darker spots shown in the TEM images 

were identified as iron nanoparticles supported on 

the surface of SBA-15. These nanoparticles have 

diameters between 5 and 20 nm and are well 

dispersed throughout the surface of the SBA-15. 

              

 
Figure 2. Images obtained by TEM. 

Mössbauer spectroscopy results showed that 

100% of the iron content in SIFe material is in the 

+3 oxidation state; which is consistent with the 

method of preparation, ie the SBA-15 was 

impregnated with an iron salt III and calcined. The 

carbon-containing material, about half of the iron 

(48%) this was reduced to Fe2 + during the CVD 

process with ethanol. 

 
Figure 3. Fe Mössbauer spectra obtained at room 

temperature for SIFe and SIFeC. 

 

The carbon deposited on the surface of the 

hydrophobized material SIFeC was studied by 

Raman spectroscopy - Figure 4. It is observed that 

the spectrum obtained for SBA impregnated with 

iron does not show bands in the region between 

1000 and 2000 cm-1. On the other hand, SBA 

hydrophobized presents the D band (1360 cm-1) 

and the G band (1590 cm-1). The D band is 

associated with defective or disorganized carbon, 

while the G band is related to well-organized 

carbon structures. The organization degree of the 

carbon structures produced (IG/ID) for SIFeC, was 

equal to 1.95, indicating that the carbonaceous 

structures formed in this material present a high 

organization degree. 
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Figure 4 - Raman for SBA impregnated with iron and 

SBA hydrophobized with carbon. 

 

The materials obtained were applied as catalysts 

for quinoline (QN) oxidation in aqueous phase. 

Figure 4 shows the ESI-MS spectra obtained for 

the standard 10 ppm quinoline solution and for the 

reactions in the presence of the catalysts after 300 

min. The structural formulas of the products 

obtained are illustrated in Figure 5. 

 

 
Figure 5.ESI-MS spectra in positive mode for the 

monitoring of quinoline oxidation reaction catalyzed by 

SIFe and SIFeC. 

 

 
Figure 6. . Chemical structures of quinoline oxidation 
products identified in the presence of the synthesized 

catalysts. 

 

In the ESI-MS spectrum obtained for the standard 

quinoline solution, only two signals are observed 

m/z130 e m/z 103(I - Figure 6). It is observed that 

the presence of the catalyst SIFe favors 

polymerization reactions (II – Figura 6)  and not 

the oxidation of quinoline. This may be confirmed 

by the high molecular mass of the products 

identified. Meanwhile, in the presence of the 

catalyst containing carbon (SIFeC) only classic 

direct oxidation products of quinoline are 

identified by ESI-MS (III – Figure 6). 

The catalysts were also tested in the oxidation of 

methylene blue (MB). The reaction was monitored 

by UV/Vis spectroscopy (Figure 7). In the 

presence of the catalysts it is observed a 100% of 

AM discoloration. The efficiency of these 

materials is due to the presence of iron in their 

structure, which activates the H2O2 through Fenton 

mechanism.  

 

 

Figura 7. Descoloração de azul de metileno 

pelos catalisadores de SBA-15. 
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Removal of Beta-Blockers from Aqueous Media by Adsorption onto 
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 The aim of this study is the adsorption evaluation of graphene 
oxide (GhO) as adsorbent material for the removal of beta-
blockers existed in wastewaters. The two model drug molecules 
were atenolol (ATL) and propranolol (PRO). After the 
characterization of GhO surface with SEM images, FTIR 
spectroscopy was used in order to confirm some possible 
adsorption interaction between drugs and adsorbent. The 
adsorption equilibrium data were fitted to Langmuir, Freundlich 
and Langmuir-Freundlich model calculating the maximum 
adsorption capacity (67 and 116 mg/g for PRO and ATL (25 °C), 
respectively). The temperature effect on adsorption was tested 
and the thermodynamic parameters were calculated. Finally, 
desorption of drugs from GhO was evaluated by using both 
aqueous eluants (pH 2–10) and organic solvents. 

 
1.  Introduction 
Beta-blockers are a class of pharmaceutical 

compounds, among others, that are not effectively 
removed during wastewater treatment, while they 
are detected in various environmental water 
samples [1]. Since the traditional water and 
wastewater treatment technologies are not able to 
remove compounds like beta-blockers from the 
water, different treatment options are under 
discussion to eliminate them. Recent studies have 
studied photocatalytic degradation for the removal 
of beta-blockers, ozonation or adsorption with 
several materials such as activated carbon or 
carrageenans. Of the above mentioned methods, 
adsorption appears to be a very promising 
technique for the removal of pharmaceuticals, 
because of its convenience once applied into 
current water treatment processes [2]. 

Graphene and graphene oxide are recently used 
as adsorbents to remove different groups of 
pollutants [3]. Despite the attention paid to 
graphene-based materials over recent years there 
are still only a handful of studies focusing on its 
use as sorbents for removal of pharmaceutical 
compounds [4]. 

In the present study, graphene oxide was 
synthesized and used for the adsorption/removal of 
beta-blockers from aqueous media. Due to the 
high environmental loading, ATL and PRO were 
used as model compounds. Although they both act 
on beta-adrenergic receptors (β -ARs), they can 
differ greatly in their specificity and lipophilic 
properties [5]. For example, PRO has a relatively 
high log(K0w) of 3.48, whereas ATL has a 
considerably lower log(K0w) of 0.23. In addition, 
structural differences may reflect differences in 

their adsorption, because PRO possesses an extra 
benzene ring, which is by far more inactive 
compared to the second amino group of ATL. 
Based on the above, their removal characteristics 
were investigated and compared in detail based on 
the differences in their physicochemical properties 
and chemical structures. The effects of different 
adsorption conditions on ATL and PRO removal 
were also studied: solution pH, temperature, and 
adsorption time. Finally, the adsorption isotherms 
and kinetics of the adsorbents were studied and 
discussed in order to understand the adsorption 
behavior. To the best of our knowledge, this is the 
first report in which the removal of beta-blockers 
from aqueous media was evaluated and compared 
by using graphene-based materials as sorbents. 

 
2. Materials and Methods 
2.1. Synthesis of graphene oxide (GhO) 
GhO was synthesized with the modified 

Hummers method [6]. Commercial graphite 
powder (10 g) was stirred in 230 mL of 
concentrated sulfuric acid (temperature of solution 
was 0 °C). Then, potassium permanganate (30 g) 
was slowly added to the suspension. The rate of 
addition was controlled to prevent the rapid rise in 
the temperature of the suspension, which should 
be less than 20 °C. The reaction mixture was then 
cooled to 2 °C. After removal of the ice -bath, the 
mixture was stirred at room temperature for 30 
min. Distilled water (230 mL) was slowly added to 
the reaction vessel, keeping the solution 
temperature less than 98 °C. The diluted 
suspension was stirred for additional 15 min, was 
further diluted with 1.4 L of distilled water and 
then 100 mL of a 30 wt% solution of hydrogen 
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peroxide was added. The mixture was left 

overnight. The GhO particles settled at the bottom 

were separated from the excess liquid by 

decantation. The remaining suspension was 

transferred to dialysis tubes (Sigma Co). Dialysis 

was carried out until no precipitate of BaSO4 was 

detected by addition of aqueous solution of BaCl2. 

Then, the wet form of graphite oxide was 

separated by centrifugation. The gel-like material 

was freeze dried and a fine dark brown powder of 

the initial GhO was obtained. 

 

2.2. LC-DAD-ESI/MS analysis 

The LC-MS system consisted of a SIL 20A auto 

sampler with the volume injection set to 20mL and 

LC-20AB pump both from Shimadzu (Kyoto, 

Japan). The separation of the analytes was 

contacted by a C18 (Restek) analytical column 150 

4.6 mm with 5mm particle size (Restek, USA). 

The samples were analyzed using the ESI interface 

in positive ionization (PI) mode. For the analysis 

in PI mode a gradient elution was performed by a 

binary gradient composed of solvent A (water with 

0.1% formic acid) and solvent B (methanol with 

0.1% formic acid) according to the following 

program: initial conditions 90% A, kept constant 

for 2.5 min then decreased to 70%, decreased 

to10% in 5 min, returns to the initial conditions 

after 7 min and re-equilibration time was set at 3 

min.  

 

2.3. Characterization techniques 

Scanning electron microscopy (SEM) images 

were also taken with accelerating voltage of 15.00 

kV (model Zeiss Supra 55 VP, Jena, Germany). 

For Fourier Transform Infrared Spectroscopy 

(FTIR) a Perkin-Elmer FT-IR spectrometer was 

used (model FTIR-2000, Perkin Elmer, Dresden, 

Germany). Infrared (IR) absorbance spectra were 

obtained between 450 and 4000 cm-1 at a 

resolution of 4 cm-1 using 20 co-added scans. 

 

2.4. Adsorption– desorption experimental design 

Batch experiments were carried out using 1 g/L 

of adsorbent (m = 0.01 g of adsorbent’s mass were 

added to V = 10 mL of water in a conical flask).  

 

3. Results and Discussion 

3.1. SEM images 

SEM was used to characterize the synthesized 

GhO. As it can be seen in Fig. 1a (next page), 

GhO formed the sheet-like structure and had a 

smooth surface without holes onto its surface. 

Partial agglomeration was also observed. No 

significant changes were observed after PRO or 

ATL adsorption (Figs. 1b, 2c). GhO retained its 

structure and surface morphology.  

3.2 FTIR spectroscopy 

Figs. 2ab present the FTIR spectrum of GhO 

before and after adsorption of (a) ATL and (b) PR.  
 

 

 
Figure 2. FT-IR spectra of GhO before and after 

adsorption of (a) ATL and (b) PRO 
 

3.3. Effect of pH 

One of the most important factors which 

influence the adsorption behavior of any adsorbent 

material is the pH of the solution. Fig. 3 

demonstrates the effect of pH on the adsorption.  

 

 
Figure. 3. Effect of pH on adsorption. 
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(a) (b) (c) 

Figure 1. SEM micrographs of:(a) GhO; (b) GhO-PRO; (c) GhO-ATL. 

 

3.4. Adsorption kinetics 

The kinetic data were fitted to pseudo-first and -second order equations. This was done in order to 

determine the time period where the adsorption process was completed. The best correlation coefficient 

was found to be that of pseudo-second order equation (R2 = 0.994-0.996) (Table 1). 

 

Table 1. Equilibrium parameters for the adsorption of atenolol and propranolol onto graphene oxide. 

  Langmuir equation Freundlich equation L-F equation 

 T Qm KL R2 KF n R2 Qm KLF b R2 

Beta

-

bloc

ker 

°C mg/g L/mg  mg1-1/n  

L1/n g-1 

  mg/

g 

(L/mg)1/b   

ATL 25 95 0.351 0.982 32.82 3.49 0.959 116 0.338 1.51 0.998 

 45 102 0.466 0.977 38.16 3.60 0.963 127 0.400 1.61 0.998 

 65 113 0.755 0.970 48.36 3.81 0.961 143 0.532 1.72 0.996 

PRO 25 69 0.074 0.997 11.67 2.61 0.947 67 0.069 0.95 0.999 

 45 72 0.090 0.997 13.54 2.69 0.960 77 0.101 1.12 0.999 

 65 74 0.102 0.996 14.88 2.78 0.958 79 0.115 1.15 0.999 

 

4. Conclusions 

The present investigation evaluated the efficiency of two beta-blocker (ATL and PRO) removal, using 

GhO as adsorbent. Taking into consideration all the above obtained results, it can be concluded that GhO 

could prove to be a promising and effective adsorbent for the removal of beta-blockers from aqueous 

solutions. 
 

 

Acknowledgements 

The support for this study was received from the Greek Ministry of Education and Religious Affairs through 
Operational Program “Education and Lifelong Learning” of the National Strategic Reference Framework (NSRF) - 

Research Funding Program “Excellence II (Aristeia II, No 4199)”, which is gratefully appreciated. 

 

References 
[1] Transformation Products of Emerging Contaminants in the Environment: Analysis, Processes, Occurrence, Effects 

and Risks. D.A., Lambropoulou, L.M.L., Nollet,. UK, John Wiley and Sons Ltd., 2014. 

[2] S.G., Nanaki, G.Z., Kyzas, A., Tzereme, M., Papageorgiou, M., Kostoglou, D.N., Bikiaris, D. A. Lambropoulou, 

Colloids Surf. B: Biointerfaces 127C (2015) 256 

[3] P., Sharma, B.K., Saikia, M.R., Das, Colloids Surf. A Physicochem. Eng. Asp. 457 (2014) 125. 
[4] S.-W., Nam, C., Jung, H., Li, M., Yu, J.R.V., Flora, L.K., Boateng, et al., Chemosphere 136 (2015) 20. 

[5] Owen, S.F., Giltrow, E., Huggett, D.B., Hutchinson, T.H., Saye, J., et al., Aquat. Toxicol. 82 (2007) 145. 

[6] Jr., Hummers W.S., Offeman, 1958. Preparation of graphitic oxide. J. Am. Chem. Soc. 80 (1958) 1339. 



1 

Photo-Fenton reactions promoted by Fe/C composites produced from 
iron rich mineral wastes and bio-oil aqueous acid fraction. 
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In this work, active photo-Fenton materials based on Fe/C 
composites were produced from the bio-oil aqueous acid 
fraction (AAF) and laterite, a Fe rich mining waste. The thermal 
treatment of the obtained mixture with Fe3+

extracted containing 
organic compounds in different temperatures, i.e. 500, 650 and 
800ºC, produced three Fe/C composites. At 500 and 650ºC it 
was observed the presence of phases of Fe3+, characterized by 
Mössbauer spectroscopy and DRX. At 800ºC phases of Fe0 
were identified, besides Fe3+. The composites produced were 
tested for the oxidation of methylene blue (MB) with H2O2 in 
photo-Fenton reactions, showing promising results. 
 
 

 
 
Introduction 

Many industrial activities lead to high amount of 
iron-rich wastes, like the laterite in the iron mining 
and red-mud in the Bayer Process to obtain 
aluminium. These wastes shown a relative high 
concentration of iron and could be used in many 
environmental applications. In the last years the 
application of such waste-based materials on 
Advanced Oxidative Processes (AOP), especially 
Fenton-like reactions, has been of high interest.[1]  

In this work an innovative method to extract the 
residual iron from the laterite (a mining waste) 
using the aqueous acid fraction (AAF), by-poduct 
from the fast pyrolysis of biomass to produce bio-
oil, was proposed. Using this method, the iron 
from laterite is extracted by the AAF and, after 
termal treatment at different temperatures, an Fe/C 
composites are obtained. These composites were 
then tested in photo-Fenton reactions to methylene 
blue (MB) dye removal. 

 

Experimental 

The Fe/C composites were obtained by a series 
of thermal treatments. On the first step, iron-rich 
laterite waste (50 mg) was mix to aqueous acid 
fraction (20 mL), and heat at 100 °C for 24 hour 
under magnetic stirring in a closed flask. After the 
iron extraction process, the resulted mixture was 
heat-up at 100 °C in an open flask until complete 
drying, producing a black solid. 

On second step, the materials produced on the 
first step (500 mg) were heat-up in a horizontal 
tubular furnace under nitrogen flow (50 mL min-1) 
at 500, 650 and 800 °C for one hour (rate of 10 ºC 
min-1). Three composites were then produced: 
FAFe500, FAFe650 e FAFe800. These materials 
were characterized by Mössbauer Spectroscopy 
(MS), X-Ray Diffraction (XRD), Elementary 
Analysis (CHN), simultaneous thermos-
gravimetry and differential thermal-analysis (TG-
DTA), Scanning Electronic Microscopy (SEM), 
Energy Dispersive Spectroscopy (EDS), Infra-red 
spectroscopy (FTIR) and Raman spectroscopy. 

Each photo-Fenton reaction was conducted 
using 10 mg of composite and 20 mL of 
Methylene Blue dye solution (50 ppm). Initially 
the composites and the MB were kept under 
magnetic agitation and dark condition for 24 hour 
to observe any adsorption effect. After this time, 
0.3 mL of an 35 vol.% hydrogen peroxide were 
added and the mixture was placed in an UV 
reactor equipped with a 15 W Hg-lamp. The 
photo-Fenton reactions were made under magnetic 
stirring and room temperature, and the 
concentration of MB was monitored using a UV-
Vis spectrometer (Shimadzu model UV-2550) at 
fixed wavelength of 610 nm.  

For comparison, pure photolytic reaction (in 
absence of hydrogen peroxide) and pure Fenton 
reaction (under dark condition) were also realized 
to the composite FAFe650. 
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Results 

Mössbauer and XRD characterization of the the 

composites shown mainly Fe0 and Fe3+ phases, as 

well some amount of Fe2+. For FAFe800, for 

example, the relative amount of these phases were 

18% Fe(0) and 61% Fe(III). TG-DTA and CHN 

showed about 74-80% of carbonaceous phases to 

all composites (both graphitic and amorphous 

phases according to the Raman). 

SEM images obtained to the composites showed 

an homogeneous dispersion of iron phases on the 

matrix. The Figure 1 bellow shows the SEM 

images for the FAFe800 using both secondary 

(SE) and back-scattering (BSE) electrons 

detectors. It possible to see on the images white 

dots related to the Fe0 phases on that material.  

 

 

Figure 1. SEM images of FAFe800 obtained using SE 
(left) and BSE (right) detectors. 

 

The Figure 2 shows the kinetics results for the 

MB discoloration during the photo-Fenton 

reactions using the FAFe500, FAFe650 and 

FAF800 composites. 
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Figure 2. MB discoloration under pure photolytic, pure 

Fenton and photo-Fenton condition obtained for the 
different Fe/C composites. 

 

It can been observed in the Figure 2 that the pure 

photolytic process (under UV but without H2O2) 

was ineffective for MB removal using the 

FAFe650. The pure Fenton reaction (with H2O2 

but under dark condition) for the same composite 

led to only 17% of discoloration after 8h of 

reaction. 

On the other hand, under photo-Fenton condition 

(UV and hydrogen peroxide) all composites were 

highly effective for MB discoloration, leading to 

almost complete colour removal after 8 hours 

reaction. The FAFe500 and FAFe650 were slightly 

more efficient than the FAFe800. The least one, 

which have the higher amount of carbonaceous 

phases, also led to an higher adsorption effect 

before the reaction. 

 

Conclusions 

In this work Fe/C composites were produced 

from two wastes, the laterite, an iron-rich residue 

from iron mining, and the aqueous acid fraction, a 

bio-oil by-product formed during the fast pyrolysis 

of the biomass. This innovative process allowed 

recovers the iron of laterite and reduce acidic 

waste of the pyrolysis. The composites obtained at 

different temperatures were characterized as their 

composition and morphology. They showed both 

Fe(0) and Fe(III) homogeneously disperse on a 

carbonaceous matrix.  

 These Fe/C materials were highly efficient to 

the colour removal of methylene blue dye solution 

under photo-Fenton reaction condition using UV 

light, completely discolours the solution after until 

8 hours reaction. As such, these composites are 

promising as catalyst materials to polluted water 

remediation, and new studies have been conduced 

to improve their activity and reusability, as well as 

using them to removal others contaminants. 
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The mineral oil is the mainly electric insulator in 
the electric energy transformer. This oil can be used 
for a long period of time until it loses the insulating 
capacity due to the degradation of the oil, 
generating many oxidized organic products. 
Depending on the origin of the mineral insulation 
oil it can be contamined with polychlorinated 
biphenyl (PCB), which are carcinogenic 
compounds. The reclamation process used to retain 
the undesirable compounds from degraded 
insulation oil consists to pass the oil through a 
column filled with a mineral adsorbent called 
Fuller clay. The saturated Fuller clay becomes now 
an environmental residue due to the great amount 
of oxidized organics contaminants and PCB load. 
The saturated Fuller clay cannot be discarded at the 
ambient without previous treatment and it cannot 
be treated applying conventional processes. 
Therefore, it is necessary to investigate alternative 
treatments. The Fenton and photo Fenton processes 
are very effective to treat PCB [1]. In these 
processes, iron ions and H2O2, with or without 
radiation, generates hydroxyl radicals, which are 
responsible for the degradation of the many 
potentially toxic organic compounds [2, 3]. The 
present work studied the use of photo-Fenton 
process to treat oil contaminated Fuller clay.The 
photo- Fenton regeneration efficiency of the Fuller 
clay was evaluated by monitoring the values of 
COD, oil and grease, total carbon. PCB 
concentration was determined by using gas  

 

 

chromatography coupled to mass spectroscopy 
(GC-MS –  7890-Agilent). In order to verify 
possible changes in the Fuller clay structure due to 
chemical treatment by photo-Fenton process, 
Infrared Spectroscopy Fourier Transform (FT-IR; 
Spectrum 100, Perkin Elmer), N2 sorption 
isotherms and surface analysis by BET, X-ray 
Diffraction (XRD- X'Pert Pro- Panalytical) and 
Scanning Electron Microscopy (SEM SS-550- 
Shimadzu) were employed.  

Contaminated Fuller clay sample showed 297.0 g 
L-1 of COD; 34% w/w oil and grease, 35% of total 
carbon and 64mg of PCB per kg of Fuller clay. The 
experiments followed a factorial design technique 
with 2 levels and 4 variables: concentration 1.47 
mol L-1 and 2.07molL-1 of H2O2; 1.7mmol L-1 and 
40.0 mmol L-1of [Fe2+]; 2.5 and 4.0 of pH value; 
with or without radiation  
(UV max = 254nm). The reaction time was 24 hours 
at room temperature and 200 rpm stirring. Control 
experiments were also studied to evaluate the 
influence of each parameter and ensure the 
efficiency of the photo-Fenton process. All the 
experiments were performed in triplicate.  

The COD removal was the main parameter 
evaluated to chosen the optimize the treatment 
efficiency. Results show (Figure 2) that the best 
COD removal was observed using the lowest and 
highest concentration of Fenton reagents without 
pH adjustment (Figure 2, A and B). The results of 
optimal conditions were also confirmed with 

 

 In this work, the use of photo-Fenton process to treat 
contaminated Fuller Clay with insulating degraded 
mineral oil from power transformers was investigated. 
The results indicated a 20 and 21% oil and grease and total 
carbon removal, respectively. Chemical oxygen demand 
(COD) and polychlorinated biphenyl reached 60 and 90 
% (Figure 1) removal, respectively. No changes in 
crystalline structure of the Fuller clay were evidenced. 
These results indicated that the photo-Fenton process was 
effective to treat the contaminated Fuller clay.  

Figure 1. Chemical Oxygen Demand (COD), oil and      
Grease, Total Carbon and polychlorinated biphenyl (PCB) 
removal percentage from contaminated Fuller clay after photo-
Fenton  (λmax = 254nm). Initial COD: 297,0g L -1 of O2.  
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Study of reductive reactions involved in the  photo-Fenton process 
using zero valent iron (ZVI)
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The use of zero valent iron (ZVI) as iron source in photo-Fenton 
process has deserved an increasing interest by researchers in the 
last years. Since iron is oxidized in aqueous media a reduction 
reaction must be coupled. Although the attention is normally not 
focused in these reactions, they could be important in the 
treatment of some kind of pollutants. The main goal of this work 
is the study of the reductive reactions involved in photo-Fenton 
process when ZVI is employed. A combined process with 
reductive an oxidative reactions have been carried out. The 
reduction of 4-nitrobenoic acid has been observed while other 
pollutants did not suffer any change in reductive conditions. 
Some factors like pH, conductivity, H2O2 concentration have 
been also studied. 

Introduction 

In last the years, use of Photo-Fenton process as 
tertiary treatment has focused a great proportion of 
the published papers. For this reason, the possibility 
of run the process at neutral or circum-neutral pH is 
probably the mail goal to achieve. The use of 
heterogeneous catalyst, in this case inorganic 
supports like zeolites, or activated carbon can be 
used while in other applications iron oxides or zero 
valent iron (ZVI) are applied.  

Zero valent iron photo-Fenton produces the 
oxidation of the pollutants in homogeneous and in 
heterogeneous phase. Dissolved iron acts in 
homeogeneous phase like iron oxide surfaces can 
produce heterogeneous reactions. In one way or 
another, an oxidation reaction of the ZVI must 
involve the corresponding reduction reaction. This 
reaction can produce hydrogen peroxide or can 
directly react with one of the pollutants present. 
Reactivity of the pollutants in a reductive reaction 
will depend on the presence –or not- of deactivating 
groups. This first step can enhance the later photo-
Fenton conventional oxidation.  

In this research the reductive reactions involved 
in ZVI photo-Fenton treatment of 5 pollutants have 
been studied. Some of the possible affecting factors 
have been also tested. 

Methods 

Commercial steel wool has been used as ZVI and 
the stream containing five pollutants have been 
passed through it. The pollutants selected were: 
benzoic acid, 4-nitrobenzoic acid, p-toluensulfonic 

acid, caffeine and paracetamol in a concentration of 
5mg/L each one. Different process conditions were 
applied to enhance oxidative or reductive reactions: 
tap or deionized water, 3 different values of pH, 
hydrogen peroxide presence or absence. Finally a 
combined process was evaluated with a first 
reductive step followed by a conventional photo-
Fenton process.  

Results and Conclusions 

Only 4-nitrobenzoic acid suffered chemical 
reduction while it had the lowest kinetic constant 
when the oxidative reaction was applied. 4-
aminobenzoic acid was detected as the main by 
product formed in the reduction of 4-nitrobenzoic 
acid. 4-hydroxyaminobenzoic acid was also 
detected when reductive reaction time was high. 4-
nitrobenzoic acid degradation by reductive way was 
enhanced at higher pH values. In any case, 
reductive reactions caused TOC decrease. 

In contrast, this compound showed the worst 
degradation rate when a conventional photo-Fenton 
was applied. For these reasons a reductive and 
oxidative processes must not be carried out 
simultaneously. It is recommended a first reductive 
step (in hydrogen peroxide absence) followed by a 
conventional photo-Fenton process using dissolved 
iron of first step. 
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A representative of Food processing waste water mixture of 8 
pollutants (tannic acid, elagic acid, 2,4-dinitrophenol, gallic 
acid, protecatechuic acid, vanillic acid, syringic acid and 
sinapic acid) was treated by solar photo-Fenton porcess. The 
aim of these study is to determine the effect of operational 
variables (pH, H2O2 and Fe2+ amount) for this porpouse 
experimental design methodology based on Doehlert matrixes 
has been used. Different bioassys were carried out to prove the 
treatment efficiency for wastewater detoxification.  
 

 
 

Introduction  

Wastewaters from food processing industry (wine 
and coffe production, oil, cork boiling...) represent 
an important environmental concern. They show a 
complex composition and in particular, phenols and 
related compounds are difficult to degrade by 
classical means. Advanced oxidation Porcesses 
(AOPs have been demonstrated as potential 
tratment for this type of compounds [2]. The 
porcess cost may be consedered the main obstacle 
to thesse treatments so cost-cutting measures, as the 
use of renewable energy sources i.e., sunlight as the 
irradiation source represent an enhanced 
sustainability of those treatments[1]. 

In order to gain further insight into these issues a 
mixture of 8 phenolic compounds (tannic acid, 
elagic acid, 2,4-dinitrophenol, gallic acid, 
protecatechuic acid, vanillic acid, syringic acid and 
sinapic acid) commonly found in food processing 
effluents has been trated by photo-Fenton. Finally, 
two bioassays have been applied to detetermine the 
toxicity of the solution 

Methods  

An experimental design methodology based on 
Doehlert matrixes has been employed to determine 
the best treatment conditions: pH, hydrogen 
peroxide amount and iron concentration.  

A total of 15 experiments (k2+ k +1, where k is 
the number of factors, three in this case, plus two 
replicates of the central point) were performed 

(Table 1). Dohelert desing matrix. Illumination time 
required to degrade the 80% of the mixture of the 6 
pollutants (t80%) was used as response. 

 

Table 1. Dohelert desing matrix  

Nº 
Experiment 

[Fe2+] 
(mg/L) 

[H2O2] 
(mg/L) pH 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
 

3 
5 
4 
4 
1 
2 
2 
4 
4 
2 
3 
2 
3 
3 
3 

55.25 
55.25 
96.69 
69.05 
55.25 
13.81 
41.43 
13.81 
41.43 
96.69 
82.86 
69.05 
27.62 
55.25 
55.25 

3.9 
3.9 
3.9 
5 

3.9 
3.9 
2.8 
3.9 
5 

3.9 
2.8 
5 
5 

3.9 
3.9 

 
 

Laboratory scale experiments were performed in 
a 250 mL cylindrical Pyrex reactor irradiated with 
a solar simulator (Sun 2000, ABET Technologies) 
equipped with a 550 W Xenon Short Art Lamp.  A 
pyrex glass filter was used to cut off radiation below 
300 nm.  The reactor was loaded with an aqueous 
solution containing the eight pollutants at an initial 
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concentration of 1 mg L-1 each. Samples were 

periodically taken from the solution filtered through 

a polypropylene membrane (0.45 µm) and diluted 

with methanol. The concentration of each pollutant 

was determined by UHPLC (Perkin Elmer model 

Flexiar UPLC FX-10). 

The toxicity assays based on the inhibition of the 

mobility of D. Magna were performed according to 

the standard ISO 6341:199632 procedure and algae 

growth inhibition assay was performed according to 

an daptation of ISO 8692:2004 test, using the 

chlorophyceae algae P. subcapitata. 

Results 

In general, a very fast removal of the pollutans 

was reached (80% before 15 minuts, Fig 1 ).  

 

 

Figure 1. Time necessary to obtain 80% pollutants 
removal 

 

In order to discuss some trends concering to the 

efects of H2O2 and Fe2+ amount and pH value, the 

time required to reduce in a 80% the initial 

concentration of the 8 pollutants was employed as 

response for the statistical calculation. The three 

bidimendional curves were obtained by fixing the 

Fe2+ at three differents values (Fig 2, 3 and4).  

 

Figure 2. Contour plot at [Fe2+] =1mgL-1 

 

Figure 3. Contour plot at [Fe2+]=3mgL-1 

 

Figure 4. Contour plot at [Fe2+]=5mgL-1 

 

The plots shows that, at low iron amount (1 mgL-

1)  the pollutans removals were faster at low pH and 

high H2O2 amounts. However at iron concentration 

of 3 and 5 mgL-1  the reaction rate increase with the 

amount of H2O2  until 40-60 mgL-1 where the 

increment of amount of H2O2  does no results in an 

enhancement of the process and at pH values above 

4. 

Variation in the toxicity was monitored along the 

photo-Fenton porcess (at central point conditions). 

The results (Fig. 5 and 6) show the efficiency of the 

photo-Fenton for wastewater detoxification. 

 

 

Figure 5. P. Subcapitata growth inhibition for different 

time treatment 
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Figure 5. D. Magna mobility inhibition for different time 

treatment 
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Photo-Fenton mediated degradation, mineralization and 
detoxification of the insecticide thiacloprid in aqueous media 
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Variation of ecotoxicity of 20 mg L-1

thiacloprid solution using the photo-Fenton 
reagent (7 mg L-1 Fe3+, 100 mg L-1 H2O2,
UV-A. 

 Degradation and mineralization of thiacloprid, a neonicotinoid 
insecticide often present in drinking water, by homogenous 
photocatalytic oxidation in the presence of UV-A and visible 
light has been studied. The effect of various operating conditions 
such as Fe3+ and H2O2 concentrations in the photodegradation 
kinetics was investigated. Mineralization via the organic content 
reduction (DOC) and inorganic sulphur and nitrogen evolution of 
the insecticide was examined. The use of UV-A irradiation 
resulted in all cases in higher initial degradation and 
mineralization rates, while ecotoxicity in the presence of 7 mg L-

1 Fe3+, 100 mg L-1 H2O2 and UV-A was completely removed 
within 300 min of illumination.  

 
Pesticides are widely used as a result of intensive 
agricultural practices [1]. As these contaminants 
are in many cases toxic and non-biodegradable, 
they tend to accumulate in the environment and to 
magnify through the global trophic network with 
unpredictable consequences [2]. Thiacloprid 
({(2Z)-3-[(6-Chloropyridin-3-yl) methyl]-1,3-
thiazolidin-2-ylidene} cyanamide) is an insecticide 
of the neonicotinoid class, with high water 
solubility, used on agricultural crops to control a 
variety of insects, primarily aphids and whiteflies 
[3]. Studies of the environmental behavior of TCL 
have shown that the molecule is resistant for 6 and 
more months to the degradation in water by 
hydrolysis in acidic or neutral media Alternative 
treatment methods currently employed for the 
degradation of agrochemicals in water and 
wastewater include Advanced Oxidation Processes 
(AOPs). Among them, homogenous photocatalytic 
oxidation mediated by the photo-Fenton reagent 
(Fe3+/H2O2/UV-A or Visible) has been effective 
for the degradation of various contaminants found 
in industrial or domestic wastewaters, including 
toxic agrochemical substances, such as 
insecticides and herbicides [4]. Our current study 
investigates the potential of the photo-Fenton 
reagent to degrade thiacloprid under various 
operating conditions, as well as mineralization and 
reduction of ecotoxicity under optimal conditions. 

Bench scale photocatalytic experiments were 
performed in a closed Pyrex cell of 600 ml 
capacity, fitted with a central 9 W lamp, under 
constant magnetic stirring. The spectral response 
of the UV-A irradiation source, ranged between 
350-400 nm (max: 366 nm), while that of the 
visible irradiation source ranged between 400-520 

nm. Changes in the concentration of thiacloprid 
were monitored via its characteristic absorption 
band at 280 nm using a UV-Visible 
spectrophotometer (UV-1700, Shimadzu). 
Determination of dissolved organic carbon (DOC) 
was conducted according to standard methods by a 
TOC analyzer (Shimandzu VCSH 5000). Ions 
were determined by a Shimadzu system equiped 
with a CDD-6A conductometric detector. 
Ecotoxicity was determined by a Microtox M500 
analyzer using marine bacteria Vibrio fischeri. 

In the case of UV-A irradiation, photo-Fenton 
degradation of aqueous thiacloprid solutions of 20 
mg L-1 initial concentration, using 7 mg L-1 Fe3+ 
and increasing H2O2 concentrations up to about 
100 mg L-1 led to increase of the initial 
degradation rates; nonetheless, increasing the 
concentration from 100 to 200 mg L-1 had no 
further beneficial effect since greater peroxide 
dosages may be responsible for hydroxyl radical 
scavenging. Similar results were obtained in the 
case of photo-Fenton degradation of thiacloprid 
under visible light. Moreover, mineralization of 
carbon was faster under UV-A in comparison to 
visible light. Evolution of inorganic sulphur and 
nitrogen during photocatalysis, reached almost 
90% in both cases, within 180 min of UV-A 
illumination under optimum conditions. 
Ecotoxicity was completely removed within 300 
min of UV-A illumination, under the same 
conditions. This fact highlights the potential of the 
photo-Fenton reagent to purify water or 
wastewater containing pesticides, which are 
characterized for their high toxicity and resistance 
to biodegradation. Determination of major 
intermediate by-products is currently in progress, 
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aiming to the determination of possible 
photocatalytic degradation pathways. 
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Homogenous Photocatalytic Degradation Of The Herbicide 
Clopyralid In Aqueous Media: Kinetics, mineralization and toxicity 
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Variation of ecotoxicity of 40 mg L-1

clopyralid solution using the photo-Fenton 
reagent (7 mg L-1 Fe3+, 100 mg L-1 H2O2,
UV-A. 

  
Degradation and mineralization of clopyralid, a systemic 
herbicide often reported to occur in drinking water, by the photo-
Fenton and Ferrioxalate reagents in the presence of UV-A and 
visible light has been studied. The effect of various operating 
conditions such as Fe3+, oxalate and H2O2 concentrations in the 
photodegradation kinetics was investigated. Mineralization via 
the organic content reduction (DOC) and inorganic nitrogen 
evolution of the insecticide was examined. The use of UV-A 
irradiation resulted in all cases in higher initial degradation and 
mineralization rates, while ecotoxicity in the presence of 7 mg L-

1 Fe3+, 100 mg L-1 H2O2 and UV-A was completely removed 
within 240 min of illumination. 

 
Among the various organic substances that are 
known as water pollutants, pesticides are a major 
pollution source for both ground and surface 
waters. [1]. In highly industrialized countries the 
problem of pesticide wastes is mainly related to 
wastewater, recycling, elimination of packaging 
and the remediation of contaminated soils. For 
developing countries, the main problem is the 
elimination of unused (forbidden), obsolete and 
unusable pesticide stocks. As these xenobiotics are 
in many cases toxic and non-biodegradable, they 
have the ability to accumulate in the environment 
and to magnify through the global trophic network 
with unpredictable consequences for the mid-term 
future [2, 3]. 

Clopyralid (3,6-dichloro-2-pyridine-carboxylic 
acid, CAS No. 1702-17-6, Mr: 192 g mol-1) is a 
systemic herbicide from the chemical class of 
pyridine compounds, often reported to occur in 
drinking water [4]. It is used to control annual and 
perennial broadleaf weeds in certain crops and turf 
and provides control of certain brush species on 
rangeland and pastures. Clopyralid presents high 
solubility in water and is particularly stable against 
hydrolysis and photolysis. Its chemical stability 
along with its mobility enables this herbicide to 
penetrate through the soil, causing a long term 
contamination of ground water and surface water 
supplies [5]. Alternative treatment methods 
currently employed for the degradation of 
agrochemicals in water and wastewater include 
Advanced Oxidation Processes (AOPs). Among 
them, homogenous photocatalytic oxidation in the 
presence of artificial or solar light, has been 
effective for the degradation of various 
contaminants found in industrial or domestic 

wastewaters. A variety of toxic agrochemical 
substances, such as insecticides and pesticides has 
been studied in regard to their photocatalytic 
degradation, in the presence of artificial or solar 
illumination, with very encouraging results, while 
studies dealing with real or simulated wastewater 
have revealed that their complete or partial 
degradation is possible via the above mentioned 
method [6]. Our current study investigates 
heterogenous photocatalytic decomposition and 
mineralization of clopyralid mediated either by the 
photo-Fenton or the Ferrioxalate reagent, in order 
to assess the effect of various operating conditions 
on pesticide degradation and mineralization.  

Bench scale photocatalytic experiments were 
performed in a closed Pyrex cell of 600 ml 
capacity, fitted with a central 9 W lamp, under 
constant magnetic stirring. The spectral response 
of the UV-A irradiation source, ranged between 
350-400 nm (max: 366 nm), while that of the 
visible irradiation source ranged between 400-520 
nm. Changes in the concentration of clopyralid 
were monitored via its characteristic absorption 
band at 280 nm using a UV-Visible 
spectrophotometer (UV-1700, Shimadzu). 
Determination of dissolved organic carbon (DOC) 
was conducted according to standard methods by a 
TOC analyzer (Shimandzu VCSH 5000). Ions 
were determined by a Shimadzu system equiped 
with a CDD-6A conductometric detector. 
Ecotoxicity was determined by a Microtox M500 
analyzer using marine bacteria Vibrio fischeri. 

In the case of UV-A irradiation, photo-Fenton 
degradation of aqueous clopyralid solutions of 40 
mg L-1 initial concentration, using 7 mg L-1 Fe3+ 
and increasing H2O2 concentrations up to about 
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100 mg L-1 led to increase of the initial 
degradation rates; nonetheless, increasing the 
concentration to 200 mg L-1 has no further 
beneficial effect. Similar results were obtained in 
the case of photo-Fenton degradation of 
thiacloprid under visible light. The ferrioxalate 
reagent (7 mg L-1 Fe3+, 33 mg L-1 C2O4

2-, 100 mg 
L-1) led to higher degradation and mineralization 
rates in both UV-A and visible light experiments. 
Evolution of inorganic sulphur and nitrogen during 
photocatalysis using the photo-Fenton reagent, 

reached almost 90% in both cases, within 180 min 
of UV-A illumination under optimum conditions. 
Ecotoxicity was completely removed within 240 
min of UV-A illumination, under the same 
conditions (Graphical Illustration). Phytotoxicity 
experiments are in progress, aiming to provide 
data concerning the potential of homogenous 
photocatalysis to purify wastewater containing 
pesticides and to provide water suitable for 
irrigation.  
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Homogeneous photocatalysis for the removal of UV filter para-
aminobenzoic acid in aqueous solutions by means of artificial 
illumination
S. Tsoumachidou1, I. Poulios1.(1) Laboratory of Physical Chemistry, Department of Chemistry, Aristotle 
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Elimination of PABA within 30 minutes, in the 
presence of photo-Fenton reagents (Fe3+/H2O2 and 

Fe2+/H2O2) under artificial UV-A and visible 
irradiation (initial conditions: 0.02 g L-1 PABA)

The presence of personal care residues in the environment is an 
emerging issue due to their uncontrolled release to the 
environment. Several effects have been shown to occur from 
continuous exposure, which slowly accumulate to manifest 
themselves into an irreversible condition affecting living 
organisms, ecosystems and public health. In this paper, the 
homogeneous photocatalytic degradation of para-aminobenzoic 
acid (PABA), a UV filter, which is present in many types of 
personal care products, is investigated, in order to identify the 
optimum homogeneous photocatalytic system that should be 
applied to the further investigation of the treatment of grey 
water. The oxidation of PABA by photo-Fenton process was 
investigated under artificial UV-A and visible irradiation and 
the effect of various operating variables, the catalyst and 
oxidant concentration, as well as the temperature has been 
assessed. The PABA degradation in acidic medium was 
evaluated by the decrease in PABA absorbance on the 
spectrophotometer.

Pharmaceutical and personal care products 
(PPCPs) are emerging contaminants that have 
drawn extensive attention due to their potential 
hazardous effect on ecological system and the 
human beings. Since PPCPs had been designed to 
be lipophilic and biologically persistent, quite a lot 
of them resist to biodegradation [1]. Consequently, 
a wide range of PPCPs have been detected 
throughout the world in surface water (e.g. lakes 
and rivers), soil, sludge, fish and even the human 
body [2].

As one of the important PPCPs, sunscreens are 
attracting increased public concern and scientific 
interest, because the consumption of sunscreens is 
increasing due to the growing awareness of the 
need of prevention from skin cancer. Cosmetic 
sunscreens have been used over 75 years as 
protection from skin photodamage. UV filters are 
vital ingredients of sunscreens and other personal 
care products as they are capable of absorbing, 
reflecting and/or scattering UV radiation, UV-B
(290-320 nm) and UV-A (320-400 nm) 
wavelengths, and therefore they are added to 
creams, shampoos, hair sprays, hair dyes, lipsticks, 
skin lotions, and many more products, to protect 
us from its harmful effects on human skin and 
health. One hundred thirty one ingredients are 
listed as UV filters in the International Cosmetic 
Ingredient Dictionary and Handbook [3]. Although 
their beneficial effects are known, use of UV filter 
containing products has been correlated with 

dermological problems and undesirable estrogenic 
and antithyroid effects. Therefore, many countries 
have limited its presence in cosmetic products and 
surface waters by setting maximum safety 
measures.

p-Aminobenzoic acid (PABA) is a compound of 
particular concerns. Since patented in 1943, PABA 
was one of the first active ingredients to be used in 
sunscreen and most widely used in sunscreen and 
pharmaceutical products in concentrations up to 
5% [4]. The continuous input of PABA into the 
environment through personal care applications 
has caused particular concerns since previous 
studies demonstrated that PABA can increase 
photosensitivity and lead to DNA damage [5]. In 
the early 1980s, researchers demonstrated that 
PABA increases the formation of a particular 
DNA defect in human cells [6]. Contamination of 
the aquatic environment with PABA from 
sunscreen and other personal care products may 
have occurred [7]. Nevertheless, presently there is 
little information on the environmental behavior 
and fate of this compound in natural water [2]. As 
a consequence, is of great importance to find out 
ways of inactivation or eliminating PABA and the 
others UV filters in surface or wastewaters.

Among the so-called advanced oxidation 
processes, homogeneous and heterogeneous 
photocatalytic oxidation have shown, recently, 
great promise in the treatment of wastewater, 
groundwater and contaminated air. The 
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photocatalytic decomposition of organic 
compounds of environmental concern (e.g. UV 
filters, detergents, fragrances, etc.) has been 
studied extensively during the last 25 years and it 
has been demonstrated that homogeneous 
photocatalysis with photo-Fenton reagent can be 
an alternative to conventional methods for the 
removal of organic pollutants from water and air. 
Additionally, an advantage of the photocatalytic 

process is its mild operating conditions and the 
fact that it can be powered by sunlight, thus 
reducing significantly the electric power required 
and, therefore, operating costs. 

The current study provides results describing the 
homogeneous photocatalytic oxidation of the UV 
filter PABA, under various experimental 
conditions in the presence of artificial 
illumination.
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Influence of UV source in the PMS/Co(II)/UV 
treatment process. (� ) UV-A LED 70 W/m2; (� ) 
UV-A LED 23 W/m2; (� ) UV mercury lamp; (�) No 
radiation. Conditions: 2.5 mM PMS; 1 mM Co; pH 
6.5; T = 323 K. 

 Winery wastewater treatment through the application of 
Advanced Oxidation Processes (AOPs) based on the generation of 
sulphate radicals [HSO5-/Mn+] and hydroxyl radicals (photo-
Fenton) with UV-A LEDs was evaluated. At 323K, the best 
efficiencies were obtained when was used as catalyst Co2+ (79 and 
64% of COD and TOC removal, respectively), while at 293K the 
best results were obtained with Fe2+ (65 and 52%). The HSO5-

/Fe2+/UV-A LED process present important advantages 
comparatively to the photo-Fenton process (Fe2+/UV-A LED) 
since it does not require pH adjustment and does not generate 
ferric hydroxide sludge. From this work, it can be highlighted that 
HSO5-/Mn+/UV-A LED oxidation process can be considered a 
promising technology for application in real scale agri-food 
wastewater treatment plants. 
  

1. Introduction 
Winery industries produce large amounts of 

wastewater [1]. A high organic load, acidic pH and 
seasonal variability caracterize these effluents 
which are occasionally released into municipal 
wastewater systems. However, conventional 
treatments do not provide an effective treatment of 
winery wastewaters mostly due to there seasonality 
and presence of refractory compounds such as 
phenolic acids. 

Advanced Oxidation Processes (AOPs) have the 
capacity of generating free radicals to degrade any 
kind of substances. AOPs can be divided by the 
generation of hydroxyl (HO� ; HR-AOPs) or 
sulphate (SO4� ; SR-AOPs) radicals. 

Recently, SR-AOPs are gradually attracting 
attention as in situ chemical oxidation technologies. 
Peroxymonosulphfate (HSO5-; PMS) can be easily 
activated by two different routes: i) through 
homolytic cleavage of the peroxide bond of HSO5 
by photolysis or thermolysis (Eq. 1); ii) via one 
electron transfer by transition metal (Eq. 2) [2, 3]. 

5
−

� /Δ
�    4

� + �   (1) 
5
− +  � 4

−� +  ( + 1 )
+ + −  (2) 

The activation of HSO5- through the use of 
different transition metals such as Fe2+, Co2+, Ni2+, 
etc, has been reported by some authors [3, 4]. For 
instance, the coupling of HSO5-/Fe2+ is one of the 
most commonly used combinations, but it has some 
disadvantages similar to Fenton process such as 
slow regeneration of Fe2+ and production of ferric 
hydroxide sludges [3]. On the other hand, coupling 
HSO5-/Co2+ presents some advantages in 
comparison with Fenton treatments, being the most 

important the possibility of using HSO5-/Co2+ 
without pH adjustment [5]. 

Bearing the previous in mind the main objective 
of this study is evaluating the performance of  
SR-AOPs as an alternative treatment process for 
winery wastewater, and their comparison with 
photo-Fenton treatments under the same 
operational conditions. 

2. Material and Methods 
Different winery wastewater were studied with a 

pH around 4.5 and the COD load ranged 500-5000 
mg O2/L. The different treatments carried out in this 
research work were developed in batch mode. The 
pH was adjusted at the beginning of the treatment, 
using H2SO4 or NaOH with a 209 pH Meter from 
Hanna Instruments. Then, the effluent was heated 
until the working temperature (293 –  323 K). 
Finally, the different dosages of oxidant agent 
[HSO5- (Merck) or H2O2 (Scharlab)] (0.1 –  20 mM) 
and the transition metal catalyst [Co2+ or Fe2+] were 
added to the effluent (0.1 –  8 mM). During the 
course of the reaction samples were withdrawn, at 
periodic intervals, and analysed. In the experiments 
assisted by UV radiation the assay started when the 
UV lamp was switched on. Three UV radiation 
sources were used: i) a Heraeus TQ-150 medium 
pressure mercury vapour lamp; ii) two UV-A LEDs 
systems (370nm, 23W/m2 and 365nm, 70W/m2). 

3. Results and discussion 
In order to establish the optimal operational 

conditions different parameters were investigated. 
A maximum value of COD removal of 51 and 43% 
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was reached with the following optimal conditions: 

pH = 6.5; temperature = 323 K; [PMS] = 2.5 mM 

and 1 mM of Fe2+ and Co2+ respectively. 

In order to increase the cascade of sulphate 

radicals, different UV radiation sources were 

applied in combination with the optimal conditions 

obtained. Graphical illustration shows the results 

obtained in terms of COD reduction. The first 5 

minutes of treatment were crucial in terms of 

organic matter reduction. As observed, the highest 

reduction was achieved through the use of UV-A 

LEDs lamps with an irradiance of 70 W/m2, 

followed by 23 W/m2 and the medium pressure UV 

mercury lamp, reaching COD reductions of 43, 30 

and 28%, respectively. A progressive slowdown in 

the rate was observed after 15 minutes. However, 

the presence of radiation increases the yield until 

80% using UV-A LEDs (70 W/m2) after 120 

minutes. Then, it was assessed the influence of 

transition metal in the catalytic activation of PMS 

(Figure 1).  
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Figure 1. Influence of transition metal [Co2+ or Fe2+] in 

COD and TOC removal at 323 K. COD = 5000 mg O2/L; 

2.5 mM PMS; 1 mM Mn+; UV-A LEDs 70 W/m2; pH 6.5. 
 

As observed in Figure 1, the combination with 

Co2+, achieved higher results than treatments 

performed with Fe2+. Moreover, it is observed that 

an increase in the concentration reagents, 

maintaining constant the molar ratio PMS:Mn+ 

(2.5:1), did not suppose an increase in the final 

COD removal. Considering the first hour of 

treatment, the highest COD reduction was obtained 

with 2.5:1 mM of PMS:Co2+, reaching 72%. While, 

64% of COD removal was achieved using Fe2+. In 

terms of TOC removal, slight differences were 

observed among the four treatments. As in the case 

of COD removal, those treatments performed with 

20:8 mM PMS:M2+ obtained the worst yields 

around 56%. Nevertheless, the mineralization of 

organic matter increased with the lowest dosages of 

reagents, reaching values around 66% with Fe2+ and 

64% with Co2+. These results contrast with the 

shown for COD removal, which the higher yields 

were obtained through the combination with Co2+. 

Notwithstanding, in the case of TOC reduction the 

differences between two metals are considered as 

insignificant. The behaviour was different when 

treatments were carried out at room temperature. 
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Figure 2. Influence of transition metal [Co2+ or Fe2+] in 

COD and TOC removal at 293 K. COD = 5000 mg O2/L; 

2.5 mM PMS; 1 mM Mn+; UV-A LEDs 70 W/m2; pH 6.5. 

From Figure 2, and as expected, treatments at 

room temperature were considerably slower than 

those carried out at 323 K. However, the most 

important difference lies in that the highest COD 

reduction results were obtained through the 

combination of PMS with Fe2+ and using the 

highest concentrations PMS:Fe2+ (20:8 mM). 

Considering the first 60 minutes of treatment, the 

highest COD reduction was obtained through 20:8 

mM PMS:Fe2+, reaching 48% of COD removal, 

followed by the use of Co2+, achieving 34%. These 
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treatments achieved a final yield of 65 and 56% 

with Fe2+ and Co2+, respectively. Finally, the use of 

lower concentrations (2.5:1 mM; PMS:Metal) 

present a lower kinetic of COD removal, but 

reached final yields similar than those obtained with 

the highest dosages of reagents, after 180 minutes 

of treatment, 64 and 52% with Fe2+ and Co2+ 

respectively. This behaviour is confirmed in terms 

of TOC removal. All treatments present a TOC 

removal in the range from 50 to 60%. Nevertheless, 

the treatments with the concentration 20:8 mM of 

PMS:Mn+ present a faster kinetic rate, mainly 

through the use of Fe2+. 

SR-AOPs were compared with photo-Fenton 

treatments carried out under the same conditions. 

Photo-Fenton assays carried out at pH 6.5 using 

2.5/1 mM H2O2/Fe2+ achieved the highest COD 

removal (85%) with the fastest reduction rate. 

Despite performing the treatment at neutral pH, ie, 

away from the optimum pH of Fenton treatment, 

photo-Fenton treatment reached slightly higher 

COD reduction than the obtained with the same 

concentrations of PMS/Fe2+/UV (79%). In terms of 

TOC removal, the highest mineralization of organic 

matter was obtained through the treatment 20:8 mM 

H2O2:Fe2+ in photo-Fenton treatments with a value 

of 74%, while at the same conditions the treatment 

PMS/Fe2+/UV-A LED only achieved 56%. On the 

other hand, the yields were similar in both 

treatments when the used concentrations were 2.5:1 

mM Oxidant:Fe2+, reaching 66% with PMS and 

65% with H2O2. In the case of photo-Fenton assays, 

it was required to perform new additions of 

hydrogen peroxide when the concentration of this 

oxidant agent disappeared. Therefore, in those 

treatments carried out with 2.5 mM of H2O2 a total 

amount of 10 mM H2O2 was consumed, while in the 

treatments with 20 mM of H2O2 was 100 mM. On 

the other hand, PMS treatments at room 

temperature (293 K) were faster than photo-Fenton 

assays both in COD and TOC removal. In terms of 

final COD and TOC removal yield after 180 

minutes, all treatments present similar values 

around 65% and 53%, respectively. In both cases 

the highest removal rate corresponds to the 

treatment with 20 mM PMS and 8 mM of Fe2+. 

Anew, in photo-Fenton treatments it was necessary 

to do new additions of H2O2 when this one was 

consumed. Finally, one of the most important 

disadvantages of photo-Fenton treatments versus 

PMS/Fe2+ treatments is the generation of sludge. It 

was observed an increase of total suspended solids 

and turbidity at the end of these treatments. Other 

advantages of PMS treatments are related with the 

unnecessary pre- and post-adjustment of pH 

previous to discharge the treated effluent, instead 

Fenton’s reagent, as well as the storage and 

handling of H2O2. 

4. Conclusions 

- The optimal conditions were: pH = 6.5; T = 323 

K; [PMS] = 2.5 mM; [Mn+] = 1 mM, obtaining 51 

and 43% of COD removal when using Fe and Co 

respectively. It was evaluated the efficiency of 

three UV radiation sources. The highest yield 

(80%) was obtained with UV-A LED at 70 W/m2. 

- The application of optimal conditions reached a 

COD and TOC removal of 75% and 56%, after 90 

minutes in effluents with 5000 mgO2/L of COD. 

The yield of COD removal increases with the 

irradiance intensification in the coupled treatment 

PMS/Mn+/UV. When treatments were carried out 

at 323 K, higher COD and TOC removal results 

were obtained through the catalysed 

decomposition of 2.5 mM PMS with 1 mM Co2+ 

(79 and 64 % respectively) regarding to Fe2+ (74 

and 66%) after 180 minutes. However, the 

behaviour is the opposite at room temperature, 

reaching a 64 and 57% of COD and TOC removal 

with Fe(II) and 52% with Co2+. 

- PMS/Mn+/UV-A LED treatments present some 

advantages regarding photo-Fenton treatments, 

such as the application at neutral pH and no 

generation of ferric hydroxide sludge. 
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Iron-on-activated carbon catalysts for CWPO have been 
prepared through FeCl3-activation of sewage sludge. The 
purpose of the chemical activation with FeCl3 is twofold; (i) 
produce carbon catalysts with a well-developed porous 
structure and (ii) introduce stable iron in the carbon matrix that 
acts as active phase in CWPO processes avoiding, or 
substantially decreasing, the iron leaching. The effect of the 
impregnation ratio was analysed. The carbons obtained show a 
fairly good catalytic activity but a high stability, with almost 
no iron leaching at the reaction conditions studied. 
 

 
 

Introduction 

Industrial wastewaters frequently contain 
toxicants or hardly biodegradable compounds 
which remain unaltered upon conventional 
wastewater treatment systems. Advanced oxidation 
processes have the potential to remove this type of 
pollutants operating at or near ambient temperature 
and pressure based on the action of hydroxyl 
radicals [1]. Among them, Fenton process emerges 
as a suitable way of treating a wide variety of 
industrial effluents [2]. This process implies the 
generation of HO• radicals from catalytic H2O2 
decomposition by means of Fe2+ at acidic pH. 
Fenton oxidation shows some significant 
advantages, such as the fact that iron is a widely 
available and non-toxic element and H2O2 is easy to 
handle and the excess decomposes to 
environmentally safe products. Besides, it requires 
relatively mild operating conditions and simple 
equipment. However its application to the treatment 
of real wastewaters has been so far limited mainly 
due to the high requirements of H2O2 and iron 
which results in high operational cost, and finally 
leads to the generation of high volumes of Fe(OH)3 
in the neutralization step. 

To overcome the aforementioned drawback, iron 
can be immobilized in a stable form on a convenient 
support giving rise to a solid catalyst that can be 
used in the so-called heterogeneous Fenton or 
catalytic wet peroxide oxidation (CWPO). 
Important efforts have been focused on finding 
catalysts with adequate activity and stability, taking 
into account the acidic conditions at which the 

reaction takes place. So far, mesostructured 
materials, zeolites , pillared clays, alumina and 
activated carbon have been used as supports to 
prepare these catalysts [3,4]. Unfortunately, most of 
them, specially Fe supported on activated carbon 
catalysts, showed relatively high iron leaching due 
to the acidic pH or the low chemical stability of the 
supports. For these reasons, the stability of these 
catalysts is still a challenge because of iron leaching 
and stable catalysts must be developed to extend the 
application of this process. 

Sewage sludge is generated at increasing amounts 
derived from wastewater treatment demands. 
Nowadays, management of sewage sludge includes 
composting for farmland utilization, incineration 
and landfilling [5]. However, this last will be 
severely limited in a short-term due to the 
increasing competition for landfill space, growing 
costs and more stringent environmental regulations. 
Incineration of sewage sludge requires strict control 
of the pollutants generated and in many cases 
suffers of social and political opposition. Different 
ways of valorization are being investigated in the 
last two decades including the use of sewage sludge 
as precursor for adsorbent materials with 
environmental applications. Recent studies have 
reported that a wellstructured material with a high 
C content can be obtained from pyrolysis of 
biosolids [6,7]. In the literature, the preparation of 
carbonaceous materials with iron for CWPO has 
been scarcely investigated. 

The aim of this work is to prepare iron-on 
activated biosolids catalysts for CWPO prepared by 
with FeCl3 and dried sewage sludge. The catalysts 
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were evaluated for the removal of antipyrine. The 

results obtained have been analyzed in terms of 

hydrogen peroxide decomposition, antipyrine 

conversion and TOC reduction. The stability of the 

catalyst was assessed by long-term continuous 

experiments. 

 

Experimental 

Catalysts were obtained from the biosolids by 

chemical activation with FeCl3 at diferent 

impregantion ratio (R, FeCl3 to biosolid mass ratio) 

from 1 to 3. The mixture was dried for 24 h in an 

oven at 60 ◦C. Activation was performed by heating 

under continuous N2 flow (50 cm3 STP/min) in a 

conventional tubular furnace at 750 ºC during 2 

hours. After cooled the activated samples were 

washed with HCl to remove the activating agent. 

Final rinsing with hot distilled water (60 ◦C) until 

neutral pH and negative chlorine analysis in the 

eluate was accomplished. The resulting activated 

carbons were dried at 60 ◦C overnight The activated 

carbons obtained were denoted by Cat followed by 

a number corresponding to the impregnatio ratio 

used, namely, R0.5, R1 and R3. 

The chemical composition (C, N, S, and H) of the 

catalysts was determined by elemental analysis 

using a LECO CHNS-932 (Model NO: 601-800-

500) analyzer.The porous structure of the samples 

was characterized by N2 adsorption–desorption at 

−196 ◦C carried out in a Micromeritics TriStar II 

3020 apparatus. The bulk or total Fe loading was 

determined by total reflection X-ray fluorescence 

spectroscopy (TXRF), using Si–Li detector in a 

TXRF Extra-II Rich & Seifert spectrometer. The 

surface chemistry of the samples was analyzed by 

X-ray photoelectron spectroscopy (XPS) using a 

5700C model Physical Electronics apparatus, with 

Mg Ka radiation (1253.6 eV). (TEM) images were 

obtained using a PHILIPS CM-200 transmission 

electron microscope at an accelerating voltage of 

200 kV. 

Batch experiments were carried out in 100 mL 

stoppered glass bottles shaken in a thermostatic 

bath. A volume of 50 mL of a 20 mg/L antipyrine 

aqueous solution and a weight of catalyst of 25 mg 

were used. The dose of H2O2 was the theoretical 

stoichiometric amount of H2O2 for complete 

oxidation of antipyrine up to CO2 and H2O. The pH 

value was set at 3 and temperature was 50 ◦C. 

Longterm tests were performed in a 1 L continuous 

stirred tank reactor at a 2 ml/min flow rate using 

500 mg of catalyst, 50 ◦C temperature and initial pH 

value of 3. The starting antipyrine concentration 

and the H2O2 dose were maintained at the 

aforementioned values. 

Reaction samples were periodically taken and 

immediately analyzed after filtration through fiber 

glass filters (Albet FV-C). Antipyrine was 

quantified by means of HPLC (Varian Pro-Start 

240) with a diode array detector (330 PDA). Short-

chain organic acids (maleic, acetic, formic and 

oxalic acids) were analyzed in an ion 

chromatograph with chemical suppression 

(Metrohm 790 IC) using a conductivity detector. 

Total organic carbon (TOC) was measured using a 

TOC analyzer (Shimadzu, mod. TOC VSCH). The 

residual H2O2 and the iron concentration in the 

liquid phase were determined by colorimetric 

titration with a Simadzu UV/Vis spectrophotometer 

using the titanium sulfate method and the o-

phenantroline method, respectively. 

 

Results and discussion 

The chemical activation of sewage sludge with 

iron chloride yields activated carbons with well 

developed porosity. The porous structure of the 

resulting carbons which are in all the cases of 

microporous character with well developed 

mesoporosity. The increase of the impreganation 

ratio produce carbons with more developed surface 

area as summarized in Table 1. 

 
Table 1. Total surface area and iron content by TXRF. 

Sample 
ABET 

(m2/g) 

Fe 

(%) 

R0.5 617 7.3 

R1 718 5.8 

R3 836 5.2 

 

The iron concentration and its distribution in the 

catalyst is a critical issue for its application in 

CWPO. Table 1 also summarizes the bulk iron 

content obtained by TXRF. X-Ray fluorescence 

spectroscopy analyses showed relatively high bulk 

iron contents between 5.2 and 7.8% despite the 

washing with HCl performed after the activation 

process. 

TEM images shows iron nanoparticles with sizes 

between 10 and 20 nm quite homogeneously 

distributed (Figure 1). 
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Figure 1. TEM image of R1 catalyst. 

 

The evolution of antipyrine concentration with 

reaction time in batch experiments is represented in 

Figure 2. As can be seen, high conversions of 

antipyrine in very low reaction times were obtained 

with R0.5 and R1 catalysts, although not all the 

antipyrine is degraded as a consequence of the fast 

conversion of H2O2 (not represented). 

 

 

Figure 2. Evolution of antipyrine concentration 

with reaction time in batch experiments. 

 

The analysis of the iron presented in the reaction 

medium confirms a very low iron lixiviation. The 

iron present in solution was always lower than 1 

mg/L. Furthermore, TXRF analysis performed to 

the catalysts after use show that the Fe reduction is 

negligible (Fe reduction lower than 0.5%). This 

confirms the high stability of the iron in these 

catalysts.  

Figure 3 represents the evolution of TOC and 

antipyrine concentration with reaction time in a 

continuous experiment with catalysts R3. This 

experiment confirms the high stability of this 

catalysts which reaches antipyrine conversions of 

around 90% with no signs of deactivation during 

the almost four days of reaction. The conversion of 

TOC is around 50%.  

 

Figure 3. Evolution of TOC and antipyrine 

concentration with time on stream. 

 

Conclusions 

Unexpensive iron on activated biosolids catalysts 

have been prepared from a simple chemical 

activation procedure and successfully tested in 

CWPO. The catalysts were obtained from dried 

sewage sludge, upon activation with FeCl3 at 

different impregnation ratios. The resulting 

catalysts showed a well developed porosity, 

corresponding to micro- and mesoporous materials. 

The catalysts showed a high activity for the 

oxidation antipyrine with a very high stability. 
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Hybrid magnetic graphitic nanocomposites (MGNC) prepared by 
inclusion of magnetite nanoparticles (obtained by co-
precipitation) into an organic-organic self-assembly system, 
followed by calcination, revealed high activity for the catalytic 
wet peroxide oxidation (CWPO) of 4-nitrophenol solutions 
(5 g L-1), with pollutant removals up to 1245 mg g-1 h-1 being 
obtained when considering the mass ratio 
[pollutant]/[catalyst] = 10. The stability of the MGNC catalyst 
against metal leaching was ascribed to the confinement effect of 
the carbon based material. These observations, together with the 
magnetically recoverable characteristics of MGNC, open new 
prospects for the wide use of this catalyst in highly efficient 
CWPO applications. 

Introduction

Catalytic wet peroxide oxidation (CWPO) is 
widely recognized as a low-cost technology for the 
degradation of persistent and bio-recalcitrant 
pollutants in aqueous phase [1], typically operating 
at low temperatures and atmospheric pressure [2]. 
CWPO relies on the ability of a given catalyst to 
promote the formation of highly oxidizing hydroxyl 
radicals (HO•) from the partial decomposition of 
hydrogen peroxide (H2O2), through an electron 
transfer mechanism [3]. Nevertheless, catalyst 
design still need to be further optimized in order to 
place CWPO at the forefront of the most efficient 
and preferred technologies among the so-called 
advanced oxidation processes. To accomplish that, 
several authors pointed out the synthesis of highly 
stable carbon-based magnetic recoverable 
nanostructured composites (resistant to leaching 
phenomena) as the next step in the evolution of 
heterogeneous catalysts for CWPO [4, 5]. In this 
way, several synergistic effects can emerge [6]. 

Following this line, hybrid magnetic graphitic 
nanocomposites (MGNC) were prepared in this 
work by inclusion of magnetite nanoparticles 
(previously obtained by co-precipitation) into an 
organic-organic self-assembly system, followed by 
calcination. The performance of MGNC in CWPO 
was then investigated using 4-nitrophenol (4-NP) as 
a non-biodegradable model pollutant. In addition, 
the oxidation/mineralization mechanism of 4-NP 
during the process was evaluated.

Materials and methods 

Magnetite (Fe3O4) was synthesised by co-
precipitation of Fe2+ and Fe3+ (with a molar ratio of 
1:2) in basic solution (NH4OH), under inert 
atmosphere (N2) at 30 oC, adapting the procedure 
described elsewhere [7]. For that purpose, 13.44 
mmol of FeCl2.4H2O and 26.88 mmol of 
FeCl3.6H2O were dissolved in 250 mL of distilled 
water in a 500 mL glass reactor equipped with a 
condenser and immersed in an oil bath with 
controlled temperature. When the desired 
temperature was reached, the mixture was 
deaerated during 10 min with N2 under vigorous 
stirring, and further kept under inert atmosphere. At 
this point, 10 mL of NH4OH (25 wt.%) were 
quickly added, a black magnetite precipitate being 
instantly obtained. Afterwards, the sample was 
collected, washed several times with distilled water 
and dried overnight at 60 oC.  

Magnetic graphitic nanocomposites (MGNC) 
were prepared by inclusion of the magnetite 
nanoparticles into an organic-organic self-assembly 
system, followed by calcination, adapting the 
procedure described elsewhere [8]. In this case, 5 g 
of copolymer pluronic F127 were dissolved in 50 
mL of distilled water in a round bottom 500 mL 
glass reactor equipped with a condenser and 
immersed in an oil bath with controlled 
temperature. Then, 5 mL of a magnetite suspension 
(17 mg mL-1) were added, the resulting solution 
being stirred during 2 h to promote complete 
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homogenization. After that, approximately 60 mL 
of a phenol/formaldehyde resol solution 
(previously prepared by dissolution of 2.0 g of 
phenol in 7.0 mL of formaldehyde 37 wt.% 
solution, to which 50.0 mL of NaOH 0.1 mol L-1 
were added, the solution being then kept under 
stirring at 70 oC for 30 min) were added, the 
resulting mixture being kept under stirring (400 
rpm) at 66 oC for 72 h and then at 70 oC for an 
additional 24 h. Afterwards, the sample was 
collected, washed several times with distilled water, 
dried overnight at 60 oC and subsequently calcined 
under a N2 flow (100 mL min-1) at 800 oC for 240 
min. Finally, the sample was washed with 1 L of 
distilled water and with 1 L of a HCl solution  
(pH = 3), both at 50 oC under vacuum filtration, 
being afterwards dried overnight at 60 oC and 
resulting in the catalyst named MGNC. 

CWPO batch experiments were performed in a 
100 mL well stirred (600 rpm) glass reactor 
equipped with a condenser and immersed in an oil 
bath with controlled temperature. The reactor was 
loaded with 50 mL of a 4-NP aqueous solution 
(5.0 g L-1) and, upon stabilization at the desired 
temperature (80 oC), the solution pH was adjusted 
to 3 and a calculated volume of H2O2 (30%, w/v) 
was injected into the system, in order to reach the 
stoichiometric amount of H2O2 needed to 
completely mineralize 4-NP (17.8 g L-1). After 
complete homogenization, the catalyst was added 
(0.5 g L-1), that moment being considered as 
t0 = 0 min. Sample aliquots were periodically 
collected from the reactor and the concentrations of 
4-NP and H2O2 were respectively followed by 
HPLC and by a colorimetric method, as previously 
described [9]. The formation and evolution of 
possible aromatic intermediates (e.g., 
hydroquinone, 1,4-benzoquinone, 4-nitrocatechol, 
catechol and phenol), carboxylic acids (e.g., formic, 
acetic, oxalic, malonic, maleic and malic acids) and 
nitrate was monitored by HPLC [9]. For the 
determination of Fe leaching into the final treated 
solution, each sample after reaction was filtered 
(0.45 μm) and the dissolved Fe content determined 
by a colorimetric method with 1,10-phenantroline, 
according to ISO 6332 and measuring the 
absorbance at 510 nm [10]. 

Results and discussion 

CWPO Experiments 

The performance of the MGNC catalyst in the 
CWPO of 4-NP was compared to that of the bare 
magnetite through CWPO experiments performed 
as described in the Materials and Methods Section. 
The results obtained are given in Figure 1a and b, 
respectively for magnetite and MGNC, where the 

normalized concentrations of 4-NP and H2O2 are 
plotted against time. Non-catalytic removal (blank) 
is also given for comparison purposes. As observed, 
both magnetite and MGNC are catalytically active, 
a marked increase in the removal of 4-NP being 
observed when these catalysts are added. 
Apparently the performance of the CWPO process 
is higher when the magnetite catalyst is applied 
(cf. Figure 1). However, it should be noted that the 
higher removal of 4-NP obtained in this case may 
be attributed to the contribution of homogeneous 
catalysis promoted by Fe species leached into the 
solution: although a complete removal of 4-NP is 
obtained after only 30 min of reaction, the Fe 
leached during this period amounts to 90 mg L-1. On 
the other hand, 99.6% of the initial 4-NP content 
(corresponding to 1245 mg g-1 h-1) is removed 
within 8 h of reaction when the MGNC catalyst is 
applied. However, in this run, a much lower Fe 
leaching was observed after the CWPO process  
(1.8 mg L-1). Therefore, the catalytic activity of 
MGNC was mainly ascribed to heterogeneous 
catalysis at the surface of the catalyst. The increased 
structural stability and lower leaching of Fe species 
obtained with the MGNC catalyst may be explained 
by the confinement effect of the carbon based 
material, as previously concluded by other authors 
[4, 5].  

 

 

 
Figure 1. 4-NP and H2O2 concentrations as a function of 
time in CWPO runs performed in the presence of (a) 
magnetite and (b) MGNC.   
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Figure 2. Evolution of aromatic (a) and non-aromatic (b) 
by-products of 4-NP oxidation, when using the MGNC 
catalyst. 

 

To the best of our knowledge, the specific 4-NP 
removal reported in this work with the MGNC 
catalyst (1245 mg g-1 h-1) is the highest in the 
literature dealing with the application of hybrid 
magnetic carbon nanocomposites in CWPO. This 
fact, together with an Fe leaching bellow the limits 
allowed by European Union directives for treated 
waters (2 mg L-1), gives unprecedented prospects 
for the wide application of MGNC catalysts in 
CWPO-based water treatment technologies, since 
the treated waters do not require further removal of 
dissolved Fe species. In addition, the magnetic 
sensitivity of MGNC makes this catalyst easily 
recoverable at the end of the CWPO treatment 
cycle, enabling its further reuse. In this context, 
reusability cycles are envisaged in order to evaluate 
the stability of the MGNC catalyst in successive 
CWPO cycles. 

Mechanism of 4-NP oxidation 

The presence and evolution of some possible 
intermediates and by-products resulting from the 
CWPO of 4-NP in the presence of the MGNC 
catalyst was monitored, as described in the 
Materials and Methods Section. Accordingly, the 
time-evolution of aromatic and non-aromatic 
compounds is given in Figure 2a and b, 
respectively. As observed, 4-nitrocatechol is the 

main aromatic by-product of 4-NP oxidation. 
However, only a residual amount subsists after 8 h 
of reaction. On the other hand, significant amounts 
of carboxylic acids are still detected at the end of 
the CWPO run, which is also suggested by the pH 
of the treated solution (1.8). Overall, the 
compounds detected in this work are in line with the 
oxidation mechanism that we previously proposed 
for the CWPO of 4-NP solutions [9]. 

Conclusions 

The high 4-NP removal reported in this work (1245 
mg g-1 h-1), together with a relatively low Fe 
leaching (1.8 mg L-1), attributed to the confinement 
effect promoted by the combination of magnetite 
nanoparticles with a carbon based material, and the 
magnetic sensitivity of MGNC, open new prospects 
for the wide use of this catalyst in CWPO 
applications. However, further studies are required 
in order to assess the stability properties of the 
MGNC catalyst in successive CWPO treatment 
cycles. 
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Grape seeds were used as precursor to develop a catalytic 
support for the synthesis of Fe catalysts to be used in 
catalytic wet peroxide oxidation reactions. Grape seeds were 
subjected to pyrolysis and activation with air and HNO3 
oxidation before the Fe incorporation by incipient wetness 
impregnation. The characterization results indicated that the 
catalysis presented a significant narrow porosity and a 
heterogeneous distribution of the Fe, mainly located on the 
external surface of the catalyst. The catalysts showed a total 
oxidation of BPA and a relatively high TOC conversion. In 
spite of the leaching of Fe during the first stages of the 
reaction, the most active catalyst showed a remarkable 
stability in a long term run.  
  

 
1. Background 

 
Advanced oxidation processes have the power to 
remove refractory or non-biodegradable pollutants 
operating at mild conditions (ambient temperature 
and pressure) based on the action of hydroxyl 
radicals. Specifically, the potential of catalytic wet 
peroxide oxidation (CWPO), which implies the 
generation of HO· radicals from catalytic H2O2 
decomposition by means of iron catalyst at acidic 
pH, has been widely demonstrated in the treatment 
of industrial wastewaters [1,2]. 
On the other hand, agricultural wastes are 
considered to be a very important feedstock since 
they are renewable sources and low cost materials. 
Thus, grape seeds represent up to 15% of the solid 
wastes from the wine industry. The use of grape 
seeds for the preparation of catalytic supports 
seems to be very interesting owing to its granular 
morphology and its ready availability from winery 
works [3]. It could be prepared by physical and 
chemical activation methods, being a critic point 
the way of immobilized the iron along the process 
of catalyst synthesis. 
Bisphenol A (BPA) has been chosen as target 
compound due to the high world rate of 
production, which reached about 5 million tons in 
2010. It is an anthropogenic compound extensively 
consumed for manufacturing polycarbonates to 
produce electrical and electronic equipment, 
bottles, and beverage containers. This compound 
is also used in the production of epoxy resins to 
make protective coatings, electrical laminates, 
liners, and coating in metal cans for food and 
beverages. Other applications include the 

manufacture of flame retardants such as 
tetrabromobisphenol A. Because of its slow self-
degradation or biodegradation in nature, BPA is 
found in influent and effluent of wastewater 
treatment plants, even in groundwater resources. 
Several WWTPs worldwide were studied for BPA 
levels and reported BPA concentrations in influent 
and effluent wastewater from 100 to 100,000 ng/L 
and from 1 to 100 ng/L, respectively [4]. Up to 
date, most of studies on the environmental issues 
caused by BPA have been contributed to the 
occurrence ecological risk, estrogenic activity and 
the effects on the health of human and animals. 
In this work, we analyze the potential application 
of iron catalysts supported on modified grape 
seeds for CWPO using BPA as target compound. 
The results obtained have been analyzed in terms 
of hydrogen peroxide decomposition, target 
compound conversion, intermediates evolution and 
TOC reduction. The stability of the most 
interesting catalyst is also assessed by long term 
continuous experiments. 
 

2. Materials and methods 
 

The seeds used in this study were collected from 
grapes of the red variety “Tinta de Toro” harvested 
for red wine manufacture in Toro (Zamora, Spain). 
The sizes of the raw seeds are between 2 and 3 
mm.  In the pretreatment, the seeds are washed 
with distilled water and dried at 105 ºC for 24 h.  
Then, the grape seeds were pyrolized in a rotatory 
quartz furnace (CARBOLITE CB HTR 11/150P8) 
at 600 ºC for 2 h. The working temperature was 
reached at a 10 ºC/min heating rate and N2 was 

GRAPE SEED

FRESH CATALYST

USED CATALYST
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continuously passed at a 1 LN/min flow rate. The 

pyrolized material was activated in the same 

furnace using air flow (2 LN/min) at 400 ºC for 2 

h and the same heating rate (10 ºC/min). The 

obtained product was named as GS-1. Then, a 

fraction of this material was subjected to oxidative 

treatment with HNO3 which was carried out by 

boiling 1 g of material in 10 mL of a 6 N HNO3 

solution for 20 min and washing with distilled 

water until neutral pH, resulting the support GS-2. 

Iron was incorporated by incipient wetness 

impregnation using an aqueous solution of 

Fe(NO3)·9H2O to obtain a catalysts with a 4.0 % 

wt. of Fe. Once impregnated, the catalyst was 

dried at 60 ºC for 12 h and calcinated at 300 ºC for 

4 h. 

The catalysts Fe-GS-1 and Fe-GS-2 were 

characterized by several techniques. The porous 

structure of the samples was determined by CO2 

adsorption at 273 K in an automated volumetric 

gas adsorption Micromeritics Tristar 3020 with a 

VacPrep 061 degas system. The morphology of 

the catalysts was evaluated by Scanning Electron 

Microscopy (SEM) with a Hitachi S-3000N 

apparatus. The chemical composition (C, N, S, and 

H) was determined by elemental analysis using a 

LECO CHNS-932 analyzer, while the ash content 

was determined following the standard test method 

ASTM D1506-99. The content of oxygen was 

calculated as difference to 100% minus ash 

content. The bulk Fe loading was determined by 

total reflection X-ray fluorescence spectroscopy 

(TXRF), using Si–Li detector in a TXRF Extra-II 

Rich & Seifert spectrometer, while the surface Fe 

content (FeXPS) was determined by X-ray 

photoelectron spectroscopy (XPS) using a 5700C 

model Physical Electronics apparatus, with MgKα 

radiation (1253.6 eV) and energy dispersive X-ray 

spectroscopy analysis (EDAX).  

The CWPO runs were carried out in stirred batch 

reactor (1 L; 700 rpm) at atmospheric pressure and 

temperatures within the interval 50 – 80 ºC along 4 

h. The starting concentrations of BPA and H2O2 

were 100 mg·L-1 and 530 mg·L-1, which 

corresponding to the theoretical stoichiometric 

dose, and the catalyst concentration was 

established in 500 mg·L-1. The initial pH was 

adjusted to 3.0 with nitric acid. The stability test 

was carried out at 80 ºC and 4.7 kgcat.·h/mol space 

time.  

The time course of the reaction was followed by 

periodically withdrawing, separation of the 

catalyst by filtration and analyzing liquid samples 

by means of HPLC-UV detector (Varian), ionic 

chromatography (Metrohm 790 Personal IC), and 

with a TOC Analyzer (Shimadzu TOC-VCSH). 

H2O2 concentration were determined by 

colorimetric titration using a UV/vis 

spectrophotometer (Cary 60, Agilent) from the 

formation of Ti(IV)-H2O2 complex, which was 

quantified at 410 nm. 

 

3. Results and discussion 

Table 1 summarizes the main characteristic of the 

two catalysts. As can be seen, all the samples show 

a significant value of SDA indicative of a narrow 

porous structure. The pyrolysis and activation 

treatment provoked and important increase of the 

C percentage respect to the original grape seed (56 

%). The analyses bulk iron content indicated that 

the Fe incorporation in the Fe-GS-1 catalyst was 

less effective than in the Fe-GS-2, which achieve 

the expected content. The ratio FeXPS/Febulk 

revealed that in both cases the catalysts are 

characterized by a heterogeneous distribution of 

the active phase, which is mainly located at the 

external surface.  

Table 1. Characterization of the fresh and used 

catalysts. 

Catalyst 
Fe-GS-1 

(fresh) 

Fe-GS-1 

(used) 

Fe-GS-2 

(fresh) 

SDA 

(m2/g) 
416 410 484 

Vmicro 

(cm3/g) 
0.147 0.144 0.166 

C (%) 74 76 67 

Febulk 

(%) 
2.8 0.4 3.9 

FeXPS 

(%) 
11.0 3.2 12.8 

The CWPO experiments resulted in the complete 

transformation of the BPA. BPA adsorption was 

lower to  15 % at 50 ºC. In all cases, reaction 

medium consisted of  a mixture of aromatic 

compounds (hydroquinone, p-benzoquinone, 4-

hydroxyacetophenone), organic acids (acetic, 

maleic, malonic and oxalic) and other 

intermediates compounds no detected. Table 2 

shows the influence of the reaction temperature 

(50-80 ºC) on TOC and H2O2 conversion. 

Increasing temperature led to a higher H2O2 

conversion accompanied by an increase of the 

mineralization degree. However, the efficiency on 

the use of H2O2 (amount of TOC removed per unit 

of H2O2 decomposed) remained inalterable with 

the increase of the temperature achieving a value 

of 0.10 mgTOC·gH2O2
-1 using the Fe-GS-1 catalyst 

and practically the same (0.11 at mgTOC·gH2O2
-1) 

with the Fe-GS-2 catalyst.    
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The Fe-GS-1 catalyst exhibited a slightly superior 

activity than Fe-GS-2. Consequently, its stability 

was studied in a long term experiment (100 h). 

The catalyst showed a high stability, since BPA 

and TOC reductions close to 90 and 30 %, 

respectively, were maintained from 15 to 100 h on 

stream (Figure 1). The quantifications of p-

benzoquinone (1 mg·L-1), 4-

hydroxyacetophenone (2.5 mg·L-1), maleic acid 

(10 mg·L-1) and acetic acid (10 mg·L-1) were also 

constant along that time on stream.  

 

Figure 1. Conversion of BPA and TOC upon time on 
stream with Fe-GS-1 catalyst.  

The characterization results of the Fe-GS-1 after 

being used in the long term experiment are also 

summarized in Table 1. The SDA and micropore 

volume were hardly modified after reaction, and 

the same trend was observed for the carbon 

content.  

Analysis by TXRF confirmed that the loss of Fe 

from the catalyst by leaching was significant, since 

the Fe content of the catalyst after 100 h time on 

stream was 7 times lower than the content of the 

fresh one. The ratio FeXPS/Febulk increased twice 

respect to the fresh catalyst. The stability exhibited 

for the catalyst in the reaction indicates that the 

leaching must be occurred during the first hours of 

the experiment and to be responsible of the loss of 

activity exhibited for the catalysts in that stage [5].  

SEM images, shown in the Graphical Illustration, 

indicate that the catalyst maintains the same 

granular morphology before and after being used 

in the CWPO reaction. Neither significant changes 

in size were observed. The dark phase is attributed 

to carbon and the bright phase to iron. A 

homogeneously dispersion of Fe particles is 

observed in the fresh catalyst while the images of 

the used catalyst confirmed the leaching of Fe.   

 

4. Conclusions  

 

Two Fe catalysts were synthesized using modified 

grape seeds as support. The different activation 

processes of the support were not relevant on the 

characteristics of the catalysts and both showed 

significant narrow porosity and a heterogeneous 

distribution of the Fe, mainly located on the 

external surface of the catalyst. 

The catalysts exhibited high activity for the 

oxidation of BPA, reaching a mineralization 

degree higher than 50% at 80 ºC. In spite of the 

fact that the characterization and reaction results 

are very similar for both catalysts, the activity of 

Fe-GS-1 catalysts was slightly superior. The 

catalyst exhibited a remarkable stability along 

more than 80 h. However, the analysis of the used 

catalyst revealed that it suffered a significant Fe 

leaching during the first hours of the reaction.   
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Table 2. BPA, TOC and H2O2 conversion achieved at 
4 h reaction time.  

 
Catalyst 

T 

(ºC) 

XBPA 

(%) 

XTOC 

(%) 

XH2O2 

(%) 

Fe-GS-1 

50 100 25 35 

65 100 39 65 

80 100 65 95 

Fe-GS-2 

50 100 20 19 

65 100 30 43 

80 100 55 89 
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Carbon Nanotubes as Catalysts for Wet Peroxide Oxidation: 
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Université de Toulouse UPS-INP-LCC, Toulouse, France. (3) Laboratório Associado LSRE-LCM, Faculdade de 
Engenharia, Universidade do Porto, Porto, Portugal.

Magnetic neat and N-doped carbon nanotubes with different 
properties have been synthesized by chemical vapour deposition 
and tested in the catalytic wet peroxide oxidation of 
4-nitrophenol solutions (5 g L-1) at relatively mild operating 
conditions (atmospheric pressure, T = 50 ºC, pH = 3) using a 
catalyst load = 2.5 g L-1 and [H2O2]0 = 17.8 g L-1. The results 
demonstrate that the catalyst hydrophobicity/ hydrophilicity is a 
determinant property in the CWPO reaction, since it affects the 
rate of H2O2 decomposition. The controlled formation of reactive 
radicals (HO�  and HOO� ) at hydrophobic surfaces avoids the 
formation of non-reactive species (O2 and H2O), increasing 
significantly the activity of the catalysts for pollutant removal. 

Introduction 

Water is a scarce resource subjected to high levels 
of consumption and contamination. Advanced 
oxidation processes (AOPs), based primarily on the 
action of hydroxyl radicals (HO� ), are known 
solutions for the treatment of aqueous effluents 
containing recalcitrant, toxic and non-
biodegradable compounds. Among them, catalytic 
wet peroxide oxidation (CWPO) is a water 
treatment technology using hydrogen peroxide 
(H2O2) as source of HO�  for the degradation of the 
organic species, at relatively mild conditions 
(0.1-0.2 MPa and 20-130 ºC) [1]. A suitable 
catalyst, highly active and stable, and capable to 
ensure an efficient H2O2 conversion, is still a 
mandatory challenge in CWPO, especially when 
trying to broaden the range of applications of this 
technology, in particular seeking the treatment of 
high-loaded wastewaters through a process 
intensification approach. 

Most of the catalysts tested in CWPO consist on 
an active phase (mainly Fe or Cu) supported on a 
porous solid. However, the use of metal-free 
carbon-based materials (i.e. activated carbon, 
carbon nanotubes or graphene derivatives) as 
catalysts on their own gained particular interest in 
the last years, since they show high activity, 
efficient H2O2 consumption and avoid the 
problematics associated with the leaching of active 
metallic species in CWPO processes carried out in 
the presence of metal supported catalysts [2,3]. 
Among carbonaceous materials, carbon nanotubes 

(CNTs) are characterized by high external surface 
area, significant mesoporosity and easy 
modification of the surface chemistry, making them 
particularly adequate for liquid-phase reactions like 
CWPO [4]. 

In a previous work [5], commercial CNTs were 
successfully tested as catalysts for CWPO of phenol 
solutions. In the current study, the effect of the 
CNTs structure on the catalytic activity is 
investigated using magnetic N-doped and undoped 
CNTs in the CWPO of 4-nitrophenol (4-NP). 

Methods 

The CNTs where synthesized by a catalytic 
chemical vapor deposition (CVD) process in a 
fluidized bed reactor, using ethylene 
(600 cm3 min-1) as carbon source and 
acetonitrile/N2 (600 cm3 min-1 N2, ca. 19 kPa vapor 
pressure of acetonitrile corresponding to a 
temperature of 35 °C) as carbon/nitrogen source. 
The synthesis of CNTs was conducted in the 
presence of a Fe/γ-Al2O3 (20 wt.% Fe) catalyst, 
prepared by impregnation, drying at 130 °C, 
calcination with air at 450 °C and pre-reduction 
with H2 for 30 min at 650 °C. Three samples where 
produced feeding to the fluidized bed reactor: 
(i) ethylene alone for 30 min (sample E30), 
(ii) acetonitrile/N2 for 30 min (sample A30), and 
(iii) ethylene for 10 min, followed by 
acetonitrile/N2 for 20 min (sample E10A20). 
Finally, the synthesized CNTs were purified under 
reflux with an aqueous solution of H2SO4
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(50 vol.%) for 3 h [6]. 

The materials were characterized by elemental 
analysis, N2 adsorption-desorption isotherms, 
determination of contact angles by optical 
tensiometry (using the CNTs in the form of 
buckypapers), potentiometric titration, X-ray 
photoelectron spectroscopy (XPS), 
thermogravimetric analysis (TGA) and 
transmission electron microscopy (TEM). 

CWPO experiments were performed during 24 h 
in a 500 mL well-stirred (600 rpm) glass reactor, as 
described elsewhere [7]. The operating conditions 
considered were 5 g L-1 of 4-NP (50 mL), 
atmospheric pressure, T = 50 ºC, pH = 3, catalyst 
load = 2.5 g L-1 and [H2O2]0 = 17.8 g L-1 
(stoichiometric amount needed to completely 
mineralize 4-NP). High performance liquid 
chromatography (HPLC) was used to determine the 
concentration of 4-NP and reaction intermediates. 
The concentration of H2O2 was followed by a 
colorimetric method using an UV/VIS 
spectrophotometer. 

 

Results 

The characterization results reveal that the 
undoped catalyst E30 has a moderate 
hydrophobicity, while catalyst A30 is completely 
hydrophilic (Figure 1). The catalyst E10A20 
presents intermediate properties (not shown). E30 
consists on very regular multi-walled CNTs with an 
average diameter of 12 nm and magnetic Fe 
particles mainly encapsulated inside the tubes. On 
the opposite, the completely doped A30 is 
characterized by a "bamboo-like" structure with 
larger diameters (18 nm), higher concentration of 
surface acidic groups and higher amount of Fe 
located on the external surface of the tubes. The 
mixed catalyst E10A20 is a hybrid structure 
containing undoped sections followed by N-doped 
sections. It presents intermediate acidic properties 
and the Fe particles are dispersed both inside and 
outside the CNTs. 

 

Figure 1. CNTs hydrophobicity/hydrophilicity 
assessed by water contact angle determination. 

The different physicochemical properties of the 
synthesized catalysts affect in diverse manner their 
reactivity, thus showing different activity in the 
CWPO of 4-NP and in the simultaneous 
decomposition of H2O2 (Figure 2). Due to its 
extreme hydrophilicity, the N-doped catalyst A30 
has a strong affinity towards polar molecules like 
H2O2, which are quickly decomposed into 
non-reactive O2 and H2O species during the CWPO 
experiments. As a consequence, almost no removal 
of 4-NP is reached by CWPO with this catalyst 
(Figure 3). The main by-products obtained in this 
case are 4-nitrocatechol and hydroquinone, each 
compound showing a concentration of about 
20 mg L-1 at the end of the experiments. In addition, 
due to the higher accessibility of Fe particles on the 
surface of the catalyst A30, they are easily oxidized 
and leached away to the solution (Figure 3), further 
deactivating this poorly active material and further 
catalyzing the H2O2 decomposition reaction as well 
[8]. 

 

Figure 2. Evolution of the concentration of 4-NP 
(solid) and H2O2 (open) during the CWPO 
experiments. 

 

On the other hand, due to its hydrophobic nature, 
the undoped E30 sample has lower affinity than 
A30 for H2O2, resulting in a controllable and 
efficient H2O2 decomposition to HO● and HOO● 
radicals, the first step in CWPO reactions. 
This results in a 100% removal of the pollutant in 
less than 12 h with the catalyst E30 (Figure 2). 
The initial 4-NP degradation led to the formation of 
different aromatic by-products (4-nitrocatechol 
>> hydroquinone > 1,4-benzoquinone ≈ catechol), 
but after 24 h they disappeared in a great extent and 
only 4-nitrocatechol could be found (nearly 
70 mg L-1). In addition, the marked pH decrease 
observed during the reaction (Figure 3) suggests the 
formation of short-chain carboxylic acids and a 
high mineralization degree. Since Fe is mainly 
confined inside the CNTs for the sample E30, this 
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metal is protected to some extent from leaching into 
the solution, with only 1.1 mg L-1 being detected in 
the solution after CWPO (Figure 3), a concentration 
well below the European Union legal discharge 
limits in treated waters (2 mg L-1). All these 
findings make this material very attractive for 
CWPO applications, in which in situ magnetic 
separation systems may also be integrated for 
catalyst recovery and re-use, taking advantage of 
the magnetic properties of these materials. 

 

Figure 3. 4-NP removal extent obtained by 
adsorption and by CWPO; H2O2 decomposition, Fe 
leaching and pH in the CWPO runs; results after 
24 h. 

 

In order to confirm the relationship between the 
catalysts hydrophobicity/hydrophilicity properties 
and their reactivity in CWPO, the material E10A20 
was also tested. This material with both hydrophilic 
and hydrophobic sections shows an intermediate 
affinity degree towards H2O2, still enough to 
decompose H2O2 with a controllable rate and to 
generate the effective HO● and HOO● radicals. 
88% of 4-NP was removed after 24 h of reaction 
(Figure 2), mainly producing 4-nitrocatechol 
(630 mg L-1 at the end of the experiment). As 
observed with the catalyst E30, the pH decreases 
substantially during the reaction (Figure 3), also 
suggesting a high mineralization degree. These 
results put in evidence the importance of the 
catalysts hydrophobicity/ hydrophilicity properties 
on the CWPO start-up (promoting a controllable 
and efficient H2O2 decomposition) and on the final 
treatment result (high pollutant removal and 
mineralization). 

Considering the higher catalytic activity 
exhibited for E30 and E10A20, these catalysts were 
selected to study their activity in a second 
consecutive cycle. The pollutant was removed in a 
similar extent to that observed in the first use. 
However, more data are needed to completely 
assess long-term stability. 

Conclusions 

Hydrophobicity/hydrophilicity properties of 
CNTs were demonstrated to be determinant in 
CWPO. They may affect the rate of H2O2 
decomposition, favoring either the formation of 
reactive radicals by controllable decomposition 
over hydrophobic surfaces or the total 
decomposition into non-reactive species over 
hydrophilic ones. In addition, due to the 
confinement of Fe inside the CNTs structure in the 
hydrophobic materials, this metal is protected 
against leaching into the solution. 

Thus, amphiphilic CNTs may be a promising 
catalyst for CWPO, since their combined 
hydrophobic sections (capable to ensure a 
controllable and effective H2O2 decomposition) 
with hydrophilic sections (with higher affinity for 
polar pollutant molecules) allow them to be 
explored in wastewater treatment. 
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Effect of the gold addition to Ag/ZrO2-CeO2 catalysts by recharge 
method in the Catalytic Wet Air Oxidation (CWAO) of phenol  
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The Ag-Au bimetallic catalysts were prepared by “Recharge” 
Method on different supports: ZrO2 and ZrO2-CeO2 (10 and 20 
wt% of CeO2). Catalytic wet air oxidation of phenol with Ag-
Au was performed in a Bach reactor at 160°C and 8 bar of 
oxygen pressure. It shows that introduction of gold in the 
catalyst modified material properties and this improved catalytic 
activity for the phenol degradation. Results showed the best 
performance using Ag-Au/ZrO2-CeO2 20wt%, removing all 
phenol and 82% of abatement TOC because the concentration 
of the intermediates as acetic acid decrease with gold addition 
by recharge method . 
 

 
 

Catalytic wet air oxidation (CWAO) it is 
regarded one of the most important industrial 
processes to destroy hazardous, toxic and non-
biodegradable organic compounds present in 
wastewater streams. The process involves the use 
of a tickle-bed or slurry reactors operating at 
temperatures in the range of 100-325 °C at 5-200 
bar pressures, with oxygen as oxidant agent [1]. 

For long catalytic oxidation reactions have 
shown a positive effect controlling and decreasing 
the pollutant concentration found in air and water 
sources. On this regard, silver supported catalysts 
have shown an excellent behavior for this reaction. 
Silver as a metal noble has special features to 
improve catalytic oxidation reactions. It is known 
silver can chemisorb O2; silver can also catalyze 
CO oxidation, although at higher temperatures 
than gold [2]. 

The critical step in the effective development of 
CWAO is the preparation of an efficient and 
durable catalyst. Therefore this paper deals with 
the study of the catalytic properties of Ag-Au 
supported on ZrO2-CeO2 for the catalytic wet 
oxidation degradation of Phenol using a batch 
reactor unit. 

The ZrO2 support was prepared using zirconia n-
butoxide (Aldrich) as precursor. A mixture of n-
butanol-water was stirred and kept in reflux at 
80°C. Zirconia n-butoxide was added drop by drop 
for 3 hours to this solution until a gel was formed. 
The mixture was constantly stirred for 24 hours at 
80°C. Afterward the water and alcohol remaining 
were eliminated by the use of a rotavapor unit. 

Then the powder obtained was left in an oven to 
dry at 120 °C for 12 hours. The samples were 
calcined at 500 °C for 12 hours with heating ramp 
of 4 °C/minute. 

The ZrO2-CeO2 supports were obtained by using 
cerium nitrate precursor salt (from Aldrich). 
Cerium aqueous solutions were obtained by the 
stoichiometric addition of precursor to obtain 10 
and 20 wt% CeO2. For ZrO2-CeO2 the same 
methodology used to obtain the ZrO2 without 
cerium was followed and the precursor salt was 
added to the n-butanol-water mixture before 
adding it to the solution of zirconia n-butoxide-
water.  

The Ag supported catalysts were prepared by 
deposition-precipitation method (DP) of ZrO2   and 
ZrO2-CeO2 supports adding the appropriated 
amounts of an aqueous solution containing silver 
nitrate (AgNO3) to obtain a nominal concentration 
of 1.4% of Ag. Subsequently, NaOH was added 
dropwise to the resulting solution under constant 
stirring to get a pH of 10. The samples were dried 
at 120°C for 12 hours and then calcined under air 
flow (60ml/min) at 300°C for 4h, with a heat rate 
of 2°C/min. Finally, the catalysts were reduced 
under H2 (60ml/min) at 400°C for 4h, with a heat 
rate of 2°C/min. Bimetallic Ag-Au (1/1 molar 
ratio) supported catalysts were prepared by 
recharge method, which consist in to deposit an 
amount of 2 grams of the monometallic catalyst 
into the reactor, once the reactor was purged with 
nitrogen for 10 min at room temperature, then the 
catalyst was reduced with hydrogen for one hour 
at a temperature of 400 ° C, after the reduction, the 
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sample was cooled with hydrogen to room 

temperature, the reactor was purged again with N2 

for 30 min. The required quantity of gold salt 

solution (HAuCl4.H2O) to obtain 1/1 molar ratio 

was introduced into the degassing area and N2 was 

bubbled carefully to remove oxygen trace, then the 

gold solution was introduced to the reactor in 

order to mix with the monometallic catalyst 

bubbling N2 during one hour to accomplish the 

Ag-Au alloy by recharge . After the reaction, the 

bimetallic catalyst prepared was dried at room 

temperature under H2 flow, then the catalyst was 

heated at 120 ° C with a heat rate of 2°C/min and 

keeping this temperature during 12 hrs. Finally the 

catalyst was activated by reduction under 

hydrogen flow at 400 ° C for 4 hrs with a heat rate 

of 2°C/min  

 

The surface areas of the samples were determined 

from the nitrogen adsorption isotherms at -196°C 

using a Micromeritics Tristar 3020 II. Prior to the 

analysis, the samples were outgassed at 400 °C for 

4 h. The adsorption data were analyzed using the 

ASAP 2020 software based on the Brunauer–

Emmett–Teller (BET) isotherm. X-ray Diffraction 

(XRD) was carried out using Rigaku Miniflex 

diffractometer employing Co Kα radiation 

(λ=0.179nm) obtained at 30 kV and 15 mA source 

with a scan speed of 2θ/min. Diffuse reflectance 

UV-Vis spectra in the 900-200nm range were 

obtained with a VARIAN 3000 spectrophotometer 

operating at room temperature. Transmission 

electron microscopy (TEM) was performed in 

a JEOL JEM2100 STEM. Equipped with a JEOL 

JED2300 Energy Dispersive X-ray Analyzer 

(EDXS). The samples were ground, suspended in 

ethanol at room temperature, and dispersed with 

agitation in an ultrasonic bath for 15 min¸ then an 

aliquot of the solution was passed through a 

carbon copper grid. XPS data was acquired using a 

Kratos Axis ULTRA X-ray Photoelectron 

Spectrometer incorporating a 165mm 

hemispherical electron energy analyzer. The 

incident radiation was Monochromatic Al Kα X-

rays (1486.6eV) at 225W (15kV, 15ma). Survey 

(wide) scans were taken at analyzer pass energy of 

160eV and multiplex (narrow) high resolution 

scans at 20eV. Survey scans were carried out over 

1200-0eV binding energy range with 1.0eV steps 

and a dwell time of 100ms.  Narrow high-

resolution scans were run with 0.05ev steps and 

250ms dwell time. Base pressure in the analysis 

chamber was 1.0x10-9torr and during sample 

analysis 1.0x10-8torr. Atomic concentrations were 

calculated using the Casa XPS version 2.3.14 

software and a Linear baseline with Kratos library 

Relative Sensitivity Factors (RSFs). Peak fitting of 

the high-resolution data was also carried out using 

the Casa XPS software. All catalysts were tested 

in a high pressure stainless steel batch reactor 

(Parr Instruments) equipped with sampling valve, 

magnetic driven stirrer, gas supply system and 

temperature controller. The Catalytic Wet Air 

Oxidation reaction was carried out as follows: 

using a reaction volume of 350 mL of an aqueous 

solution with a concentration of 1000 ppm and 1g 

L-1 of the catalyst. After the reactor was heated at 

160°C to reach the desirable temperature, pure 

oxygen (PO2=8 bar) was added under stirring. The 

catalysts were previously reduced at 400°C during 

3h with a H2 flow (60ml/min). The reaction was 

performed for 10 hr. The samples in the effluent 

were taken at 15 min, 30 min and finally at 

intervals of 1 h through 10 h, and the phenol 

concentration, intermediate content and Total 

Organic Carbon (TOC) were analyzed. Phenol 

concentration and intermediate concentration were 

measured with High Performance Liquid 

Cromatograph (HPLC). Total Organic Carbon 

(TOC) of the samples was measured with a TOC 

5000 Shimadzu Analyzer. 

 

BET surface areas of the supports were 

found to be between 37 m2g-1 and 46 m2g-1, while 

BET surface areas of the monometallic catalysts 

were between 29 m2g-1 and 37 m2g-1 respectively. 

From the results it can be seen a slight decrease of 

the specific surface area for the monometallic 

catalyst. This behavior can be explained as the 

micropores of the support can be plugged by the 

silver metal nanoparticle during impregnation 

causing the reduction of the surface area of 

monometallic catalyst [3]. The XRD results  

shows the formation of a single solid solution, of 

zirconia-ceria phase, a peak splitting for the 

presence of two phases could not be detected. 

Four intense peaks were found at 2θ= 36°, 40°, 

59°, and 70° characteristics to tetragonal and one 

peak at 32° monoclinic phase . This same 

diffraction pattern has been reported in the 

literature [4]. Another effect showed when 

increase the ceria quantity on the zirconia support 

then the tetragonal phase was stabilized. In the 

case of silver monometallic catalysts small peaks 

were observed in 2 theta angles (44.7 °, 51.9 ° and 

76.36 °), however in bimetallic catalysts the gold 

effect was observed because these peaks enlarged. 

The UV-Vis spectra showed the bands of ZrO2 

and CeO2 . The Zirconia band appears in 210 nm, 

this band is characteristic of Zr4+, in the case of 

ceria appears in 290 nm, this band is attributed to 

Ce4+ [5]. The silver plasmon was observed 

between 470 and 500 nm but the depositing gold 

in the silver catalyst decreases absorption and the 
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plasmon was moved to the right. TEM-EDXS 

analysis showed that the recharge method it’s a 

good technique to prepare bimetallic because gold 

and silver appears well dispersed over the support. 

The metal state of Ag, Au and Ce were analyzed 

by XPS, these showed, in the case of Ce3+, 30 and 

31 % on monometallic catalyst with 10 and 20% 

respectively but when was deposited the gold, the 

quantity of Ce3+ increase until 41 and 43 %. The 

presence of Ce3+ has been observed frequently in 

the mixed oxide systems ZrO2-CeO2 and TiO2-

CeO2 [6]. Also, the presence of Ce3+ reduced 

species are associated with the generation of 

oxygen vacancies due to compensation load on 

the surface catalyst[7] The gold states identified 

were Au° and Au+ with the binding energies 84 

and 85.6-85.7eV respectively [8]. CWAO reaction 

tests showed that the best catalyst was Ag-

Au/ZrO2-CeO2 20 wt% with 100% of conversion 

in 1h (see Figure 1).  This behavior can be related 

to several factors such as: strong metal-support 

interaction, high dispersion and support 

reducibility that influence the release of more 

surface oxygen atoms during the reaction keeping 

silver and gold in a metallic state. Addition of Ce 

provoke a major TOC abatement in CWAO of 

Phenol because CeIV/CeIII oxide-reduction 

capacity. The TOC abatement showed that the 

best catalyt was Ag-Au/ZrO2-CeO2 20 wt% with 

64% in 1 h (see Figure 2). The gold addition  

changed the properties in the Ag monometallic 

catalyst changed the oxidation via formic acid 

showed low concentrations of acetic acid which 

increase the CO2 amount. The Recharge method 

is a very effective method for the synthesis of 

bimetallic catalysts. The gold deposited in Ag 

catalysts increased catalytic activity and TOC 

abattement. The best catalyst was Ag-Au/ZrO2-

CeO2 20 wt% which showed a very low formation 

of intermediates as acetic, because the 

degradation take place via formic acid improving 

CO2 amount.  

 

 

  
Figure 1. Phenol degradation of solid systems ZrO2-

CeO2 by CWAO. 

 

Figure 2. TOC abatement of solid systems ZrO2-CeO2 

by CWAO. 
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Effect of Crystal Size and Metal Dispersion over Ag/ZrO2-CeO2 for 
the Catalytic Wet Air Oxidation of Methyl Tert-Butyl Ether (MTBE) 
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In this work Ag nanoparticles supported on ZrO2-CeO2 
promoted with different amounts of CeO2 were studied. Results 
reveals that the tetragonal ZrO2 phase (t-ZrO2) present in the 
catalysts is stabilized by the presence of CeO2, preventing 
transformation to the monoclinic phase (m-ZrO2). CeO2 can also 
improve the reduction of Ag2O as increase also the d-electron 
density of the surface silver atoms. Furthermore CeO2 has a 
promoting effect on Ag/ZrO2 because of the strong metal-
support interaction and its relationship of oxygen vacancies of 
ZrO2-CeO2 support. The extent of reduction of silver controls 
the quantity of oxygen to be adsorbed during the oxidation 
reaction. In general a small crystal size and high metallic 
dispersion can enhance the activity of MTBE Catalytic Wet Air 
oxidation 
 

 
For long catalytic oxidation reactions have shown 
a positive effect controlling and decreasing the 
pollutant concentration found in air and water 
sources. On this regard, silver supported catalysts 
have shown an excellent behavior for this reaction. 
Silver as a metal noble has special features to 
improve catalytic oxidation reactions. It is known 
silver can chemisorb O2 [1]; can also catalyze CO 
oxidation, although at higher temperatures than 
gold [2-4]. Oxygen chemisorption on silver 
surface as a pretreatment generates various oxygen 
species such as bulk-oxygen (Oβ) and subsurface 
Oxygen (Oγ), which are responsible of the higher 
catalytic activity in hydrocarbon, formaldehyde 
(methanal) and soot oxidation [2]. On the other 
hand Ceria, with its ability to store and release 
oxygen, plays an important role in catalysis, 
participating directly in the conversion of 
environmentally sensitive molecules such as 
phenol and acetic acid into carbon dioxide, water 
and/or intermediate products. Ceria as a support 
has oxygen storage capacity (OSR) and redox 
properties. Oxygen reducibility and oxygen 
storage capacity seem to be important properties 
for the performance of ceria in oxidation reactions 
[5]. These properties originated from its easy 
creation and diffusion of oxygen vacancies, 
especially at the support surface level. Catalytic 
wet air oxidation (CWAO) it is regarded one of the 
most important industrial processes to destroy 
hazardous, toxic and non-biodegradable organic 
compounds present in wastewater streams. Methy 
Tert-Butyl Ether (MTBE) is used as an octane 
gasoline enhancer additive that is presumably 
important for reducing air pollution by decreasing 
carbon monoxide emanating from car exhausts. 

Unfortunately this additive has been found present 
in groundwater and surface water  due to leakages 
from car or underground fuel tanks creating a 
serious environmental problem due to its 
refractory properties to degrade when releases into 
the environment [6]. 
This work deals with the study of the catalytic 
properties of Ag supported on ZrO2-CeO2 for the 
catalytic wet oxidation degradation of Methyl Tert 
Butyl Ether (MTBE) using a batch reactor unit. 
The synergistic effect of metal and support on the 
reaction is also reported. The ZrO2 support was 
prepared using zirconia n-butoxide (Aldrich) as 
precursor. A mixture of n-butanol-water was 
stirred and kept in reflux at 80°C. Zirconia n-
butoxide was added drop by drop for 3 hours to 
this solution until a gel was formed. The mixture 
was constantly stirred for 24 hours at 80°C. 
Afterward the water and alcohol remaining were 
eliminated by the use of a rotavapor unit. Then the 
powder obtained was left in an oven to dry at 120 
°C for 12 hours. The samples were calcined at 500 
°C for 12 hours with heating ramp of 4 °C/minute. 
The ZrO2-CeO2 supports were obtained by using 
cerium nitrate precursor salt (from Aldrich). 
Cerium aqueous solutions were obtained by the 
stoichiometric addition of precursor to obtain 0.5, 
1, 5, 10, 15 and 20 wt% CeO2. For ZrO2-CeO2 the 
same methodology used to obtain the ZrO2 without 
cerium was followed. The Ag supported catalysts 
were prepared by deposition-precipitation method 
(DP) of ZrO2 and ZrO2-CeO2 supports adding the 
appropriated amounts of an aqueous solution 
containing silver nitrate (AgNO3) to obtain a 
nominal concentration of 1.4% of Ag. 
Subsequently, NaOH was added dropwise to the 
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resulting solution under constant stirring to get a 

pH of 10. The samples were dried at 120°C for 12 

hours and then calcined under air flow (60ml/min) 

at 300°C for 4h, with a heat rate of 2°C/min. 

Finally, the catalysts were reduced under H2 

(60ml/min) at 400°C for 4h, with a heat rate of 

2°C/min. The surface areas of the samples were 

determined from the nitrogen adsorption isotherms 

at -196°C using a Micromeritics Tristar 3020 II. 

X-ray Diffraction (XRD) was carried out using 

Rigaku Miniflex diffractometer employing Co Kα 

radiation (λ=0.179nm) obtained at 30 kV and 15 

mA source with a scan speed of 2θ/min. Diffuse 

reflectance UV-Vis spectra in the 900-200nm 

range were obtained with a VARIAN 3000 

spectrophotometer operating at room temperature. 
H2-TPD experiments were conducted on a 

BELCAT equipment with thermal conductivity 

detector. Hydrogen pulse chemisorption was also 

conducted on the BELCAT equipment. 

Transmission electron microscopy (TEM) was 

performed in a JEOL JEM2100 STEM. Equipped 

with a JEOL JED2300 Energy Dispersive X-ray 

Analyzer (EDXS). XPS analysis was carried out 

using a Kratos Axis ULTRA X-ray Photoelectron 

Spectrometer incorporating a 165mm 

hemispherical electron energy analyzer.  The 

Catalytic Wet Air Oxidation reaction was carried 

out as follows: using a reaction volume of 300 mL 

of an aqueous solution with a concentration of 440 

ppm and 1g L-1 of catalyst. After the reactor was 

heated at 80°C to reach the desirable temperature, 

pure oxygen (O2) was added under stirring. The 

catalysts were previously reduced at 400°C during 

3h with a H2 flow (60ml/min). The reaction was 

performed for 60 min. The samples in the effluent 

were taken at intervals of 10 min through 1h, and 

the MTBE content (c), intermediate content and 

Total Organic Carbon (TOC) were analyzed. 

MTBE content and intermediate content were 

measured with High Performance Liquid 

Cromatograph (HPLC). Total Organic Carbon 

(TOC) of the samples was measured with a TOC 

5000 Shimadzu Analyzer. Results showed (see fig 

1)that the maximum activity for silver 

monometallic catalyst was Ag/ZrO2-(15%)CeO2. 

This behavior can be related to several factors 

such as: strong metal-support interaction that is 

influenced by the higher acidity, dispersion and 

support reducibility that influence the release of 

more surface oxygen atoms during the reaction 

keeping silver in a metallic state. On Ag/ZrO2-

CeO2 catalysts with 5, 10, 15 and 20% ceria the 

MTBE conversion has values between 52 and 

90%, being the Ag/ZrO2-(15%)CeO2 catalyst the 

most active with 90% MTBE conversion. This 

latter catalyst had also the highest metallic 

dispersion. It can be concluded that there is a 

relationship between the crystal size of support 

and the metallic dispersion of silver that lead an 

improved catalytic performance. On the other 

hand, the complete catalytic oxidation of MTBE 

yields CO2 and H2O as final products. However, if 

the mineralization is not totally completed some 

intermediates can be formed.  This latter 

phenomenon produces issues in the efficient of the 

process. The reaction pathway of MTBE catalytic 

oxidation has been extensively reported in the 

literature [15, 52] where different compounds such 

as methanol, isopropyl alcohol, tert-butyl alcohol 

and acetone have been identified as intermediates 

products of the MTBE catalytic oxidation reaction. 

The intermediate identified in the present work 

was acetone. 

According to the results it is possible to analyze 

that in a TOC conversion between 69-80% and in 

a conversion of MTBE between 82-90% there is 

no presence of acetone, this lead to infer that there 

is a possible catalytic oxidation almost complete 

for silver catalysts supported with higher content 

of ceria. 

In TOC conversion for monometallic catalysts it is 

strongly distinguished the effect of ceria dopant on 

the conversion of intermediates, because at a high 

content of cerium oxide (15 to 20%) it results in 

high percentages of TOC conversion (69 and 

80%), so the reaction rate is faster for the 

conversion of intermediates and, therefore, the 

concentration of the intermediate compounds is 

degraded more efficiently. According to the 

reported by Cervantes et al. [7] the latter result is 

controlled by the relative abundance of Ce+ 4. 

It is generally accepted that the oxidation reactions 

over mixed oxide catalyst proceed according to the 

redox model proposed by Mars and van Krevelen 

[5,8[. Based on their findings, the following 

reactions are proposed to explain the effect of the 

partial reduction of ceria on metallic silver:  

1-.Oxygen is adsorbed in oxygen vacant site over 

ceria surface lattice. 

Ce+3 –Vo + O2                     Ce+4- 02
- + H2O      (Vo: 

oxygen vacant) 

2-.The partial reduction of ceria is reversible 

because of oxygen adsorbed in oxygen vacancy as 

a result Ag0 becomes Ag+1. 

Ag0 + Ce+4- 02
-                        Ce+3-Vo

  + 02
- + Ag+1 

3-.Ag+1 attack MTBE for the conversion to CO2 + 

H20. 

Ce+3 -Vo
 + 02

- + Ag+1 + MTBE           Ce+3 -Vo
  + 

Ag0 + CO2 + H20 

It is known that oxygen vacancies of zirconia-ceria 

support play an important role in the dispersion of 

silver. These oxygen vacancies are the result of 

anionic deficiencies that reduce Ce+4 to Ce+3.  
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Then, this process of self-reduction can be 

accelerated by the addition of silver that attacks 

the weak ceria surface oxygen bond allowing their 

release from the support lattice. Furthermore, the 

ratio between the crystal size and oxygen 

vacancies, can influence the amount of silver 

atoms that can be deposited on the support. So it is 

possible to control the crystal size during the 

support synthesis by controlling the amount of 

ceria added.  However, decreasing the zirconia-

ceria support crystal size leads to the formation of 

surface defects and therefore a higher number of 

active sites. Greater metal dispersion was found at 

higher ceria content (i.e. 15 and 20%), that favors 

an increase in the number of surface oxygen. The 

total oxygen vacancies of the catalyst support  

depend on ceria loading [8]. The oxygen vacancies 

are acid sites called Lewis sites where a 

nucleophilic substrate can be deposited. During the 

oxidation reaction it is known that superoxide 

species (O-2) are formed on a partially reduced 

CeO2 surface as a result of the present of free 

electrons [8].  

If we compared the data of Table 1 about crystal 

size of support and metallic dispersion it can 

clearly be seen with a small crystal size of support, 

there is a better metallic dispersion. Small crystal 

size of zirconia-ceria support interacts with Ag 

more strongly, so that the reactivity of catalyst was 

enhanced. From the study it can be concluded that 

by the use of the deposition-precipitation method it 

is possible the homogeneous incorporation of low 

amount of Ag to the tetragonal ZrO2-CeO2 and 

monoclinic-tetragonal ZrO2 lattice, It was also 

found that CeO2 is a structural promoter for silver 

on ZrO2 because it can improve the dispersion of 

silver on the catalyst support and possibly inhibit 

the sintering of silver during the reaction, On the 

other hand  zirconia tetragonal phase (t-ZrO2) 

stability was also enhanced by CeO2 addition, 

meanwhile its mean crystallite size was 

diminished according to DRX and TEM results. 

CeO2 is an electronic promoter for silver over 

ZrO2 as it can chance the chemical environment by 

preventing silver to oxidize due to an increase the 

d-electron density of the surface silver atoms.  

These results were confirmed for the monometallic 

catalyst with the highest ceria content. Through 

XPS, UV-Vis spectrometry and TEM should be 

clearly seen that the highest ceria content promotes 

Strong Metal Support Interaction. As a result 

ZrO2-CeO2 are active supports and can enhance 

the activity of MTBE Catalytic Wet Air oxidation. 

Furthermore, small zirconia crystal size combined 

with high silver metal dispersion has strong 

influence on the catalytic activity of MTBE 

oxidation reaction. 

 

Figure 1. MTBE conversions as a function of the 

time for silver supported catalysts. 

Table 1.Crystal size of the ZrO2 and Dispersion of 

silver supported catalysts 
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In this work, Rh/TiO2-CeO2 and RhAu/TiO2-CeO2 catalysts 
were studied. Characterization of materials was done by BET 
surface area, FTIR-pyridine, X-ray diffraction, H2-TPR,  FTIR-
CO, ICP-OES, H2-TPD,  TEM,  HRTEM, TPO. Monometallic 
catalysts were prepared by incipient impregnation loading 
1w/w% of Rh. Bimetallic catalysts, the recharge method was 
used and the amount of gold was equivalent to a monolayer of 
chemisorbed hydrogen by catalyst. MTBE CWAO was carried 
out in a batch reactor using a solution (150 mL) of 300 ppm of 
MTBE and 1 g/L of catalyst. Bimetallic catalysts in the 
presence of gold increase the catalytic activity and stability, 
promoting a more efficient reaction path and a lower deposit of 
organic material in the Catalytic Wet Air Oxidation of MTBE. 
 
 

 
MTBE in the air and water has been source of 
serious pollution problems in the past, in several 
big cities of America and Europe [1]. This 
pollutant cause serious problems for human health; 
for this reason the EPA banned its use in 2007 [2]. 
In this work, Rh/TiO2-CeO2 and RhAu/TiO2-CeO2 
catalysts were studied. 
Supports were synthesized from sol-gel method, 
using n-butoxide titanium (Aldrich 97%) and 
cerium nitrate (Strem 99.9 %) as precursors. The 
rhodium precursor was RhCl3.3H2O. The amount 
of salt was needed to obtain 1 wt% and 
impregnated to the support by incipient 
impregnation method. In the case of bimetallic 
catalysts, the recharge method was used and the 
amount of gold was equivalent to a monolayer of 
chemisorbed hydrogen by catalyst [3]. 
Characterization of materials was done by BET 
surface area, FTIR-pyridine, X-ray diffraction, H2-
TPR, FTIR-CO, ICP-OES, H2-TPD, TEM, 
HRTEM, TPO. The MTBE concentration was 300 
ppm, of which 150 mL were placed in a batch 
reactor with a catalyst concentration of 1 g/L. The 
oxygen partial pressure was 8 bar and temperature 
of 80 �  . Pollutant degradation was monitored by 
gas chromatography (Varian star 3400Cx ) and 
TOC ( TOC- VCSN SHIMADZU) . 

Bimetallic catalysts are more stable than 
monometallic. The presence of gold improve 
stability to the catalysts. 
Based on the results, in the oxidation reaction of 
MTBE acid sites play a key role; these capture the 
pollutant and cause the oxidation of this to meet a 
rhodium metal particle. Quickly reference catalyst 
(RhTi) loses activity due to the deposit of organic 
material. The presence of cerium and gold helps to 
prevent the deposit. With the addition of the 
second metal, it is deposited in preferential sites 
helping to prevent particle deposition covering 
material, in addition the presence of cerium 
improve the oxide-reduction properties, which 
provoke a better conversion of MTBE . 
In the oxidation reaction of MTBE was found that 
the most active catalysts were those who had a 
higher amount of acid sites. The incorporation of 
cerium promoted the formation of these sites. It 
was observed that the reaction route is more 
efficient in the presence of cerium monometallic 
catalysts. Furthermore CeO2 avoid accumulation 
of organic material. Bimetallic catalysts in the 
presence of gold increase the catalytic activity and 
stability, promoting a more efficient reaction path 
and a lower deposit of organic material. 
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Abstract 

The stable tricyclic structure of the cylindrospermopsin (CYN) a cyanotoxin, has 

presented several challenges to water treatment facilities, as conventional treatment 

methods are limited in their ability to remove it from water. This study investigates 

the effectiveness of titanium dioxide (TiO2) in catalytic ozonation for degrading CYN. 

The chemical kinetics of the reactions of ozone (O3) and hydroxyl radicals (OH•) with 

CYN were determined. The results thus obtained that TiO2 significantly increases the 

rate of degradation of CYN by increasing the rate of production of hydroxyl radicals 

(OH•) by initiating the decomposition of O3 on the catalyst surface. At a pH of 7 with 

1.0 O3 -mg/L and 500 mg/L TiO2; the pseudo-first-order ozone decomposition rate 

constant (kD) increased from 3.04 × 10−3 to 16.53×10−3 s−1 and the ratio of OH• to O3 

concentrations (Rct) increased from 1.87 × 10−8 to 126.4 × 10−8. The calculated 

second-order rate constant (koverall) of CYN with O3 and OH• was 3.22 M−1 s−1 without 

TiO2. The greatest improvement in koverall was observed at 500 mg TiO2/L, which 

increased koverall by a factor of five TiO2 catalyzed ozonation is an efficient method of 

oxidation reduces the toxic activitity of CYN. According to Microtox test results 

concerning the toxic activity of CYN during oxidation processes, catalytic ozonation 

may either increase or reduce the toxicity of CYN toward test samples of chemical 

properties. The toxic effects on the samples are greatly affected by the TiO2 dosages 

and reaction time, possibly yielding by-products that may alter the mutagenic 

properties of CYN.  

Keywords: cylindrospermopsin, cyanobacteria, titanium dioxide, catalytic ozonation, 

toxic activity. 
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Nanostructured CeO2 as catalysts for different AOPs based in the 
application of ozone and solar radiation 

A. Rey, E. Mena, E.M. Rodríguez, F.J. Beltrán. Departamento de Ingeniería Química y Química Física, 
Universidad de Extremadura, Avda. Elvas s/n 06006, Badajoz, Spain, anarey@unex.es. 

Two CeO2 catalysts with different morphology (nanocubes and 
nanorods) were synthetized by hydrothermal treatment, 
characterized and examined for different AOPs (photocatalytic 
oxidation, catalytic and photocatalytic ozonation) using DEET 
as target compound. Neither significant DEET removal nor 
mineralization was achieved by solar photocatalysis and the 
catalysts did not show any beneficial effect during catalytic 
ozonation. The best results were obtained in photocatalytic 
ozonation process being nanorods more active under visible 
radiation according to its lower band gap energy whereas 
nanocubes presented the highest catalytic activity under total 
solar radiation. The combination of CeO2 nanorods with TiO2 
both supported in Raschig rings led to promising results for 
continuous photocatalytic ozonation treatment. 

 

Introduction

Water pollution due to specific organic 
contaminants (phenolic compounds, aromatic 
hydrocarbons, pesticides, pharmaceuticals, etc.)  is 
a growing problem that requires the 
implementation of advanced technologies capable 
of removing not only the initial compounds but 
also their metabolites. Among the available 
technologies, advanced oxidation processes 
(AOPs) have demonstrated to efficiently remove a 
wide variety of organic pollutants due to the 
generation of oxidizing species, mainly hydroxyl 
radicals, which non-selectively attack the organic 
matter [1]. Photocatalytic treatments are promising 
alternatives due to the possibility of using natural 
solar light as a radiation source to minimize 
treatment costs. Besides, the combination of 
photocatalysis with ozone increases the generation 
of oxidizing species leading to higher degrees of 
mineralization than individual treatments [2]. For 
these processes, much of the research effort is 
focused on the development of photocatalysts 
capable of effectively absorbing visible light in 
order to increase the fraction of usable solar 
radiation compared to the commonly used TiO2 
[3]. In this sense,  CeO2 is a wide band-gap 
semiconducting material which absorbs light in the 
near UV and slightly in the visible region being its 
unique properties as catalyst and catalytic support 
highly shape-dependent [4]. The aim of this work 
focused on the application of two different 
nanostructured CeO2 catalysts in ozone and 
photocatalysis based AOPs for the degradation of 
DEET, a common insect repellent found in 
different aquatic environments [5].  

Experimental 

Two CeO2 catalysts were synthetized by 
hydrothermal treatment according to a previous 
work [6]. Briefly, Ce(NO3)3·6H2O used as cerium 
precursor was dissolved in NaOH 6 M solution 
and then transferred to a 125 mL autoclave (filled 
at 75%) and heated during 24 h at 100 or 180 °C 
for nanorods (NR) and nanocubes (NC), 
respectively. Finally, the precipitates were 
separated by centrifugation, washed sequentially 
with water and ethanol and dried at 100ºC 
overnight. 

Immobilization of TiO2 and TiO2-CeO2 onto 
Raschig rings (6 mm diameter) was carried out by 
the dip-coating procedure. The coating suspension 
was prepared with ultrapure water at pH=1.5 with 
HNO3 and 150 gL-1 of TiO2 P25 (Evonik) or TiO2 
P25 and NR CeO2 (50:50) with the same total 
amount. Each coating cycle consists in the 
immersion of the rings into the catalyst 
suspension, withdrawal at a speed of 0.65 mm s-1, 
oven drying at 110ºC for 24 h, and calcination at 
500ºC for 2 h. A total of 3 consecutive coating 
cycles were carried out with TiO2 and TiO2-CeO2 
suspensions. The physicochemical properties of 
as-prepared supported catalysts were determined 
by N2 adsorption-desorption isotherms, XRD, 
TEM, SEM and diffuse reflectance UV-Vis 
spectroscopy. 

Photocatalytic experiments were carried out in a 
solar simulator (Suntest CPS, Atlas) provided with 
a 1500 W Xe lamp operated at 550 Wm−2. Light 
transmission was restricted to λ>390 nm by means 
of a modified polyester cut-off filter (Edmund 
Optics) for visible experiments whereas a window-
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glass filter was used for total solar radiation 
(λ>300 nm). The experiments were carried out in 
semi-batch mode using a borosilicate glass-made 
agitated tank provided with gas inlet, gas outlet 
and liquid sampling ports. In a typical 
photocatalytic ozonation experiment, the reactor 
was loaded with 500 mL of 5 mgL-1 of DEET 
aqueous solution (pH=6). The catalyst was then 
added (0.25 gL-1) and the suspension was stirred in 
the dark for 30 min before switching on the lamp 
and feeding ozone to the reactor (15 Lh−1 gas flow 
rate, 10 mgL−1 O3). For those runs where the 
immobilized catalyst was used, a borosilicate glass 
cylinder of 0.16 L (0.11 L reactor volume) packed 
with the catalyst was set in the solar simulator 
chamber. The total amount of the catalyst in the 
reactor was 1.0-1.2 g. The DEET solution (5   
mgL-1, pH=6) was pumped to the photoreactor 
from a stirred tank (1L, total volume) with a 
peristaltic pump at 10 Lh-1 flow rate. Similar 
operating conditions were used. Besides ozonation 
and photolytic ozonation, for both supported and 
suspended catalyst adsorption, photocatalysis, 
catalytic ozonation and photocatalytic ozonation 
experiments were carried out. After being filtered 
(0.2 µm, PTFE filter), the concentration of DEET 
(by HPLC) and TOC (TOC analyzer) in the 
samples was determined. Aqueous ozone was 
measured by UV/Vis spectrophotometry following 
the indigo method and ozone in the gas phase was 
continuously monitored by an online analyzer. 

Results and discussion  

The formation of nanostructured CeO2 with NC 
or NR morphology was confirmed by TEM as can 
be observed in Figure 1. From the NC images, it 
can also be noticed the presence of some 
rectangular prism particles (a minority in the 
images analysed). The size of the NC and NR was 
determined from several TEM representative 
images (not shown) and presented in Table 1. A 
wide size distribution was obtained for NC 
between 25 and 100 nm whereas the NR presented 
a narrow diameter at 7.2 nm and lengths between 
40 and 200 nm. NC and NR presented (100) and 
(110)-(100) exposed faces, respectively, according 
to previous work [6].  

 Table 1. Characterization of the CeO2 catalysts 

Catalyst 
Size 
(nm) 

SBET 
(m2g-1) 

Eg 
(eV) 

NC 25-100 14 3.32 

NR 
(7.2±1.1)x 
(40-200) 

109 3.07 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. TEM images of CeO2 catalysts 

XRD results (not shown) confirmed the 
formation of pure CeO2 cubic phase (fluorite 
structure, JCPDS 34-0394) [6]. Due to lower 
crystal sizes and its morphology NR presented 
higher SBET value than NC (Table 1). Finally, the 
optical energy band gap (Eg) was calculated by 
means of Tauc’s expression and results are also 
summarized in Table 1. A value of 3.32 eV was 
calculated for NC, somewhat higher to that 
reported for bulk CeO2 around 3.19 eV due to 
smaller particle sizes [7]. On the contrary, a 
noticeable lower Eg value is observed for NR 
indicating clearly a shift to higher wavelengths 
absorption. This effect may be attributed to the 
lattice defects and oxygen vacancies present in the 
ceria NR [7]. 

The effectiveness of the photocatalytic 
ozonation process on DEET depletion using 
nanostructured CeO2 in suspension is shown in 
Figure 2. Neither significant DEET removal nor 
mineralization was achieved by solar 
photocatalysis and the catalysts did not show any 
beneficial effect during catalytic ozonation in the 
dark. However, the impact of the radiation (visible 
and solar) on the efficacy of ozone-based 
processes was significant, and a higher 
degradation rate was observed when the whole 
solar spectrum was used. 

Main differences were observed in terms of 
mineralization. As deduced from Table 2, the best 
results were obtained when photocatalytic 
ozonation was applied being nanorods more active 
under visible radiation (due to its lower band gap 
energy) whereas nanocubes presented the highest 
catalytic activity under total solar radiation. 
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Figure 2. Evolution of normalized DEET concentration 
during different treatments applied under visible (up) and 
solar (down) radiation.  

Table 2. TOC removal with the two catalysts tested in 
O3 processes at t=120 min 

 % TOC removal 

Treatment Visible Solar 

O3 19 

O3/NC 23 

O3/NR 24 

O3/h 29 47 

O3/NC/h 50 79 

O3/NR/h 68 67 

 

 

To take the advantage of the use of visible light 
by NR-CeO2, TiO2 and NR catalysts were 
immobilized in Raschig rings. Results of 
mineralization of DEET during different 
treatments are presented in Figure 3. For 
comparative purposes Raschig rings loaded with 
TiO2 were also tested. Although the catalysts in 
suspension gave rise to better results, the 
incorporation of NR-CeO2 to the immobilized 
TiO2 improved the mineralization rate during 
photocatalytic ozonation which is a promising 
starting point to optimize this system to operate in 
a continuous mode. 

 

 

 

 

 

 

 

 

Figure 3. Evolution of normalized TOC during different 
treatments applied under solar radiation using 
immobilized catalysts. 

Conclusions 

Nanostructured CeO2 catalysts were active and 
stable in photocatalytic ozonation treatment of 
DEET. Nanorods were more active under visible 
radiation in agreement with its lower band gap 
energy whereas nanocubes presented the highest 
catalytic activity under total solar radiation. 
Combination of CeO2 nanorods with TiO2 both 
immobilized in Raschig rings led to promising 
results for continuous photocatalytic ozonation 
treatment.
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Photocatalytic ozonation of emerging contaminants in municipal 
wastewater with a magnetic TiO2-activated carbon catalyst
A. Rey, A.M. Chávez, P.M. Alvarez, F.J. Beltrán. Departamento de Ingeniería Química y Química Física, 
Universidad de Extremadura, Avda. Elvas s/n 06006, Badajoz, Spain, anarey@unex.es.

The degradation of metoprolol, DEET, ibuprofen and clofibric 
acid in a synthetic municipal wastewater effluent was studied. 
Different ozone/solar radiation processes were tested using a 
TiO2 supported magnetic activated carbon catalyst which was 
easily separable and reusable. Different operating conditions 
(catalyst loading, ozone gas phase concentration and gas flow 
rate and the presence of carbonate/bicarbonate/phosphate ions) 
were studied. The most efficient treatment was photocatalytic 
ozonation leading to complete emerging contaminants removal 
(99.9%) in less than 45 min with 65% TOC removal in 120 min. 
An increase of the catalyst loading did not improve the 
treatment whereas gas ozone concentration and gas flow rate 
showed a positive effect. A negative effect was observed in the 
presence of carbonate/bicarbonate and phosphate ions. 

Photocatalytic ozonation is an Advanced 
Oxidation Process (AOP) based on the 
combination of photocatalytic oxidation with 
ozone that has been demonstrated to efficiently 
remove a wide variety of persistent organic 
pollutants [1]. Most of the studies in photocatalytic 
ozonation have been conducted using nanosized 
TiO2 as catalyst which involves several problems 
of separation and reutilization. Thus, the aim of 
this work is focused on the application of a TiO2-
anatase supported magnetic activated carbon 
catalyst (TiFeC) in the photocatalytic ozonation of 
a mixture of emerging contaminants (ECs) in 
municipal wastewater effluents. This catalyst was 
active, stable, easily separable and reusable in a 
previous work [2]. 

To synthesize the TiFeC catalyst, first magnetite 
and then TiO2 (anatase) were deposited onto a 
commercial meso-to-microporous activated carbon 
by impregnation and sol-gel methods, respectively. 
XRD confirmed that TiO2 was mainly as anatase 
and the catalyst showed a quite high SBET=263 
m2g-1. SQUID magnetometer measurements 
confirmed the magnetization of the catalyst that 
was also easily separable by an external magnet 
from de solution after the reaction. 

Photocatalytic ozonation experiments of a 
mixture of the four ECs (metoprolol (MTP), 
ibuprofen (IBP), DEET and clofibric  acid  (CFA))  

in a synthetic aqueous effluent were carried out in 
a solar simulator provided with an air cooled 1500 
W Xe lamp. Main operating conditions were: 
V=750 mL, CECs,0=2 mg·L-1 of each EC (TOC0=24
mg·L-1,   pH0=7,  CCAT=0.19-0.75 g·L-1,   Q=10-30 
L·h-1, CO3g=10-30 mg·L-1, T=25-35ºC. ECs 
concentration was determined by HPLC, short-
chain organic acids by means of Ion 
Chromatography, total organic carbon by a TOC 
analyzer, dissolved ozone and hydrogen peroxide 
concentrations by means of UV-Vis 
spectrophotometry. Besides photocatalytic 
ozonation (O3-PhC), experiments of adsorption 
(Ads), photolysis (Ph), ozonation (O3), photolytic 
ozonation (O3-Ph), dark catalytic ozonation (O3-C) 
and photocatalysis (PhC) were carried out for 
comparative purposes. 

The most efficient treatment was photocatalytic 
ozonation leading to complete emerging 
contaminants removal (99.9%) in less than 45 min 
and achieving a mineralization degree of 65% in 
120 min. An increase of the catalyst loading did 
not improve the treatment whereas gas ozone 
concentration and gas flow rate showed a positive 
effect. The presence of carbonate/bicarbonate and 
phosphate ions resulted in detriment of the 
mineralization rate during the process but barely 
affect the degradation rate of emerging 
contaminants.
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Etilenethiourea is a metabolites of widely consumed pesticide in 
coffee crops. This work aims the kinetic study of ETU degradation 
and mineralization in water by ozonization process at different 
pHs (free, and fixed at 7 and 9). Experiments were made to 
determinate the second order rate constant of the ETU 
mineralization and degradation, through absolute rate constant 
method. Preliminary results, that involve the global pseudo fist 
order rate constant determination for the ETU mineralization, 
showed that reaction at pH=7 were more efficient in the 
mineralization of ETU aqueous solution followed by ozonization 
conducted at pH=9 and finally, at free pH. The pseudo first order 
constant for both, direct and radical reaction of ozonization are 
been investigated for conclusion of the study.   
  

Due to an expressive growth in its agriculture 
production, Brazil has become the biggest 
consumer of agrochemicals in the world, with 
sales increasing from $2 billion in 2001 up to $8.5 
billion in 2011, accordingly to Brazil’s National 
Cancer Institute (INCA) communication on 
pesticides from April 6, 2015. Therefore, in Brazil 
there is a special concern about the impacts caused 
by agrochemicals on the environment and on 
human health and about methods for prevention 
and remediation of contamination.   
Mancozeb is one of the most commonly used 
agrochemicals on coffee crops production, 
especially in Brazil [1] and consists of a mixture 
of ethanediylbis (carbamodithioato) manganese 
and 1,2- ethanediylbis (carbamodithioate) zinc and 
it belongs to the pesticides group 
dithiocarbamates, which also includes 
ethylenebisdithiocarbamates (EBDC) metiram and 
maneb [1]. Ethylenethiourea (ETU) is Mancozeb’s 
and other EBDC’s main metabolite and some 
studies have reported it to have carcinogenic, 
teratogenic, and goitrogenic effects [2,3]. These 
characteristics together with high water solubility 
and moderate mobility make of ETU very 
probably to affect both surface and groundwater 
the water sources [1]. Therefore, for water 
purification purposes, studies for remove this 
metabolite are of great importance.  
Conventional drinking water treatment systems 
are usually ineffective to remove recalcitrant 

contaminants [4]. A study investigated ETU 
removal including coagulation, flocculation, 
sedimentation and filtration processes, found very 
low removal efficiency (~13-18%), indicated that 
other treatments are necessary to remove these 
pesticides from water [5].   
Ozonation process can be advantageous to remove 
ETU from aqueous matrix. The process is based 
on a variety of oxidation reactions that take place 
in water once the decomposition of ozone, which 
is highly unstable. Ozonization of organic 
compounds occurs through two main different 
pathways, one of direct reaction with ozone and a 
second one involving hydroxyl radicals (•OH) and 
consists in a kind of Advanced Oxidative Process 
(AOP) [8]. One ozone based AOP is the peroxone 
oxidation process, in which hydrogen peroxide 
can be added to increase the rate of ozone 
degradation and (•OH) radical formation [9]. 
Ozonation and peroxone oxidation were efficient 
to remove ETU, but only ozonation at initial 
pH=11 achieved higher mineralization efficiency 
[7].   
In this study the aim is to proceed with kinetic 
constants values determination for mineralization 
and degradation of ETU with ozonation processes 
at different pH values by absolute rate constant 
method.    
2 Metodology  
Ozone experiments were carried out using a 
cylindrical bubble column reactor, 80 cm high and 
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4.5 cm in diameter, with a useful volume of 1 L. 

The O3 was bubbled through the ETU solution in 

the reactor through a ceramic porous diffuser. The 

schematic diagram of the experimental set-up used 

in this study is shown in Fig. 1.   

  

  

Figure 1: Ozonation system scheme used in the 
experiments.   

The reactor is attached to an O3 generator (O3-R 

ID-10 generator, Brazil) with O2 concentrator 

(O3R, Brazil). The gas flow rate tested was 0.25 

dm3.min−1 and 0.5 dm3.min−1, that result in the O3 

production rate of 17.4 mgO3.min−1.  

The coefficient of ozone mass transfer in the 

column was determined according to De Witte et 

al. (2010) [9] resulting in 0.47 min−1. The 

experiments were performed using ETU (Fluka, 

Buchs, Switzerland; P.A., 98 % pure) diluted in 

ultrapure water at a concentration of 50 mg.L-1 for 

kinetic studies. Samples were collected during the 

reaction, and residual ozone was removed by 

adding 0.05 mmol of a 0.1 M sodium nitrite 

solution (Merck).   

To determine the kinetics constants, the 

pseudofirst-order model for ETU decay and 

removal of Total Organic Carbon (TOC) in 

experiments with ozone at free pH, and fixed at 

pH 7 and pH 9 was tested. Tree constants values 

were determined for COT and ETU removal: (i) 

ktotal’= constant of reaction (direct and indirect 

mechanism), (ii) kO3’= constant determined for O3 

direct mechanism, determined in presence of 

tertbutyl alcohol 0,1 M (TBA), a known radical 

scavenger [8], and (iii) krad’, constant determined 

for only radical reaction.  

  

The ETU solution pH values was fixed at 7.0 and 

9.0 by adding phosphate or borate buffer 0,1M. In 

the free pH the pH value was 5.5 in the begin of 

the reaction and monitoring throughout the 

reaction. TOC analyses was done in Total Organic 

Carbon Analyser equipament (TOC-V-CPN 

Shimadzu). The concentrations of ETU in the 

aqueous solution were measured throughout the 

reaction by Ultra Pressure  Liquid 

Chromatography (UPLC) (Shimadzu LC-10 VP, 

Japan) equipped with a UV detector (Shimadzu 

SPD-10A VP) and a Zorbax Eclipse XDB-C18 

with the dimensions:2.1x100mm e pore diameter 

1.8µm Agillent Technologies) .The wavelength of 

the UV detector was 232 nm. A solvent mixture of 

1% of acetic acid and acetonitrile (85:15, v/v) was 

used as the mobile phase in UPLC analysis. The 

flow rate of the elutant was 1 mL min-1.   

  

3.0 Preliminary Results and discussion   

A kinetic modelling has been developed to 

understand the degradation and mineralization 

mechanism for ETU by ozonization process. In the 

absolute rate constant method the relative constant 

of pseudo-first-order reaction (kobs) performed in a 

batch reactor regarding ozone or the compound of 

interest (M) is obtained through Equation 1. The 

second order rate constant for the substance (kO3) 

can be determined through Equation 2 if ozone 

concentration is maintained constant and known 

[10].   

     Equation 1  

                  Equation 2  

With the absolute rate constant method it is also 

possible to determine ozonization apparent 

constant, radical apparent constant (krad) and total 

apparent constant. It is necessary to execute tests 

in the presence and without radical scavengers, 

such as the tert-butyl alcohol. Total reaction 

apparent constant, or pseudo-first-order constant, 

will be determined from tests without radical 

scavenger, and ozonization apparent constant will 

be determined from those tests with it. By 

subtracting ozonization apparent constant from 

total reaction apparent constant it is possible to 

find the apparent radical constant [11] with 

Equation 9, which can be obtained from the 

development of Equation 3 until Equation 9 

wherein rtotal,rO3 and rrad are the reaction rate 

constants for the global reaction, ozone and radical 

reaction, respectively.   
 Equation 3  

  

  Equation 4  

  Equation 5  

  Equation 6  

  Equation 7  

  Equation 8  

  Equation 9  
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To obtain the necessery experimental data for 

the  ETU mineralization constants, first was 

done the reaction without TBA presence. The 

normalized COD reduction of the ETU 

obtained in the O3 systems at free pH, pH=9 

and pH=7 was plotted against the 

experimental time (60 min) as show the Fig. 

2. The results of pH acomplishment in the 

experiment conducted at free pH is too 

showed.  

  

                    

 

                     

 

 

 

 

 

 

 

 

The global ETU mineralization by ozone 

application could be defined by a pseudo 

firstorder kinetic model in the first 20 minutes of 

reactions because after this time the 

mineralization rate does not change. Therefore 

was plotted the graph of ln([ETU]/[ETU]0) 

against time to obtain the ktot for ETU 

mineralization in aqueous solution 

 

 

 

 

Figure 3. Plot of ln ([COT]/[COT0]) for ETU 

mineralization in the ozonization system at pH 9 pH 7 

and free pH.  [ETU]= 50 mg L−1, ozone flow 17.4 

mgO3.min-1 and temperature was kept at 25 °C.   

4      Preliminary Conclusion   

 
The mineralization global pseudo first order 

kinetics of ETU was investigated in buffered 

solution (pHs 9 and 7) and at free pH. From the 

previouly experimental work, it was found a 

highest constant rate at pH 7 (4.437x10-2 s-1). In 

the next steps will determined the constant rate for 

only direct reaction betwenn ozone and ETU 

molecules for consequentely to get the radical 

pesoudo first ordem constant and then, to 

determine the preferential contaminant 

mechanisms at diferents pHs. The same study will 

performed to determine the kinetic constants for 

ETU degradation in ozonisation process. 
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A representative of Food processing waste water mixture of 8 
pollutants (tannic acid, elagic acid, 2,4-dinitrophenol, gallic acid, 
protecatechuic acid, vanillic acid, syringic acid and sinapic acid) 
was treated by ozone and ozone combined with visible light. The 
aim of these study is to determine the effect of operational 
variables (pollutant concentration, O3 concentration and pH). For  
this porpouse experimental design methodology based on 
Doehlert matrixes has been used. Results show that Ozone is a 
very effective treatment to degradate theese contaminants and the 
combined use of O3 and UVA/VIS did not prove to be 
advantageous, except for case with worst operational conditions. 
 

 
 

Introduction  

Food processing industry (e.g. wine, oil mill or 
cork boiling) produces highly polluted effluents, 
containing sugar, tannins or phenolic and 
polyphenolic compounds.  Some studies [1]have 
reported that wastewater originated in the baking 
process of cork has low biodegradability and a 
polyphenols concentration of 1300 mg/L. Recently, 
advanced oxidation processes have been shown as 
potential treatments for this type waste water [2]  

A food processing wastewater representative 
mixture of 8 pollutants (gallic acid, protecatechuic 
acid, vanillic acid, sinapic acid, 2,4-dinitrophenol, 
ellagic acid and tannic acid) has been treated by  O3 
and  O3/UVA-VIS.The aim of this study is to 
optimize de variables involved in ozonation process 
in order to determinate the best treatment 
conditions: pH, pollutants concentration and ozone 
production.  

Methods 

An experimental design methodology based on a 
Dohelert array was used in order to gain further 
understanding of the operational variables (pH, 
pollutants concentration and ozone flow) that affect 
the degradation efficiency. A total of 15 
experiments for both O3 and O3 UVA/VIS (k2+ k 
+1, where k is the number of variables, three in this 
case, plus two replicates of the central point) were 
performed (Table 1). The time required to 
degradate the 80% of the mixture of the 6 pollutants 
of its initial concentration (t80%) was used as 
response. The experiments were performed in a 

tubular reactor with 1 L capacity, thermostatised by 
water. Solar simulated light irradiations were 
performed by means of a Xenon lamp which was 
eventually located axially inside the tubular reactor. 

 

Table 1. Dohelert desing matrix  
Nº 
Experime
nt 

[Pollutan
t] (mg/L) 

O3 
production
n (mg/min) 

pH 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
 

3.5 
3.5 
3.5 
6 

3.5 
3.5 
1 

3.5 
1 

3.5 
1 
6 
6 

3.5 
3.5 

0.6 
1 

0.8 
0.8 
0.2 
0.4 
0.4 
0.8 
0.8 
0.4 
0.6 
0.4 
0.6 
0.6 
0.6 

7.5 
7.5 
12 
9 

7.5 
3 
6 
3 
6 

12 
10.
5 
9 

4.5 
7.5 
7.5 

 

O3 and O3/UVA-VIS treatments were applied to 
the 8 pollutants selected as model compound of 
food processing wastewater (gallic acid, 
protecatechuic acid, vanillic acid, sinapic acid, 2,4-
dinitrophenol, ellagic acid and tannic acid). 
Aqueous solutions at initial concentrations of 1, 3,5 
or 6 mg/L of each compound were prepared.  

h�  + O
3
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Ozone was supplied by a generator (ozogas, 

T.E.R.C.E. 4000), able to produce up to 8g/h ozone, 

when it was fed with pure oxygen. In this case, 

production was fixed at the related in each 

experiment and the flow was 10NL/min. The pH 

was adjusted to the desired value in each case by 

dropwise addition of either 0.1 mmol L-1 NaOH or 

0.1 mmol L-1 H2SO4.  Samples were periodically 

taken from the solution, filtered through a 

polypropylene membrane (0.45 µm) and diluted 

with methanol HPLC analysis were performed to 

monitor the degradation of the pollutants. The 

concentration of each pollutant was determined by 

UHPLC (Perkin Elmer model Flexiar UPLC FX-

10). 

Results  

The time necessary to obtain 80% pollutants 

removal was calculated and plots for each 

experiment (can see in Fig. 1).  The results show 

removals of 80% before 7 min of treatment in all 

cases what confirm the efficiency of the O3 and 

O3/UVA-VIS removing the selected pollutants.  

These times are similar for both treatment (ozone 

and ozone + solar simulated light), except for 

experiment 6 in which less time is necessary to 

obtain removal of 80% with O3/UVA-VIS. 

 

Figure 1. Time necessary to obtain 80% pollutants 

removal 

 

In order to discuss some trends concerning the 

effects of O3 production  and to better determine the 

pH domain where ozone treatment could be 

applied, the fitted response surface models were 

considered, and two dimensional contour plots 

were built by fixing pollutants concentration at the 

middle value (3,5 mg/L).   

 

Figure 2. Contour plots for t80% (min) obtained for O3 

degradation 

 

 

Figure 3. Contour plots for t80% (min) obtained for 
O3/UVA-VIS degradation 

 

The efficiency of O3 and O3/UVA-VIS increase 

with increasing pH value for low O3 production, 

while at high O3 production the time necessary to 

obtains 80% removals is similar for all the pH 

values. 

Conclusions  

Ozone has shown to be a very effective treatment 

to degradate food processing wastewater 

representative contaminants. The combined use of 

O3 and UVA/VIS did not prove to be advantageous, 

except for case with worst operational conditions 
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 The application of membrane processes for wastewater treatment 
is rapidly expanding, due to their high organic/inorganic removal 
efficiency, but the appropriate management of the concentrate 
produced is a growing concern. This work investigated the 
efficiency of reverse osmosis (RO) on the treatment of winery 
wastewater followed by solar photo-Fenton oxidation for the 
treatment of the concentrate. RO process reached 97% COD, 67% 
total nitrogen, 76% total phosphorus, 94% total suspended solids 
and 94% conductivity removal; demonstrating thus an excellent 
solid and soluble salts separation. Moreover, toxicity and 
phytotoxicity of the RO permeate were significantly reduced or 
even eliminated at the optimum experimental conditions. Further 
treatment of the RO concentrate by solar photo-Fenton oxidation 
achieved an efficient COD reduction up to 75%. 
 

Background 

There are numerous treatment options available 
for the management of winery wastewater (i.e. 
physicochemical, biological and advanced 
oxidation processes (AOPs)), which vary with 
respect to their efficacy, cost and reliability [1]. 
Membrane technology as a means of separation, 
concentrat ion,  and purificat ion of  var ious 
compounds is wide spread in industrial processes, 
including among other various agro-industrial 
effluents (i.e. olive mill; winery; molasses-based 
distillery; dairy wastewater, etc.) [2].  

More specifically, reverse osmosis (RO) is 
currently considered to be the state-of-the-art in 
industrial wastewater treatment applications [3]. 
The advantages offered by RO have been well 
documented in the literature, such as the excellent 
effluent quality, the easy operation, the low 
footprint and the availability to operate in a wide 
range of temperatures and pH [2]. However, RO 
process suffers from various drawbacks, such as the 
concentrate generated, the membrane fouling, the 
pre-treatment needs, the energy cost, and the 
membrane replacement [4]. More specifically, the 
resultant RO concentrate, which comprises 15-20% 
of the volume of the feed stream, contains almost 
all the contaminants present in the original 
wastewater at elevated levels. Consequently, it is 
vital to explore appropriate treatment processes for 
the effective abatement of RO concentrates�  
organic contaminants under an acceptable level.  

AOPs are known for their ability to mineralize a 
wide range of organic compounds [5], and have 
been successfully applied both for the treatment of 
winery wastewater, as well as for the treatment of 

the membrane concentrate effluent of a variety of 
wastewater streams. 

The main objectives of this study were the 
investigation of the efficiency of (i) a pilot-scale 
RO process to remove both the organic/inorganic 
compounds and the ecotoxicity from real winery 
wastewater and (ii) solar photo-Fenton oxidation 
for the treatment of the RO concentrate.  
Material and methods 

Pre-filtered winery effluents (glass microfilter 
Whatman, 1 µm) were used for the RO experiments 
with the following qualitative characteristics:      
pH: 6, COD: 5353 mg L-1, BOD5: 424 mg L-1, TS: 
5040 mg L-1, TSS: 66 mg L-1, TP: 2.1 mg L-1, TN: 
10 mg L-1, EC: 3.34 mS cm-1, and TPh: 20 mg L-1.  

The RO pilot unit (volume: 30 L) was 
manufactured by GE-Osmonics, and is equipped 
with a AG2521TF spiral-wounded polyamide 
membrane (Desal) with a nominal membrane 
surface area of 1.2 m2. The photocatalytic 
experiments were conducted in a batch reactor 
(volume: 300 mL) made of borosilicate glass and 
equipped with double wall for temperature control 
(T= 25±0.1 oC). A Newport 91193 (Lamp Xe-OP, 
1kW) solar simulator was used for these 
experiments.  

COD measurements were performed using 
Merck®Spectroquant kits, and BOD was 
determined using the 444406 OxiDirect meter. 
Total suspended solids (TSS), total solids (TS), 
total nitrogen (TN) and total phosphorous (TP) 
were measured according to Standard Method 
2540B, 2540D, 4500 N and 4500-PE, respectively 
[6]. Toxicity and phytotoxicity measurements were 
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carried out, using (i) the Daphtoxkit FTM magna 

toxicity test [7] and (ii) the Phytotestkit 

microbiotest (MicroBioTests Inc.).  

Results 

RO treatment of winery wastewater 

Firstly, the effect of the feed pressure and the 

temperature on the COD removal and the volume 

recovery of the RO process, operated in single pass 

mode, was investigated. The COD removal 

increased from 90% to 96.7% when increasing the 

feed pressure from 5 to 7.5 bar at constant 

temperature (26 oC), while only a further slight 

increase was observed from 7.5 to 10 bar (97.3%). 

However, the volume recovery increased from 

10.8% to 24.3% and to 50.4% when increasing the 

feed pressure from 5 to 7.5 and finally to 10 bar. As 

a consequence, 10 bar was identified as the 

optimum operating pressure, giving both the 

maximum volume recovery and COD removal. In 

addition, a slight increase of the volume recovery 

was observed from 44.6% to 50.4% with increasing 

the temperature from 20 to 26 oC at the optimum 

pressure (10 bar), while only a small increase on 

the COD removal was observed (96.9% to 97.3%). 

These results can be attributed to the reduction of 

the wastewater viscosity with increasing 

temperature [8].  

Table 1 depicts the COD, TN, TP, TSS, TS, and 

conductivity removal achieved at the optimum 

operating conditions of the RO process (i.e. 10 bar 

and 26 oC). 

 

Table 1. Qualitative characteristics of the RO 

streams. 

 

In addition, toxicity measurements on D. magna 

were carried out for all RO streams. Both the feed 

and the concentrate stream showed high toxicity 

towards D. magna (100% immobilization) after 24 

and 48 h of exposure, while the permeate stream 

proved to be non-toxic for both times of exposure 

(0% immobilization). Moreover, regarding the 

phytotoxicity of the three plant species examined in 

this study (i.e. L. sativum, S. alba, S. saccharatum), 

this was reduced sharply after the RO treatment 

(RO permeate) to values lower than 21% expressed 

as germination, shoot and root inhibition. 

Furthermore, aiming at investigating the potential 

increase of the volume recovery and the COD 

removal, an extra experiment in recirculation mode 

(i.e. recirculation of the RO concentrate) was 

carried out, at the optimum experimental conditions 

determined at the single pass mode (10 bar and     

26 oC). As a result, the volume recovery increased 

from 50% (single pass mode) to 65% (recirculation 

mode). Figure 1 shows the results of the flux 

measurements of the RO membrane. As shown, 
during RO with recirculation of concentrate, the 

concentration of the organic compounds retained by 

the membrane increased and the permeate flux 

decreased slightly with experimental time from    

40 L/m2 h to 27.9 L/m2 h after 30 min of treatment. 

 

 

Figure 1. Variation of permeate flux and ΔP of RO 

membrane vs. operation time, in recirculation 

mode. 

 

Moreover, it is important to mention that during the 

recirculation-mode experiment, the COD in the RO 

permeate increased gradually to a certain value and 

then remained practically constant. The increase of 

the permeate COD was due to the fact that in the 

feeding stream the COD was increasing also with 

the time. However, the permeate COD was 

maintained below 184 mg/L (instead of 140 mg/L 

in the case of single pass mode) throughout the 

experiment and the COD removal efficiency was 

over 95% (instead of 97.4% in single pass mode). 

Solar photo-Fenton oxidation of RO concentrate 

Preliminary photocatalytic experiments were 

carried out at several hydrogen peroxide 

concentrations (750-2000 mg/L) at a constant 

ferrous concentration of 20 mg/L, in order to obtain 

the optimum H2O2 dose (Figure 2a). An increase of 

H2O2 concentration from 750 to 1000 mg/L 

enhanced the COD removal from 30% to 41% after 
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4 h of treatment, while further increase from 1000 

to 1500 mg/L caused no significant change. On the 

other hand, further increase of the concentration of 

H2O2 to 2000 mg/L caused a substantial reduction 

in the COD removal from 41% to 34%. An increase 

in the oxidant concentration is well known to 

induce the generation of higher amounts of HO·, 

enhancing thus the degradation efficiency; 

however, excessive concentrations of H2O2 (over 

the optimum value) may lead to unwanted 

‘scavenging’ reactions which may even decrease 

the number of available HO·, and ultimately the 

process efficacy. 

Extra experiments were performed at the 

optimum H2O2 concentration of 1000 mg/L, and at 

a lower and at a higher ferrous concentration of          

5 mg/L and 30 mg/L, in order to ensure that          

20 mg/L was really the optimum dose. As shown in 

Figure 2b, the lower ferrous dosage of 5 mg/L led 

to a significant lower COD removal (28%) 

compared to 41% COD removal achieved by        

20 mg/L. On the other hand, a further increase of 

the concentration of ferrous ion from 20 to 30 mg/L 

did not cause any significant change in the COD 

removal (42%). As a result, a ferrous dosage of      

20 mg/L was found to be the optimum one for the 

treatment of the RO concentrate. 

 

 

 

Figure 2. Effect of the initial (a) H2O2 and (b) 

ferrous concentration on the COD removal for the 

RO concentrate stream. 

 

As already mentioned, the untreated RO 

concentrate stream even after substantial dilutions 

showed high toxicity towards D. magna (100% 

immobilization) after both exposure times (24 and 

48 h). On the other hand, the solar photo-Fenton 

treated concentrate stream was found to be very 

toxic to daphnids at the 100% concentration 

(undiluted effluent) (93.3% and 100% 

immobilization after 24 and 48 h of exposure, 

respectively); while at the concentration of 50% 

(i.e. 50% dilution) the toxicity was reduced to 46.6 

and 73.3% after 24 and 48 h of exposure, 

respectively. At the lower concentration of 25% 

(i.e. 75% dilution) the toxicity was significantly 

reduced to 33.3 and 45% after 24 and 48 h of 

exposure. 

Conclusions 

RO followed by solar photo-Fenton oxidation of 

the RO concentrate proved to be a successful 

combined process for the integrated treatment of 

winery effluents, reducing both their organic and 

inorganic load, as well as their ecotoxicity; 

ensuring thus its safe discharge in the environment 

mainly for irrigation purposes.  
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An innovative technology (FentO3) is developed aiming at the 
efficient, versatile and sustainable treatment of diverse real 
wastewaters. FentO3 consist in the simultaneous combination of 
the solar photo-Fenton process with ozonation at laboratory 
scale, leading to a positive social and economical impact at mid 
term. The combination of Fe2+/H2O2/O3/UV led to higher 
efficiencies than Fe2+/H2O2/UV, O3 and Fe2+/H2O2/O3 
separately when treating highly polluted wastewaters like an 
effluent coming from the pharmaceutical industry. For that 
reason, FentO3 could be a promising technology for reducing 
the organic load of highly polluted industrial effluents before a 
subsequent refining treatment (the performance of a biological 
treatment will be assessed later on though respirometry). 

 
The development of efficient and versatile 
processes aimed at the removal of 
emerging/priority/specific substances in water as 
well as the treatment of highly polluted industrial 
wastewaters is of great interest in order to avoid 
pollution and damages to public health and 
environment. Among the technologies more 
widely used for this kind of treatments, advanced 
oxidation processes (AOPs) are based on the 
generation of highly oxidizing agents like 
hydroxyl radicals (•OH). The Fenton process, 
which consists in the catalytic decomposition of 
hydrogen peroxide in the presence of Fe2+ at acidic 
pH, has been extensively used since it does not 
require an external energy source for activating the 
H2O2 decomposition, it involves short treatment 
times and it uses easy-handling reagents. The 
efficiency of the Fenton process can be improved 
through: i) the use of irradiation in the UV-visible 
spectrum (including solar light to reduce costs) 
which leads to the regeneration of the catalyst; ii) 
the use of high pressure and temperature (OHP® 
process) and iii) the simultaneous application of 
H2O2 and ozone (Peroxone), increasing the 
generation of •OH.  
 
The present project is focused on developing the 
simultaneous coupling of solar photo-Fenton and 
ozonation processes for the treatment of different 
real wastewaters. The application of both 
combined technologies is aimed at overcoming 
some drawbacks which have hampered the use of 
these technologies for treating effluents at real 
scale, like: i) the high requirement of reagents 
(Fenton process); ii) the electricity for ozone 
production; iii) the necessity of high temperature 

and pressure for improving the degradation 
efficiency and iv) the electricity consumption due 
to the use of UV lamps. 
 
Until today, there is almost no information in the 
literature about the combination of both 
technologies in the same process, and the works 
related are focused on the removal of certain 
compounds in synthetic aqueous solutions 
including pesticides [1-2] and aromatic acids like 
p-coumaric acid [3], terephthalic acid [4] and p-
hydroxybenzoic acid [5] and using UV lamps 
instead of solar light. Therefore, the present 
project is a pioneer in the application of 
simultaneous Fe2+/H2O2/O3/UV to real 
wastewaters. Different industrial effluents were 
selected: landfill leachates (WW1), pharmaceutical 
wastewater (WW2) and textile industry 
wastewaters before and after biological treatment 
(WW3a and WW3b, respectively). Table 1 shows 
the main characteristics of the studied effluents. 
 
Table 1. Characterization of the wastewaters. 

 WW1 WW2 WW3a WW3b 
pH 8.66 9.17 7.60 7.63 

COD 
(mg L-1) 8200 18300 2120 320 

TOC 
(mg L-1) 2770 5000 640 110 

TN 
(mg L-1) 3370 160 151 25 

K 
(mS  cm-1) 36.3 4.67 8.07 8.71 

Turb 
(NTU) 181 45.1 73.5 18.8 
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The selected wastewaters were treated under 

different conditions: i) solar photo-Fenton; ii) 

ozonation; iii) combined Fenton/ozonation and iv) 

combined solar photo-Fenton/ozonation. 

Experiments were carried out at 30 ºC using a 

Compound Parabolic Collector (CPC) for the solar 

experiments and an O3 generator (Hidro GH 15) in 

the case of the experiments involving ozone. The 

optimization of the experimental conditions (pH, 

H2O2, Fe2+ and O3 dose and time of treatment) was 

evaluated in each case. Figure 1 shows the COD 

and TOC removal achieved under optimal 

conditions (Table 2) for every studied treatment. 
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Figure 1. COD and TOC removal achieved for the 

different wastewaters in the experiments of solar 

photo-Fenton (SPF), ozonation (O), combined 

Fenton/ozonation (FO) and combined solar photo-

Fenton/ozonation (SPFO) under optimal 

conditions. 

 
Almost 70% COD removal and more than 50% 

TOC removal was achieved for landfill leachates 

after 1 h of solar photo-Fenton treatment at pH 3 

using 150% of the stoichiometric dose of H2O2 

(related to the COD) and 10 mg Fe2+ L-1. These 

efficiencies could be improved with the addition of 

ozone but, in the absence of solar irradiation, the 

use of high concentrations of catalyst was 

necessary. In the case of the wastewater from the 

pharmaceutical industry, the highest efficiencies 

were achieved under the FentO3 technology, 

demonstrating its suitability for high polluted 

effluents. The combination of Fenton and ozone 

was the best option for the textile wastewater (the 

FentO3 technology has not been studied yet), 

although again high concentrations of catalyst 

were necessary in the absence of solar light. 

Finally, the solar photo-Fenton treatment at pH 3 

using 150% of the stoichiometric dose of H2O2 

and 10 mg Fe2+ L-1 led to high efficiencies (around 

87% removal of COD and TOC) in the case of the 

effluent of the biological treatment of the textile 

wastewater. However, the reduction of the H2O2 

dose up to 300 mg L-1 was enough to achieve total 
colour removal and thus meet the discharge 

limits. 
 

Besides the previous results, the FentO3 

technology in still under optimization for the 

landfill leachates in order to improve the obtained 

efficiencies, and it still has to be tested for the 

textile wastewater. 
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Table 2. Optimal conditions (among the studied) for the treatments applied to the different wastewaters. 

 
WW1 WW2 WW3a WW3b 

SPF 
pH 3 

25 g H2O2 L -1 

10 mg Fe2+ L -1  
pH 3 

39 g H2O2 L
-1

 

10 mg Fe2+L-1 
pH 3 

3.2 g H2O2 L
-1

 

10 mg Fe2+L-1 
pH 3 

0.9 g H2O2 L
-1

 

10 mg Fe2+L-1 

1 h - 1 h - 1 h - 1 h - 

O 
pH 8.7 - pH 9.2 - pH 7.6 - pH 9 - 

1 h 0.1 g O3 min-1 1 h 0.1 g O3 min-1 1 h 0.1 g O3 min-1 1 h 0.1 g O3 min-1 

FO 
pH 3 

25 g H2O2 L -1 

2569 mg 

Fe2+L-1 

pH 3 
39 g H2O2 L

-1
 

10 mg Fe2+L-1 
pH 3 

4.8 H2O2 L
-1

 

687 mg Fe2+L-1 
pH 7.6 

0.6 H2O2 L
-1

 

10 mg Fe2+L-1 

1 h 0.1 g O3 min-1 3 h 0.1 g O3 min-1 1 h 0.05 g O3 min-1 1 h 0.1 g O3 min-1 

SPFO 
pH 8.7 

25 g H2O2 L -1 

10 mg Fe2+L-1 
pH 3 

55 g H2O2 L
-1

 

10 mg Fe2+L-1 Not studied yet Discarded 

1 h 0.1 g O3 min-1 2 h 0.1 g O3 min-1 
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 Wastewater produced in pharmaceutical manufacturing plants 
are complex and highly toxic, as a consequence of the numerous 
processes and reagents involved. In general, Advanced oxidation 
processes are adequate technologies to treat those wastewater due 
to the high oxidizing power of the hydroxyl radical. In this work, 
a comparative study between Fenton Oxidation and Conductive-
diamond Electro-oxidation to treat a great variety of actual 
organic-synthesis wastewater is conducted. Results show that 
electrooxidation is generally more efficient than fenton oxidation 
and also can treat every aqueous effluent regardless the pollutant 
contained in the water, achieving high mineralization 
percentages if necessary. Because of this versatility, CDEO is a 
promising alternative to Fenton Oxidation to treat organic-
synthesis wastewater. 

  
Introduction 
 
Typical manufacturing wastewater generated in the 
pharmaceutical industry include fermentation 
broths, process liquors, solvents, equipment 
washwater, spilled materials, off-spec products and 
used processing aids. These aqueous effluents can 
be classified into two groups according to the 
synthesis process they come from: fermentation or 
organic-synthesis. The former produces wastewater 
containing high concentrations of sugars, proteins, 
nitrogenous and phosporic compounds together 
with some other nutrients. These effluents are 
economically and efficiently treated using 
biological processes. The latter make use of one or 
more batch reactor vessels in a series of reaction, 
separation and purification steps to make the 
desired product. Numerous types of chemical 
reactions, recovery process, and chemicals are 
employed in order to produce a wide variety of drug 
products. Therefore, wastewater generated is 
complex and highly toxic, containing a wide range 
of pollutants: organics (remaining reagents, 
reaction products and by-products, solvents) and 
ionic compounds (reagents, acids/bases) resulting 
in both high chemical oxygen demand (COD) and 
salinity levels. They also present toxicity and high 
values of chemical oxygen demand and low 
biological oxygen demand (BOD), posing a threat 
to regular wastewater treatment plants (WWTP) 
because some of the compounds may greatly inhibit 
the activities of microorganisms. 
 
When most of the pollutants are not amenable to 
biological treatments, it is necessary to adopt 

stronger oxidizing processes. A plausible approach 
is the use of Advanced Oxidation Processes 
(AOPs). During the recent years, different AOPs, 
including Fenton Oxidation, Ozonation and 
Electrochemical Oxidation, have been widely 
studied to treat synthetic industrial wastes in 
laboratory and bench-scale plants, but 
unfortunately, only few papers have focused on the 
treatment of actual aqueous wastes [1]. Likewise, 
they are mainly based on the treatment of the 
average effluent, but not on the study of each 
particular effluent. At this point, it is important to 
point out that due to the diversity of characteristics 
of the effluents generated in bath-operated organic-
manufacturing plants, there is not a single 
technology which meets all the requirements in 
every industrial facility. Because of this, 
wastewater management from pharmaceutical 
facilities requires a deep understanding of each 
particular case in order to develop an adequate 
wastewater management system. In this contect, the 
aim of this work is to evaluate the effectiveness of 
Conductive Diamond Electrohcemical Oxidation 
and Fenton oxidation to treat a set of actual 
wastewater generated in an organic-synthesis 
pharmaceutical plant. 
 
Materials and Methods 
 
Actual wastewater 
 
All the samples used in this work are real 
wastewater effluents coming from an organic-
synthesis pharmaceutical manufacturing plant. The 
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COD values of the samples under study in this work 
are within the range 2,000 – 100,000 mgO2/dm-3. 
 
Analitical procedures 
 
COD was determined in all the experiments by 
using COD (different ranges) measurement kits and 
a Spectroquant Pharo 100 supplied by Merck 
KGaA (Darmstadt, Germany). In Denton Oxidation 
experiments, unreacted hydrogen peroxide was 
measured according to the Eisenberg method. After 
that, COD value was corrected with the value of 
hydrogen peroxide to obtain the COD associated to 
the organic pollutants contained in the wastes [2]. 
The conductivity was measured using a GLP31 
conductimeter and the pH using a GLP 22 pHmeter, 
both of them supplied by Crison Instruments 
(Alella, Barcelona). 
 
Conductive diamond electro-oxidation  
 
Conductive diamond electrooxidation (CDEO) 
experiments were performed in a single 
compartment electrochemical flow cell working in 
batch operation mode. Diamond-base material (p-
Si-boron-doped diamond) was used as anode and 
stainless steel (AISI 304) as cathode. Boron-doped 
diamond films were supplied by Adamant 
Technologies (Switzerland). Electrolysis were 
performed using 400 mL of wastewater under 
galvanostatic conditions at 2,5 A (j = 32 mA/cm2), 
within the typical range for this parameter in 
electrochemical oxidation process [3]. The 
temperature was set at 25ºC during the experiment. 
Approximately 50% of the stoichiometric current 
was applied in each experiment.  
 
Fenton oxidation 
 
The Fenton oxidation experiments were performed 
in laboratory scale borosilicate glass reactors 
(Pyrex ®) of 250 mL placed over a multi-stirrer 
magnetic plate (MIX 15 Eco, 2 mag, Germany). In 
each experiment, the reactors where filled with 150 
mL of wastewater. FeSO4.7H2O (iron source) and 
H2O2 (33% w/v) were supplied by Panreac. The 
dose of H2O2 was variable, as a function of the COD 
load of the sample. The ratio H2O2:Fe2+ was fixed 
at 5 (in mass units) and pH at 3, as it has been 
demonstrated to be the most suitable conditions for 
COD abatement [4]. 
 
Results and Discussions 
 
The high variability (in terms of composition and 
flowrate) of the effluents generated in an organic–
synthesis pharmaceutical plant dificults the search 

of an optimal treatment and, in most cases a general 
treatment cannot be used to treat the entire range of 
effluents coming from this tipe of  industries. With 
this in mind, screaning tests using standard 
operational conditions of electrochemical oxidation 
and Fenton oxidation technologies were carried out. 
 
Table 1 shows the reduction of the COD in a 
representative sample of the tested effluents using 
Fenton oxidation. 
 

Table 1. Results of Fenton oxidation essays. 

Sample 
COD0 

(mgO2/dm3) 

Stochometric 
dosage 

(%) 

[H2O2]f 
(mg/dm3) 

COD 
abatement 

(%) 
1 32,950 30 5,476 18.5 
2 78,300 15 0 7.6 
3 44,520 50 3,602 0 
4 8,980 100 16 49.8 
5 78,230 20 2,027 54.6 
6 83,010 10 15,589 0 
7 5,830 100 1,953 25.7 

 
 
As can be seen, Fenton oxidation reduced the COD 
in the most of the samples. Nevertheless, a high 
concentration of hydrogen peroxyde was measured 
at the end of the experiment in most of the cases. It 
indicates that FO is no longer effective and, thus, it 
does exist a mineralization limit. It is known that 
iron can react with different organics to form 
Fe(III)-complexes which can be refractory to 
Fenton oxidation. 
 
Table 2 shows the reduction of the COD in a 
representative sample of the tested effluents using 
CDEO. 
 
Table 2. Results of Electrochemical Oxidation essays. 

Sample 
COD0 

(mgO2/dm3) 

Stochometric 
dosage 

(%) 

COD 
abatement 

(%) 
1 32,950 83 96.1 
2 78,300 37 59.6 
3 44,520 34 32.1 
4 8,980 37 30.1 
5 78,230 24 30.1 
6 83,010 38 43.0 
7 5,830 63 59.7 

As can be noted from the figure, CDEO could 
effectively oxidize organics and reduce the COD in 
all the effluents under study, unlike Fenton 
oxidation. Also, no mineralization limit was 
observed in CDEO experiments.  
 
In Figure 1, a comparative of the COD abatement 
efficiency is offered for the total of samples under 
study. 
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Figure 1. COD abatement efficiency in CDEO (●) and 
Fenton Oxidation (▲).   
 
In general, CDEO is more efficient in the use of the 
reagent than Fenton Oxidaiton. Average efficiency 
for this technology is around 100% as a result of 
two main factors. On the one hand, boron-doped 
diamond combines both direct electrooxidation on 
the electrode surface with mediated oxidation by 
means  of hydroxyl radicals or in-situ generation of 
oxidizing agents from salts contained in the 
wastewater, such as hypochlorite or 
peroxodisulfate, exhibiting an extremely high 
oxidizing power [5]. On the other, the electrical 
efficiency is maximum at this level pollutant 
concentration because the process is not mass 
transfer controlled. Values greater than 100% have 
been measured, probably due to side reactions such 
as polimeryzations, which lead to a reduction of 
soluble COD.  
 
On its part, Fenton oxidation exhibited null COD 
reduction in some of the samples. It is known that 
acetone, oxalic and acetic acid, paraffines and some 
chlorinated hydrocarbons are recalcitrant to Fenton 
Oxidation [6]. This fact is believed to be the reason 
behind the null degradation obtained the 
aforementioned cases. On the contrary, Fenton 
Oxidaiotn reduced COD well above the theorical 

limit in some cases. It is suspected that the effect of 
the coagulation thanks to the generation of Fe3+ as 
by-product is the responsible for the observed effect 
in COD abatement [7].  
 
All in all, it can be stated that CDEO is generally 
more efficient and robust than Fenton Oxidation 
and that it is an able technology to treat actual 
wastewater containing a wide range of organic 
pollutants achieving high mineralization 
percentages, if required.  
 
Conclusions 
 
CDEO exhibits a great overall performance, 
achieving higher operative efficiencies (around 
100%) than Fenton Oxidation in the treatment of a 
great variety of actual pharmaceutical wastewater, 
independently of the organic load and the 
composition.  
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 The investigations on the influence of feed composition on the 
fouling and stability of a polyethersulfone ultrafiltration 
membrane in a photocatalytic membrane reactor (PMR) are 
presented. It was found that amongst various inorganic salts: SO4

2-

, HPO4
2-, HCO3

-, the latter one contributed to the permeate flux 
decline to the highest extent what was assigned to the alkaline pH 
of feed containing HCO3

-. The presence of HCO3
- had also a 

negative influence on the effectiveness of the removal of humic 
acids from water. Based on the monitoring of dextrans rejection it 
was found that the membrane lost its separation properties after 
35h of operation in the PMR, due to the abrasive action of TiO2 
particles. In the presence of the salts and/or humic acids the extent 
of the deterioration of the rejection characteristics was less severe 
than when TiO2 suspension in pure water was used. 

 
Introduction 

In recent years the photocatalytic membrane 
reactors (PMRs) have gained significant attention 
due to their attractiveness as an alternative for 
conventional methods of water/wastewater 
treatment. These hybrid systems take advantages 
of both photocatalysis and membrane separation. 
Photocatalysis is used for the decomposition of 
organic pollutants, while a membrane allows to 
separate the photocatalyst and, potentially, the 
contaminants and by-products of their degradation 
from the treated solution [1]. 

Amongst various membrane processes the 
pressure - driven techniques, especially 
microfitration (MF) and ultrafltration (UF) are the 
most widely used in PMRs. Due to the lower price 
and easier manufacturing the polymeric 
membranes are applied more often than the 
ceramic ones. However, the resistance of 
polymeric membranes to damage under conditions 
prevailing in PMRs is limited. Nonetheless, 
although there are a few reports in the literature 
concerning stability of the polymeric membranes 
in the presence of oxidative species, such as H2O2 
or under the action of UV light [2], the 
publications concerning the membranes’ resistance 
to the abrasive action of photocatalyst particles are 
hardly to be found. 

The present research was focused on the 
evaluation of the influence of feed composition on 
the fouling and stability of a polyethersulfone 
ultrafiltration membrane in a PMR.  

 

 

Experimental 

A flat sheet polyethersulfone (PES) UE10 
membrane (Trisep Corp., USA) with the molecular 
weight cut off (MWCO) of 10 000 g/mol 
(according to the manufacturer) was  used. The 
effective (working) membrane area was 0.0025 
m2. A commercially available TiO2 Aeroxide® 
P25 (Evonik, Germany) at a concentration of 0.5 
g/dm3 was used as a photocatalyst. Various 
aqueous solutions were applied as a feed: (1) 
ultrapure water (F1); (2) solutions of hydrogen 
carbonate, sulphate and hydrogen phosphate 
sodium salts in water (F2-F6) or (3) humic acids 
(HAs) solution with (F8) or without (F7) the 
addition of the salts (Table 1).  

 
Table 1. Composition of feed applied in the 
experiments. 
Parame-

ter F1a F2 F3 F4 F5 F6 F7 F8 

TOC 
[mg/dm3] 

HCO3
- 

[mg/dm3] 
SO4

2-

[mg/dm3] 
HPO4

2- 
[mg/dm3] 

pH 
Condu-
ctivity 

[µS/cm] 
 

- 
 
- 
 
- 
 
- 
 

5.2 
 

3 
 
 

- 
 

30 
 

30 
 

0.5 
 

8.2 
 

125 
 
 

- 
 

300 
 

300 
 

5 
 

8.5 
 

1130 
 
 

- 
 

300 
 
- 
 
- 
 

8.9 
 

470 
 
 

- 
 
- 
 

300 
 
- 
 

7.2 
 

590 
 
 

- 
 
- 
 
- 
 

5 
 

7.3 
 

11 
 
 

5 
 
- 
 
- 
 
- 
 

6.5 
 

14 
 
 

5 
 

300 
 

300 
 

5 
 

8.8 
 

1040 
 
 aTiO2 suspension in ultrapure water 
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Humic acids were applied as a representative of 

natural organic matter (NOM), whereas hydrogen 

carbonates, sulphates and hydrogen phosphates 

represented typical inorganic anions present in 

natural waters. 

For the determination of separation properties of 

the membranes the dextrans having molecular 

weight of 40 000 g/mol and 70 000 g/mol (Polfa 

Kutno, Poland) were used. 

The experiments were performed in a 

photocatalytic membrane reactor described 

elsewhere [3]. The main elements of the PMR 

were a stainless steel membrane module and a 

flow-through photoreactor with a submerged UV-

C germicidal lamp (UV light intensity: 1.54 W/m2) 

incorporated between the feed tank and the 

membrane module. The feed was pumped with a 

plunger pump equipped with a pressure dampener, 

a needle valve and a manometer. The 

transmembrane pressure (TMP) was set at 0.3 

MPa and the feed cross-flow velocity at 0.8 m/s. 

The temperature was maintained at 20 ± 1 °C. The 

pure water flux (PWF) through the UE10 

membrane measured under such conditions was 

350 dm3/m2h. 

The experiments were realized with the UV 

lamp switched on, unless otherwise stated. 

 

Results and discussion 

Fig. 1 shows the changes of the permeate flux 

during the experiments conducted with application 

of various feed solutions. 

 

Figure 1. The influence of the feed composition 

on the permeate flux during hybrid photocatalysis-

UF or UF processes. 

 

The least severe permeate flux decline (ca. 24% 

compared to the initial flux J0) was found when the 

F2 feed containing a mixture of the salts at the 

lower concentrations was used. The flux decrease 

in that case was similar to that observed when the 

TiO2 suspension in pure water (F1) was applied as 

a feed. The highest permeate flux decline was 

found in case of F8 solution containing both HAs 

and high concentrations of the salts. In that 

experiment the flux decreased for ca. 50% within 

the initial 5h of the PMR operation and after that 

remained almost constant until the end of the 

experiment. The decline was similar to that 

observed in the process conducted in the presence 

of salts but in the absence of HAs (F3, ca. 46% 

flux decrease). From these results it can be 

concluded that the permeate flux was affected to 

the highest extent by the inorganic salts (sulphates, 

hydrogen carbonates and hydrogen phosphates) 

present at the higher concentrations, especially as 

the decrease of the permeate flux in case of HAs 

solution without salts addition (F7) was less severe 

(ca. 36% after 35h). 

In order to investigate which of the salts were 

the most harmful to the flux the additional 

experiments were realized using each of the salt 

separately. At the end of the process conducted in 

the presence of Na2SO4 (F5) the permeate flux 

decreased for ca. 15% only, in case of Na2HPO4 

(F6) for ca. 31% and when NaHCO3 (F4) was used 

it decreased for 44%. Based on these results it can 

be concluded that the latter salt contributed the 

most to the membrane fouling. The differences in 

the permeate flux in the presence of various salts 

can be attributed to various pH (Table 1) of feed. 

The highest solution pH (above 8.5) was found 

when the hydrogen carbonates were used (F4 and 

also F3 and F8). In our previous research [3] we 

have observed that at the feed pH of 9 the 

permeate flux decreased for 53%. It was attributed 

to the formation of smaller TiO2 aggregates when 

the pH was more distant from the point of zero 

charge of the photocatalyst (6.3 for TiO2 P25). As 

a result a more dense cake than under neutral pH is 

formed. 

It is worth noting that during UF of HAs 

solution (F7-UF), i.e. when no photocatalyst was 

present in the feed and the UV lamp was switched 

off, the permeate flux decreased after 35h to a 

higher extent (ca. 58%) than in case of the hybrid 

photocatalysis – UF process (ca. 36%).  

In order to evaluate the influence of feed 

composition on the membrane stability during its 

operation in the PMR the rejection of dextrans by 

the new and used membranes was monitored. The 

results are summarized in the Graphical 

Illustration. It was found that the membrane lost its 

separation properties regardless of the feed 

composition; however, the extent of changes was 

different in different experiments. Separation 

properties of the UE10 membrane changed the 
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most when the photocatalyst was suspended in 

pure water. The rejection of 70 000 g/mol dextran 

by the used membrane was lower for ca. 20% 

compared to that by the new one. In the presence 

of the salts (F2 and F3) the dextran rejection 

decreased for less than 10%. The difference in 

deterioration of the separation properties of the 

membrane was even more visible when the 40 000 

g/mol dextran was used as a model compound. 

The rejection of this dextran decreased for ca. 60% 

in the process conducted with TiO2 alone and for 

ca. 35-40% when the feed contained salts only or 

HAs only. The application of salts and HAs 

together (F8) allowed to slow down the 

deterioration further and the dextran rejection 

decreased for ca. 20% only. It can be assumed that 

in the presence of salts and/or HAs the TiO2 

particles formed aggregates having different shape 

than those in pure water. These aggregates 

exhibited less harmful properties for the 

membrane surface than the photocatalyst particles 

suspended in pure water.  

In order to evaluate the treatment efficiency of 

HAs solutions in the PMR the additional 

experiments were performed. The processes were 

realized for 5h and during that time the 

composition of feed and permeate was monitored. 

The solutions denoted as F7 and F8 were applied 

as a feed. For comparison purpose UF of the F7 

solution was also realized. Fig. 2 shows the 

concentration of total organic carbon (TOC) in 

feed and permeate before and after 5h of the 

process. 

 

 

Figure 2. The concentration of TOC in feed and 

permeate before and after UF and photocatalysis - 

UF processes. 
 

The effectiveness of the removal of TOC in the 

PMR strongly depended on feed composition. In 

case of F7, containing HAs only, the effectiveness 

of TOC removal in the feed reached ca. 70% after 

5h of the PMR experiment. The inorganic ions 

present in F8 acted as holes (h+) and •OH 

scavengers [1], decreasing the efficiency of the 

photocatalytic degradation in case of F8. The 

higher concentration of TOC in permeate obtained 

during the treatment of F8 compared to F7 could 

be caused by the presence of the by-products of 

the HAs degradation, which molecules were too 

small to be retained by the applied membrane. 

Another reason could be that under alkaline pH 

humic acids tend to form more fibrous 

macromolecular structures, which could easier 

permeate through a membrane [4]. During UF of 

F7 ca. 10% decrease of TOC concentration in the 

feed after 5h of the process was found what can be 

attributed to a deposition of HAs on the membrane 

surface. The TOC concentration in permeate was 

similar to that in the photocatalysis-UF process.  

 

Conclusions  

The presence of the high concentrations of salts, 

especially hydrogen carbonates had a negative 

influence on the permeate flux through the UF 

membrane during its operation in the PMR. That 

was attributed to the formation of a denser fouling 

cake under alkaline pH. 

A deterioration of the separation properties of 

the applied membrane after its operation in the 

PMR was observed, regardless of the feed 

composition. However, the decrease of the dextran 

rejection was less severe when salts and/or HAs 

were present in the feed compared to the process 

realized with application of TiO2 suspension in 

pure water. A possible reason can be different 

properties of the aggregates of TiO2 formed in the 

absence and in the presence of salts and/or HAs.  

Addition of salts to the feed resulted in a 

decrease of the efficiency of photocatalytic 

degradation of HAs due to the holes and hydroxyl 

radicals scavenging effect of the inorganic ions.  
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 Possibilities of application of a 3-step hybrid system 
combining biological treatment followed by advanced 
UV/O3 oxidation and membrane separation(ultrafiltration 
(UF) and nanofiltration (NF)) to treat and reuse the 
wastewater from an industrial laundry are presented. 
Application of a MBBR bioreactor allowed to reduce the 
total organic carbon concentration for ca. 90%. The UV/O3 
pretreatment prior to UF was found to be an efficient 
method of the membrane fouling alleviation. During UF 
the turbidity of wastewater was reduced below 1 NTU. The 
UF permeate was further treated during NF. The NF 
permeate exhibited very low conductivity (25 - 75 µS/cm) 
and contained only small amounts of Ca2+ and Mg2+ 

(below 0.7 and 0.2 mg/dm3, respectively) thus it could be 
recycled to any stage of the laundry process. 

 
Introduction 

The average water consumption in the industrial 
laundry Albatros located in Nowe Czarnowo in 
Poland (washing 70 tons of laundry per day) 
amounts to 500 m3/day. This quantity is 
comparable to the consumption of water in a little 
town. Therefore, it is important to analyse the 
possibilities and perspectives of water reuse in the 
laundry. 

In this work a hybrid system combining 
biological treatment with advanced UV/O3 
oxidation and membrane separation to treat and 
reuse the wastewater generated in an industrial 
laundry is presented. The influence of UV 
irradiation time on the efficiency of decomposition 
of organic pollutants present in the effluents from 
a pilot scale bioreactor was investigated. The 
effluent after various time of exposition to the 
action of UV/O3 was further treated in 
ultrafiltration (UF) followed by nanofiltration 
(NF).  

 
Experimental 

The wastewater was obtained from Albatros Sp. 
z o. o. Sp. K. (branch: Nowe Czarnowo, Poland). 
The laundry wastewater was taken from the 
retention tank and then mechanically pretreated. 
The wastewater used in the research was a mixture 
of (i) wastewater stemming from washing 
processes (industrial –  laundry wastewater) and 
(ii) wastewater from the regeneration of ion 
exchangers that are used for softening of  

technological water. The latter wastewater stream 
contained mainly chlorides. 

 

 
The experiments were realized in a hybrid 

system consisting of (1) bioreactor, (2) 
photoreactor and (3) UF/NF membrane unit. 

The biological treatment was performed in a 
pilot scale bioreactor operated in MBBR (Moving 
Bed Biofilm Reactor) technology. The wastewater 
was treated in a two - stage aerobic reactor, where 
the biofilm grew on small, freely floating 
polymeric elements with a large contact area. The 
specific biofilm surface area was 600 m2/m3. 
During the treatment process the enrichment of the 
raw wastewater with nitrogen compounds and  
adjustment of pH were necessary. 

The advanced oxidation of the wastewater was 
conducted in a pilot scale photoreactor presented 
in Fig. 1.  

Table 1. Composition of laundry wastewater used 
in the experiments 

Parameter Unit Value 
pH - 7.5 

SPC anionic mg/dm3 28.2 
SPC non-ionic mg/dm3 27.6 

COD mg O2/dm3 717 
BOD5 mg O2/dm3 264 

Cl- mg/dm3 562 
Ptotal mg/dm3 4.22 
PO4

3- mg/dm3 12.9 
Ntotal mg/dm3 14 
TOC mg/dm3 172 

retentate 

LAUNDRY 

discharge/ 
post-treatment 

laundry 
wastewater 

MBBR O3/UV 

UF NF 

sludge 

water 

permeate 
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Figure 1. Schematic diagram of the pilot scale 

photocatalytic installation: 1 – photoreactor with 

UV/vis lamp; 2 – wastewater tank; 3 – pump; 4 – 

air compressor. 

 

The main component of the installation was a 

photoreactor (1) equipped with a UV/vis mercury 

lamp (Ultralight AG, Germany, 6 kW, UV 

intensity: ca. 330 W/m2). Inside the photoreactor a 

small amount of O3 was generated in the presence 

of the UV lamp. The ozone concentration in water 

was ca. 30 µg/dm3. The initial volume of 

wastewater was ca. 1.7 m3. The process was 

realised in a batch mode with a complete recycle. 

Every 12h ca. 80 dm3 of wastewater was taken 

from the installation for the UF treatment. 

Membrane separation was conducted in a pilot 

scale ultrafiltration/nanofiltration unit. UF was 

realized with application of a 150 kDa 

multichannel ceramic INSIDE CéRAM membrane 

(TAMI Industries). The effective (working) 

membrane area was 0.35 m2. The transmembrane 

pressure (TMP) was in the range of 1 – 3 bar and 

the feed cross flow velocity was 4.5 m/s. The 

initial feed volume was 80 dm3. 

During NF a polymeric DOW FILMTEC NF90-

2540 membrane (filtration area: 2.6 m2) was used. 

The feed flow rate was ca. 1.2 m3/h. The UF 

permeate collected at TMP of 3 bar was applied as 

a feed. The initial feed volume was 40 dm3. 

 

Results and discussion 

Fig. 2 presents a comparison of the total organic 

carbon (TOC) content in the laundry wastewater 

after the biological, UV/O3 and membrane 

treatment. It can be observed that elongation of the 

time of UV/O3 treatment up to 48h resulted in a 

continuous decrease of organic carbon 

concentration. However, after this period no 

significant changes in the TOC amount were 

found. These results suggest that some organic by-

products resistant to the applied process remained 

in the solution. 

 

Figure 2. A comparison of TOC content in the 

laundry wastewater after subsequent steps of the 

hybrid treatment: biological (BIO), advanced 

oxidation (UV/O3) and membrane (P UF – UF 

permeate at TMP=3 bar; P NF – NF permeate at 

TMP=15 bar). The time refers to UV/O3 process. 

 

Application of UF allowed to decrease the TOC 

concentration for ca. 20% in case of the 

wastewater irradiated for less than 48h. When the 

UV/O3 treatment time amounted to 48h or 60h 

only small molecules remained in the solution, 

thus, no significant retention of these substances 

by the UF membrane took place. It is worth 

noting, however, that application of UF allowed to 

decrease successfully the turbidity of wastewater. 

Regardless of the parameters of UV/O3 and UF 

processes the turbidity did not exceed 1 NTU, 

compared to ca. 8 NTU in the biologically treated 

wastewater. 

Concentration of TOC in the NF permeate was 

in the range of 0.3 – 0.8 mg/dm3 indicating a very 

efficient removal of organic contaminants by the 

applied membrane, regardless of the NF feed 

composition. Application of nanofiltration allowed 

also to remove inorganic substances present in the 

treated water. The conductivity of NF permeate 

ranged from 25 to 75 µS/cm, depending on the 

process parameters. For comparison, the 

conductivity of the wastewater after UF exceeded 

2100 µS/cm. The NF permeate contained some 

amount of Cl- (below 5 mg/dm3) and Na+ (below 6 

mg/dm3). The concentration of Ca2+ and Mg2+ did 

not exceed 0.7 and 0.2 mg/dm3, respectively. 

Fig. 3 shows the influence of the UV/O3 

treatment time on the permeate flux during UF. It 

can be observed that when the wastewater 

collected after the shortest time of UV/O3 

treatment (i.e. 12h) was applied as the UF feed the 

permeate flux was significantly lower (for ca. 42-

64%, depending on TMP) than the maximum 

permeate flux measured for pure water. As the 

UV/O3 treatment time was elongated an increase 

of the permeate flux was observed. Eventually, the 

permeate fluxes measured during UF of the 

wastewater treated for 60h were almost the same 
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as those measured for pure water. The obtained 

data clearly indicate a positive influence of the 

applied UV/O3 pretreatment on the alleviation of 

membrane fouling during UF. 

 

 

Figure 3.The influence of the time of UV/O3 

treatment on the UF permeate flux J during 

treatment of laundry wastewater. 

 

In Fig. 4 a comparison of the permeate fluxes 

measured during NF of the UF pretreated 

wastewater is shown. 

  

 

 

Figure 4. The influence of the time of UV/O3 

treatment on the NF permeate flux J during 

treatment of laundry wastewater. 

 

In case of NF the influence of the time of UV/O3 

pretreatment on the permeate flux was not as 

significant as in case of UF. However, a certain 

improvement of the flux with the increase of the 

irradiation time can be seen. The obtained results 

show that the organics present in the UF permeate 

contributed to the decrease of the NF flux to some 

extent. Based on the measurement of pure water 

flux (PWF) before and after the experiments it was 

concluded, however, that the decrease of the 

permeate flux was mainly a result of the high 

osmotic pressure of the treated solution. A high 

conductivity of the wastewater contributed to a 

decrease of the NF driving force and as a result the 

decrease of the permeate flux took place. Since the 

PWF fluxes through the NF membrane measured 

before and after the experiments were the same it 

was concluded that no membrane fouling occurred 

under the applied conditions. 

 

Conclusions 

A 3-step hybrid system combining biological 

treatment, UV/O3 advanced oxidation and 

membrane separation (ultrafiltration followed by 

nanofiltration) was found to be an efficient method 

of treatment of laundry wastewater for its possible 

reuse. The NF permeate can be recycled to any 

stage of the laundry process. 

Application of UV/O3 treatment prior to UF 

allows to alleviate membrane fouling thus 

reducing the frequency of membrane cleaning. The 

pretreatment using the advance oxidation 

processes has also a positive influence on NF flux. 
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 The investigations on the influence of feed composition on the 
permeate flux and humic acids (HA) removal in a photocatalytic 
membrane reactor equipped with a TiO2 ultrafiltration membrane 
are presented. TiO2 P25 was used as a photocatalyst. Alkaline 
conditions (pH 9, F3) had a negative influence on both permeate 
flux and the efficiency of total organic carbon (TOC) removal in 
the PMR whereas at pH 3 (F2) and pH 6.5 (F1) no membrane 
fouling occurred. In the presence of HCO3

-, SO4
2- and HPO4

2- at 
both low (F4) and high (F5) concentrations the membrane fouling 
was more severe than in the absence of these species (F1, F2, F3) 
what was attributed to a lower efficiency of HA mineralization in 
the feed. Addition of Ca2+ and Mg2+ to the F5 feed (F6) allowed to 
improve the efficiency of TOC removal and reduce the severity of 
membrane fouling.  

 

Introduction 

A photocatalytic membrane reactor (PMR) is a 
hybrid system in which a photocatalytic process 
and a membrane separation occur simultaneously. 
The photocatalysis enables the decomposition and 
mineralization of organic pollutants, whereas a 
membrane retains the photocatalyst in the reaction 
medium and allows its recovery and reuse [1]. 

Humic acids (HA), being a fraction of natural 
organic matter (NOM), are formed as a result of 
biochemical decomposition of the organic 
remains. They affect taste and colour of potable 
water, even at low concentrations. Moreover, 
NOM promotes biofouling formation in the 
pipelines used to pump water to a treatment plant. 
What is more important, HA are precursors of 
trihalomethanes, formed during chlorination of 
water [2].  

Photocatalysis coupled with a membrane 
separation could be an interesting alternative for 
the conventional methods of water treatment, such 
as coagulation –  flocculation –  sedimentation [1]. 
Especially the systems utilizing ceramic 
membranes seem to be a promising solution. The 
ceramic membranes are characterized by a 
significantly higher resistance to the harsh 
conditions prevailing in the PMRs, including the 
action of UV light, the presence of oxidative 
species (e.g. hydroxyl radicals), the abrasion of the 
membrane separation layer by the photocatalyst 
particles or the extremely low/high pH values, in 
comparison to the polymeric membranes. 

A majority of works presented in literature is 
focused on the effectiveness of organics removal 
in PMRs with polymeric membranes [2]. There are 
only a few studies reporting NOM removal 

efficiency in PMRs with ceramic membranes. 
Syafei et al. [3] described removal of NOM and 
performance of a PMR with photocatalytic flat 
sheet ceramic membranes. Yu et al. [4] evaluated 
the influence of HA concentration on membrane 
fouling and treatment efficiency in a system with a 
tubular alumina ultrafiltration membrane and TiO2 
photocatalyst-coated polypropylene beads.  

In the present work the investigations on the 
removal of humic acids in a photocatalytic 
membrane reactor equipped with a tubular TiO2 
ultrafiltration (UF) membrane are discussed. The 
effect of feed water composition and pH on the 
permeate flux and membrane fouling as well as 
permeate quality during HA removal was 
determined. Moreover, the stability of the ceramic 
TiO2 membrane after 400h of operation in the 
PMR during treatment of HA solutions was 
evaluated. 

 
Experimental  

The investigations were carried out in a 
laboratory scale installation presented elsewhere 
[5]. The photocatalytic membrane reactor was 
equipped with two flow-through photoreactors 
with UV-C germicidal lamps (UV light intensity: 
1.54 W/m2 each), which were incorporated 
between the feed tank and the membrane module. 
A Filtanium tubular asymmetric TiO2 membrane 
(TAMI Industries, France) with the molecular 
weight cut-off (MWCO) of 100 kDa was used. 
The experiments were carried out at a feed cross 
flow velocity (CFV) of 6 m/s and a 
transmembrane pressure (TMP) of 0.1 MPa. The 
pure water flux (PWF) under such conditions was 
367 dm3/m2h. A commercially available TiO2 
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Aeroxide® P25 (Evonik, Germany) at a 

concentration of 1.5 g/dm3 was applied as a 

photocatalyst. Humic acids (Sigma Aldrich) at a 

concentration of 5±0.5 mgC/dm3 measured as total 

organic carbon (TOC) were used as a model 

contaminant. In order to evaluate the influence of 

inorganic compounds present in natural waters, 

especially anions: HCO3
-, SO4

2-, HPO4
2- and 

divalent cations: Ca2+ and Mg2+, on the efficiency 

of HA photodegradation as well as the permeate 

flux, the inorganic salts were introduced to the 

feed at the concentrations summarized in Table 1. 

In case of anions the sodium salts were used, 

whereas in case of cations the chlorides were 

applied. pH was adjusted using HCl or NaOH.  

 

Table 1. Composition of feed applied in the 

experiments 

Parame

-ter 
Unit F1 F2 F3 F4 F5 F6 

TOC 

HCO3
-  

SO4
2- 

HPO4
2- 

Ca2+ 

Mg2+ 

pH 

Condu-

ctivity 

mg/dm3 

mg/dm3 

mg/dm3 

mg/dm3 

mg/dm3 

mg/dm3 

 

 

µS/cm 

5 

- 

- 

- 

- 

- 

6.5 

 

17 

5 

- 

- 

- 

- 

- 

3* 

 

640 

5 

- 

- 

- 

- 

- 

9** 

 

55 

5 

30  

30 

0.5  

- 

- 

9** 

 

127 

5 

300 

300 

5 

- 

- 

9 

 

1073 

5 

300  

300  

5 

40 

10 

8.5 

 

1203 
*adjusted using HCl, **adjusted using NaOH 

 

Before the UV lamps were switched on a 30 min 

adsorption in the dark was conducted. During 

adsorption the treated solution was circulated in 

the PMR. No filtration was realized during this 

stage (the permeate valve was closed). 

All experiments were repeated at least twice to 

confirm the reproducibility of the results. After 

each experiment the membrane was cleaned using 

NaOH and H3PO4 solutions according to the 

procedure recommended by the manufacturer.  

In order to evaluate the stability of the 

membrane during its operation in the PMR, the 

rejection (R) of 70 000 g/mol dextran by the new 

and used membrane was measured and compared.  

 

Results and discussion 

Fig. 1 shows changes of permeate fluxes in time 

of the experiments carried out at various pH 

values. No decline of the permeate flux was 

observed in case of pH 3 and 6.5 during whole 

experiments. When the process was conducted 

under alkaline conditions the flux was decreasing 

for 3h and after that time it got stabilized. The flux 

at the end of the experiment was lower compared 

to the initial value for 36%.  

 

Figure 1. Influence of feed pH on permeate flux 

(t=0 min – after 30 min of adsorption in the dark; 

J0=PWF=367 dm3/m2h). 

 

The reason for the observed phenomenon was 

lower efficiency of decomposition and 

mineralization of humic acids at pH 9 compared to 

the other pH values. The total efficiency of TOC 

removal, Rtotal (i.e. the removal calculated with 

reference to the initial TOC concentration in feed, 

F0, and final (after 5h) concentration of TOC in 

permeate, P5) at pH 9 was 48%. A significantly 

higher total TOC removal was found in case of the 

experiments realized at lower pH values: 75 and 

78% for pH 6.5 and 3, respectively. Removal of 

TOC in feed, Rfeed, calculated based on initial and 

final (after 5h) concentrations  of organic carbon 

in feed only, was very similar to the Rtotal, and 

amounted to 78% at pH 6.5 and 73% at pH 3. 

Under  alkaline pH the Rfeed was ca. 39% only. 

In the next stage of the research a synthetic 

surface water, containing except from HA also 

inorganic anions and cations (Table 1) was used as 

a feed. The aim of this step of the investigations 

was the evaluation of the influence of various 

inorganic species present in natural water on the 

permeate flux and the removal of HA in the PMR. 

In Fig. 2 changes of permeate fluxes in time of the 

experiments are shown. 

 

 

Figure 2. Influence of feed composition on 

permeate flux (t=0 min – after 30 min of 

adsorption in the dark; J0=PWF=367 dm3/m2h). 
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For all experiments carried out in the presence of 

inorganic ions the permeate fluxes just at the 

beginning of the PMR processes (t=0 min) were 

significantly lower than J0. These results suggest 

that deposition of HA or HA/TiO2 aggregates onto 

membrane surface occurred during the initial 30 

min adsorption step even though the filtration was 

not realized during this period (permeate valve 

was closed).  

Comparing the results obtained at low (F4) and 

high (F5) concentration of inorganic anions 

(HCO3
-, SO4

2-, HPO4
2-) it can be found that in the 

latter case the decline of the permeate flux was 

more severe compared to the former one, what is 

especially observable in the final 90 min of PMR 

operation. After 5h of the experiments the flux 

decreased for ca. 30% and 42%, respectively, 

compared to PWF. The lowest decrease of 

permeate flux (for ca. 20%) was observed in case 

of the feed containing except from the inorganic 

anions also Ca2+ and Mg2+ cations (F6). It is 

known from literature [6] that Ca2+ ions can act as 

bridges between HA molecules and the surface of 

TiO2 particles. This results in an improvement of 

adsorption of organic compounds on the surface of 

the photocatalyst and thus an increase of the 

effectiveness of their overall removal from water. 

The data presented in Fig. 2 show that the 

adsorption phenomenon can also have a positive 

influence on the permeate flux.  

The most efficient TOC removal in the feed Rfeed 

(ca. 45% after 5h) took place in case of F4, 

containing low concentrations of anions. However, 

when the concentrations of anions were 10 times 

higher (F5) the TOC removal in feed was less 

efficient (20%) compared to that in case of F4, 

what can be explained in terms of the hole 

scavenging effect of inorganic species. In the 

presence of calcium and magnesium the TOC 

concentration in feed decreased for ca. 35% (F6) 

after 5h of PMR operation. This can be attributed, 

however, to the adsorption of HA on the TiO2 

particles, rather than the photocatalytic 

decomposition. Based on the UV254 absorbance 

measurements ca. 80% decrease of the value of 

this parameter after 30 min adsorption in the dark 

was found. Similar results were also obtained by 

other authors [6]. Considering the total removal of 

TOC (Rtotal) in the PMR the highest treatment 

efficiency of HA solution in the presence of 

inorganic anions was observed in case of F4 (ca. 

48%) whilst the lowest in case of F5. This 

phenomenon can be explained in terms of the 

h+/OH scavenging properties of the inorganic 

anions. It is also worth noting that treatment 

efficiency in case of F3 and F4 was comparable, 

although in case of F3 the inorganic anions were 

not added to the solutions. These results might 

lead to a conclusion that pH contributed to the 

decrease of the efficiency of HA removal to a 

higher extent than the presence of low 

concentrations of HCO3
-, SO4

2- and HPO4
2-.   

Based on the monitoring of the rejection of the 

70 000 g/mol dextran it was found that the 

membrane lost its separation properties during 

long term operation in the PMR due to the 

abrasive action of TiO2 particles [5]. The rejection 

of the dextran by the new membrane was 96%, 

after 100h the separation properties did not 

change; however, after 400h a decrease of the 

dextran rejection for ca. 50% was observed 

(R=45%).  

 

Conclusions  

Alkaline pH of feed water had a negative 

influence on the permeate flux through a ceramic 

UF membrane during treatment of a solution 

containing humic acids in the PMR. On the 

opposite, at pH 3 and 6.5 no decrease of the flux 

was observed. In the presence of inorganic anions 

(HCO3
-, SO4

2-, HPO4
2-) both in the absence or in 

the presence of Ca2+ and Mg2+ cations, a decrease 

of the flux just at the beginning of the process was 

found what was attributed to the deposition of HA 

and/or HA/TiO2 on a membrane surface. However, 

in the presence of Ca2+ and Mg2+ the flux after 

initial deterioration remained stable and was 

higher than in the absence of the cations. The 

overall efficiency of TOC removal in the PMR 

was strongly depended on the feed composition.  

A deterioration of the membrane separation 

properties after 400h of its operation in the PMR 

was found what was attributed to the abrasive 

action of TiO2 particles. 
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The degradation of a real antibiotic wastewater by ozonation 
and by its combination with aerobic biological degradation 
have been studied. Although ozonation for complete 
mineralization is expensive and hard to be achieved, its 
combination with a biological treatment can be used to 
improve cost efficiency. 
Even though ozonation alone was able to reduce more than 
99% of the amount of antibiotics and color present in the real 
pharmaceutical wastewater, the combined treatment system 
also achieved more than 98.5% of COD and 90% of toxicity 
removals, preventing dangerous and biorecalcitrant 
compounds from reaching water resources. 
 

 

Advanced Oxidation Processes (AOP), 
particularly ozonation, have been studied and have 
proven effective for the degradation of antibiotics.  
Few works, however, have studied the destruction 
of antibiotics in real pharmaceuticals wastewaters 
[1]. Ozonation for complete organic matter 
mineralization may be expensive and therefore its 
combination with a biological treatment is widely 
reported to reduce operating costs. In this context, 
the aim of this study is to apply ozonation and its 
combination with aerobic biological process for 
the treatment of a real wastewater from industrial 
amoxicillin production.  

Ozonation experiments were performed in a 
bubble column borosilicate glass reactor with 500 
ml of wastewater in a semi-batch mode for 180 
min. The reactor was connected to O3 generator 
that concentrates oxygen from air. Combined 
experiments were performed by 12 days of aerobic 
biodegradation followed by 180 minutes of 
ozonation with 1 LO2·min-1 and pH=10. The 
biological process was performed accordingly to 
the Zahn Wellens inherent biodegradability 
methodology [2]. 

All the experiments were able to remove the 
wastewater original color, as shown in the 
Graphical Abstract, and HPLC tests showed that 
up to 99% of the initial amoxicillin was removed 
and up to 80% of aromaticity removal (absorbance 
at 254 nm) was achieved.  

The ozone consumption ranged from 0.84 to 
1.92  gO3·L-1·h-1. Statistical analysis suggests that 
the optimal experimental conditions (pH = 9.6 ; 
oxygen flow rate = 1.0) would achieve 46% of 

TOC removal with .1.44 g O3·L-1·h-1.  

Biodegradation alone removed more than 70% 
of the initial wastewater TOC. The combination of 
biodegradation and ozonation was able to improve 
the organic matter degradation. More than 98.5% 
of the original wastewater  COD was removed 
(more than 99% of color and amoxicillin removals 
were achieved similarly to ozonation process 
alone). Moreover, final wastewater ecotoxicity has 
also decreased in comparison of ozonation alone. 
Ozonation process reduced around 62% of original 
toxicity while the treatments combined removed 
90%. The observed synergy achieved with the 
combination favors the AOP acceptance as a final 
polish treatment, preventing toxic and 
biorecalcitrant compounds from reaching water 
resources.  
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This work targets at the degradation of aniline (ANL) and C. I. 
Reactive Dye Blue 5 (RDB) by photocatalytic ozonation in the 
presence of P25. In order to verify the presence of synergetic 
effects, photocatalysis (Light/P25) and catalytic ozonation 
(O3/P25) were also carried out, as well as, photo-ozonation. 
With the exception of photocatalysis alone, all tested oxidation 
processes easily degraded both model compounds. This result 
was expected since O3 by itself attacks selectively aromatic 
moieties and unsaturated bonds, such as ANL and RDB.  On the 
other hand, in terms of TOC removal, photocatalytic ozonation 
was the most efficiency process achieving a mineralization 
higher than 80%. 

Introduction 

Photocatalysis has proved adequate for the 
degradation of a wide range of pollutants, but in 
some cases the complete mineralization is only 
slowly attained. Because of that, its intrinsic 
economic advantage is mostly perceptible  for 
diluted streams [1].  

In addition to photocatalysis, ozonation is able to 
selectively convert recalcitrant organic compounds 
and can be used with superior performances in 
some high strength waste waters [1]. Molecular 
ozone can oxidise water impurities via direct 
selective reactions between ozone (O3) and other 
chemical species, or via indirect O3 reactions, 
which involve the formation of hydroxyl radicals 
(HO•) [2]. The disadvantage of this process is the 
limited mineralization of the organic compounds. 
Therefore, it is necessary to modify the method 
when the definite removal of the pollutant and its 
degradation intermediates is required [1].  

Generally, a combination of several methods 
improves the removal of pollutants from the 
wastewater compared with the individual 
treatments [3]. Irradiation of O3 in solutions by 
UV light produces additional HO�  radicals, and 
consequently, the efficiency of contaminants 
removal should increase.  

The present work targets at the photocatalytic 
ozonation of aniline (ANL) and C. I. Reactive Dye 
Blue 5 (RDB) in the presence of P25. In order to 
verify the presence of synergetic effects, 
photocatalysis (Light/P25) and catalytic ozonation 
(O3/P25) were also carried out, as well as, photo-
ozonation (O3/Light). 

Methods

The removal of pollutants was carried out in a 
glass immersion photochemical reactor loaded 
with 250 mL of ANL (C0 = 1 mM) or RDB (C0 = 
200 ppm) and 125 mg of photocatalyst. The 
reactor was equipped with a Heraeus TQ 150 
medium-pressure mercury vapour lamp located 
axially and a DURAN 50® glass cooling jacket 
was placed around the lamp (main resulting 
emission lines at � exc = 365, 405, 436, 546 and 578 
nm). The experiments were performed at 150 cm3 

min-1 and with an inlet ozone concentration of 50 g 
m-3. The catalyst selected was commercial TiO2
from Evonik Degussa Corporation, sample P25. 
ANL concentration was analysed by HPLC with 
Lichrocart Purospher Star column. For RDB, 
solution bleaching was followed by UV/Vis 
spectrophotometry at the maximum absorption 
wavelength, previously determined (�  = 603 nm) 
with a JASCO V-560 UV/Vis spectrophotometer. 
The formation and concentration of organic acids, 
oxalic acid (OXA) and oxamic acid (OMA) typical 
end-of-chain degradation products, was followed 
using a Hitachi Elite LaChrom HPLC equipped 
with an UV-Vis detector and an Alltech OA-1000 
chromatography column using an isocratic 5mM 
H2SO4 mobile phase. The degree of mineralisation 
was followed by TOC analysis in a Shimadzu 
TOC-5000A Analyzer. The ions released during 
ANL and RDB degradation were accomplished by 
ion chromatography in a MetrOHM 881 Compact 
IC Pro with 863 Compact Autosampler using an 
injection volume of 20 µL. Nitrates (NO3

-), nitrites 
(NO2

-) and sulfates (SO4
2) were evaluated in a 

Metrosep A Supp 7-250/4.0 column (250 × 40 
mm) with a mobile phase of 0.117 g of 2,6-
pyridine dicarboxylic acid and 0.11 mL of HNO3
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for 1 dm3 of solution. The analyses were carried 
out at 45 ºC using a Suppressed CD (J002) 
suppressor. Ammonium (NH4

+) was analysed in a 
Metrosep C4-250/4.0 column working at 25 ºC 
with a solution of Na2CO3 3.6 mM as the mobile 
phase. 

 

Results 

The conversion of ANL and RDB as function of 
time under the selected experimental conditions is 
described in Figure 1. Except for photocatalysis 
(Light/P25), ANL was completely removed in all 
tested oxidative processes at early times with no 
significant differences observed for the remaining 
systems. Similar performance was observed during 
RDB degradation. These results were expected 
since O3 by itself is an extremely powerful oxidant 
capable of reacting with a vast range of 
compounds, and it attacks selectively aromatic 
moieties and unsaturated bonds, such as ANL and 
RDB [4].  

 
 

 
 
   

 
 
 
 
 
 

 

 

 

 

 

 

 

 

Figure 1. Degradation of ANL a) and RDB b) by 
tested oxidation processes. 

The degradation of these molecules resulted in the 
formation of several intermediates further 
transformed into saturated compounds, which are 

not significantly mineralized by O3 alone. 
Therefore, it is expected that the advantage of 
combining O3 with light and/or catalyst will be 
noticed in terms of TOC removal (Figure 2). The 
best TOC removal was achieved by photocatalytic 
ozonation, which means that in addition to parent 
model compounds, a considerable amount of 
oxidation by-products were also degraded. Photo-
ozonation also presented a good performance 
during RDB degradation, leading to mineralization 
level of 65%. Althoght photocatalysis presented 
worse performance than catalytic ozonation in 
degradation of ANL and RDB, in terms of TOC 
removal this did not happen. 

 
 
 
 
 
 
 
 
 
 
Figure 2. Percentage of TOC removal during ANL 
and RDB degradation at 1 h of reaction. 
 

Among the vast number of intermediates formed 
during the oxidation of ANL and RDB, OXA and 
OMA were selected since they are persistent, even 
for longer reaction periods [5]. Ions containing N 
(NO3

−, NO2
- and NH4

+) and S (SO4
2-), in the case 

of RDB, were also monitored during the reaction 
period. Balance of N-total at 3 h of reaction was 
carried out during ANL degradation and the results 
are presented in Table 1.  
 
Table 1. Balance of nitrogen-containing species resultant 
from the oxidation of ANL at 3 h of reaction. 

System NO3
-
 

(mM) 
NH4

+ 
(mM) 

OMA 
(mM) 

N-
Total 
(mM) 

Light/ 
P25 

0.061 0.58 0.27 0.91 

O3/P25 0.085 0.45 0.27 0.81 

O3+Light 0.064 0.33 0.41 0.80 

O3+Light/ 
P25 

0.078 0.64 0.20 0.92 

 

NO2
- was not detected during ANL degradation. 

 Light/P25
 O

3
/P25

 O
3
+Light

 O
3
+Light/P25

UV/ 
P25 O3/ 

P25 

O3+UV 

O3+UV/P25 
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Regardless of oxidation treatment applied, the 
concentration of NH4

+ was higher than NO3
- 

concentration. The amount of OMA presented in 
solution was low when photocatalytic ozonation in 
the presence of P25 was carried out, suggesting 
that some OMA released has been already 
degraded. The nitrogen balance allowed to 
conclude that only a small amount of unidentified 
N-containing species was formed during oxidation 
processes tested, especially in photocatalysis and 
photocatalytic ozonation (Nmaximum = 1 mM).  

The concentration of NO3
-, SO4

2- and NH4
+ 

released during RDB degradation at 3 h of reaction 
is compiled in Table 2 for the different treatments 
under study.  

 
Table 2. Concentration of ions (mM) released during 
RDB degradation at 3 h of reaction. 

System 
NO3

-
 

(mM) 
SO4

2- 

(mM) 
NH4

+ 
(mM) 

Light/ 
P25 

0.024 0.687 0.168 

O3/P25 0.019 0.689 0.111 

O3+Light 0.135 0.6191 0.118 

O3+Light
/P25 

0.449 0.634 - 

 

As happened with ANL, NO2
- was not detected 

during RDB degradation. With the exception of 
photocatalytic ozonation, all processes tested 
released NO3

-, SO4
2- and NH4

+. It is noticeable that 
all sulfur presented in solution was almost all 
converted in SO4

2- (Smax = 0.78 mM).  

 

Conclusions 

All tested oxidation processes completely 
removed ANL and RDB in a short reaction time, 
with the exception of photocatalysis. The 
combination of ozone, light and P25 lead to 
maximum mineralization. In addition to model 
compounds, O3 with light and P25 removed a 
considerable amount of oxidation by-products. 
Photo-ozonation also presented a good 
performance during RDB degradation, leading to 
mineralization level of 65% after 1 h of reaction. 
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A: Conventional Fenton process. B: Sludge 
reuse, WER=50%, CAC, H2O2/Fe2+= 40/1 
(w/w). C: Sludge reuse, WER=50%, CAC, 
H2O2/Fe2+=20/1 (w/w). D: Sludge reuse, 
WER=50%, IAC, H2O2/Fe2+=10/1 (w/w); E: 
Sludge reuse, WER=100%, IAC; 
H2O2/Fe2+=10/1 (w/w). 

 

 
 

A: Conventional Fenton process, B:  SR, 
WER=50%, SAC, H2O2/Fe

2+= 40/1 (w/w); C: 
SR, WER = 50%, CC, H2O2/Fe

2+=20/1 (w/w); 
D: SR, WER=50%, IAC, H2O2/Fe

2+=10/1 
(w/w); E: SR, WER= 100% IAC, H2O2/Fe

2+= 
10/1  (w/w). 

 

  
Landfill leachate containing significant concentration of 
recalcitrant organic substances was treated in a three-stage pilot 
plant: biological pre-treatment, Fenton-like process applying 
continuous sludge reuse and biological post-treatment. It 
revealed that intermittent addition of catalyst (IAC) with 
H2O2/Fe2+ w/w of 10/1 (series D) resulted in a higher increase 
of BOD7/COD ratio and cyclic addition of catalyst (CAC, series 
C) with same dose ratio caused higher COD removal efficiency. 
Lower process efficacy due to sludge reuse was compensated by 
reducing water exchange ratio (WER) to 50%. During the ferric 
sludge reuse of 12 times, process efficacy did not decrease and 
waste sludge production decreased 13.7 fold. 

 
  

Landfilling involves formation of heavily 
polluted leachate which must be considered and 
dealt in accordance with environmental permits. 
Leachate may contain large amounts of 
biodegradable organic matter as well as 
biorefractory compounds [1,2]. Although 
biological treatment methods are the cheapest and 
most environmentally friendly solutions for 
wastewater treatment, they may not be sufficient 
treating landfill leachate [2]. Therefore, different 
physico-chemical treatment methods have been 
applied for main-, pre- or post-treatment. One 
widely investigated process is the Fenton process, 
which reduces the organic load, decreases the 
toxicity and increases biodegradability of the 
wastewater [1,2]. Fenton process has also several 
important drawbacks, e.g. high chemical 
consumption and formation of hazardous waste 
sludge [3]. Thus, different Fenton-like processes 
have been developed continuously.  

Main objectives of the work are to study landfill 
leachate treatment process combining biological 
pre-treatment with Fenton-like process and 
biological post-treatment; and to evaluate, how 
operation of Fenton-like process influences the 
combined process efficiency. 

Treatment of landfill leachate was studied in 
three-stage continuous pilot plant including 
activated sludge pre-treatment tank (BIO1), 
chemical treatment tank (CHEM) and activated 
sludge post-treatment tank (BIO2) with volumes of 
16L, 1.6L and 4L, respectively. Influent for pilot 
plant was obtained from a municipal landfill 
located near Tallinn (Estonia), which started 
operating in 2003. 

During the period of that study (July, 2014 – 

February, 2015), mean values of BOD7, COD, 
NH4-N, phenols were 6380 mg/L, 11 720 mg/L, 
1170 mg/L, 72 mg/l, respectively. Furthermore, 
parameters of the leachate varied substantially: 
values of BOD7, COD and NH4-N varied up to 
5.9, 5.8 and 3.2 times, respectively. Additionally, 
raw leachate had a strong distinctive odour.  

Firstly, raw landfill leachate was subjected to 
biological pre-treatment reactor. Applying 
biological pre-treatment BOD7, COD removal 
efficiencies of 99% and 86% were achieved, 
leaving effluent BOD7, COD concentrations 60 
mgO2/L, 1485 mgO2/L, respectively. Biological 
pre-treatment removed additionally >99% of NH4-
N, 83% of phenols, 86% of lignin and tannins. 

Second step of the treatment was Fenton-like 
process with SBR modification and ferric sludge 
reuse. As Fenton process includes formation of 
hazardous ferric sludge (secondary pollution), 
which needs further treatment and increases 
operational costs, it is essential to study iron 
sludge reuse opportunities. In current study, 
Fenton-like process was applied to remove 
recalcitrant organic compounds and increase 
biodegradability of biologically pre-treated 
wastewater. Increase of biodegradability is 
required to apply final purification with activated 
sludge treatment.  

To reduce secondary pollution caused by the 
treatment process, ferric sludge reuse during 12 
cycles was applied. Since applying ferric sludge 
reuse, hydrogen peroxide degradation is 
additionally catalysed by ferric compounds from 
sludge, low iron(II)sulphate dose was used. At the 
beginning of the first treatment of a series, there 
was a fast decrease in the of the mixture pH to 3. 
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pH value decreased due to hydrogen peroxide as 

well as the formation of acidic transformation 

products. Applying ferric sludge reuse, pH 

decrease stopped at pH 4.5-5 and initial pH 

adjustment was necessary. Lower self-regulation 

could be caused by high alkalinity of ferric sludge 

from previous treatment cycle. 

Since the efficiency of Fenton-process highly 

depends of character of wastewater, chemical 

treatment with COD/H2O2/Fe2+ dose ratios 

(w/w/w) of 1/1/0.2, 1/2/0.4, 1/4/0.8 and 1/6/1.2 

were were performed. Results clearly indicate that 

higher reagent dose leads to higher COD removal 

efficiency. Highest value of BOD7/COD in the 

effluent (0.55) was achieved with COD/H2O2/Fe2+ 

dose ratio (w/w/w) of 1/4/0.8; COD/H2O2/Fe2+ 

dose ratio (w/w/w) of 1/6/1.2 was less efficient in 

increasing the biodegradability and COD removal 

efficiency was only 5% higher than 

COD/H2O2/Fe2+ dose ratio (w/w/w) of 1/4/0.8. 

Thus, subsequent studies were performed applying 

COD/H2O2 of 1/4 (w/w). 

Different treatment strategies for COD/H2O2 

dose ratio of 1/4 (w/w) were performed to analyse 

operational impact on process efficacy ( 

Figure 11). Firstly, experiments applying sludge 

reuse and addition of supplementary iron 

simultaneously with H2O2/Fe2+ dosage ratios 

(w/w) of 20:1 and 40:1. Water exchange ratio in 

those series was 50%. The results show that 

average COD removal efficiency in series with 

lower catalyst dose (series B) was 62% and ratio 

of BOD7/COD increased from 0.17 to 0.37. Two-

fold higher dose of catalyst (series C) increased 

the COD removal efficiency 8% compared to 

series B and BOD7/COD ratio increased from 0.09 

to 0.32. Higher removal efficiency applying higher 

dose of catalyst was more efficient because ferric 

compounds originating from ferric sludge were not 

reactive enough to catalyse all the hydrogen 

peroxide. Process efficacy did not reduce in each 

of the series. To assess the impact of catalyst 

addition frequency, a series with intermittent 

catalyst addition were performed. That means that 

in every second treatment, hydrogen peroxide 

degradation was catalysed by ferric complexes 

from sludge (series D and E). Series D was 

perfumed with water exchange ratio of 50% and 

series E 100%. It revealed that the increase of 

biodegradability was higher when catalyst was 

added intermittently and water exchange ratio was 

50%. Simultaneous addition of catalyst had lower 

impact on increase of biodegradability, but higher 

COD removal efficiency was achieved. 

Additionally, water exchange ratio of 100% (series 

E) caused substantially lower process efficacy. 

Therefore, it can be said that lower process 

efficiency caused by ferric sludge reuse could be 

compensated by reducing water exchange ratio to 

50%. Result of cost-calculations indicated, that 

sludge reuse decreased the catalyst demand 3 fold. 

 

 
 

Figure 1. Operational impact of Fenton-like 

treatment on COD removal efficiency and 

BOD7/COD improvement. A: Conventional 

Fenton process, COD/Fe2+= 1/0.8 (w/w); B: 

Fenton-like process, sludge reuse, water exchange 

ratio of 50%,  cyclic addition of catalyst, 

COD/Fe2+= 1/0.1 (w/w); C: Fenton-like process, 

sludge reuse, water exchange ratio of 50%, cyclic 

addition of catalyst, COD/Fe2+= 1/0.2 (w/w); D: 

Fenton-like process, sludge reuse, water exchange 

ratio of 50%, intermittent addition of catalyst, 

COD/Fe2+= 1/0.4 (w/w); E: Fenton-like process, 

sludge reuse, water exchange ratio of 100% 

intermittent addition of catalyst, COD/Fe2+= 1/0.4 

(w/w). 

Biologically and chemically treated leachate was 

subjected to activated sludge reactor for final 

purification. Biological treatment removed 

additional 46% of COD and 93% of BOD7, 

leaving effluent BOD7, COD values of 300 mg/L 

and 11 mg/L, respectively. Values of the 

parameters in the effluent and combined process 

removal efficiency are shown in table 1. 

Table 1. Efficiency of the combined process 

 

Parameter 
Influent 

(mg/L) 

Effluent 

(mg/L) 

Removal 

(%) 

COD 

 

 

11720 300 97 

BOD7 6380 11 <99 

NH4-N 1170 0.4 <99 

Phenols 72 2.7 96 
 

Landfill leachate containing significant 

concentration of recalcitrant organic substances, 

was treated in a three-stage pilot plant: biological 

pre-treatment, Fenton-like process and biological 
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post treatment. Combined treatment increased the 

process efficiency as well as reduced the overall 

operational cost. In Fenton-like process, ferric 

sludge reuse and different (50% and 100%) water 

exchange ratios were applied. For intermediate 

Fenton-like treatment of landfill leachate, 

COD/H2O2 (w/w) dose ratio of 1/4 was found to 

be optimal. It revealed that lower process 

efficiency caused by sludge reuse could be 

compensated applying water exchange ratio of 

50% without increasing the overall treatment cost. 

Additionally, intermittent addition of catalyst with 

H2O2/Fe2+ (w/w) of 20/1 resulted in higher 

increase of BOD7/COD ratio and cyclic addition of 

catalyst with same ratio caused higher COD 

removal efficiency. 
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Graph of the wastewater treatment
system using the combined action of
photocatalytic oxidation and 
constructed wetlands 

 Aim of the present work is the study and the experimental 
evaluation of an alternative wastewater treatment system, which 
combines the action of photocatalytic oxidation with surface 
flow constructed wetlands. This low cost and environmentally 
friendly system is based on the utilization of solar irradiation and 
natural processes for wastewater treatment purposes. 
Experiments were conducted in pilot scale using artificial as well 
as solar irradiation, for the treatment of the pesticide clopyralid. 
The data evaluation revealed that the combined system may 
effectively reduce the organic load, as well as the toxicity of 
clopyralid and may provide a promising solution for the 
treatment of wastewater containing pesticides in the near future. 
 
 

 
Agrochemical wastewater from widespread 

intensive agriculture in the Mediterranean Region 
is polluting water with pesticides. Although they 
play an important role in agriculture, pesticide 
compounds could cause significant environmental 
problems upon their release to the environment 
[1]. Their widespread application is an important 
concern due to their high toxicity, their ability to 
accumulate, as well as their tendency for mobility 
and the long-term effects on living organisms. 
Advanced oxidation processes (AOPs) have been 
recognized as an especially efficient approach to 
pesticide degradation [2-4]. AOPs are chemical 
oxidation processes characterized by the 
production of extremely reactive and unselective 
species such as hydroxyl radicals (OH•), which are 
able to degrade even the most recalcitrant 
molecules into biodegradable intermediate 
compounds or to completely mineralize them into 
CO2, H2O and inorganic ions [3, 5]. 

The need for alternative methods of treatment of 
wastewater containing pesticides, resulted in the 
evaluation of a low cost treatment system that is 
based on solar photocatalytic oxidation and natural 
processes. The system combines the synergetic 
action of photocatalytic oxidation to surface flow 
constructed wetlands, in order to utilize the high 
solar irradiation in the Mediterranean region and 
the ability of the constructed wetlands to improve 
water quality through natural processes, thus 
providing wastewater capable of being reused.  

Aim of this work is to present results from the 
experimental evaluation of this wastewater system 
on the degradation of clopyralid, (3,6-dichloro-2-

pyridine-carboxylic acid), a systemic herbicide 
from the chemical class of pyridine compounds, 
often detected in drinking water [6]. Clopyralid 
may be persistent in soil under anaerobic 
conditions, it presents high solubility in water and 
is particularly stable against hydrolysis and 
photolysis. Its chemical stability along with its 
mobility enables this herbicide to penetrate 
through soil, causing a long term contamination of 
ground water and surface water supplies [7, 8].  

Experiments were conducted at pilot scale using 
simulated wastewater containing clopyralid. Each 
experiment consisted of two phases. In the first 
one, the wastewater was treated by photocatalytic 
oxidation, aiming to the reduction of the organic 
load, while the final effluent was channeled into 
surface flow constructed wetlands for the final 
purification. The photocatalytic treatment was 
tested using both artificial and solar irradiation in a 
pilot-scale unit able to treat 20 L of wastewater. 
The photocatalytic unit constitutes of three parts: 
A photocatalytic, fountain type, reactor. The main 
idea is based on the design of six nozzles, through 
which the waste to be processed, enters the tank 
from the bottom of the unit, to the reactor. The 
nozzles create parallel, turbulent flow and 
vigorous stirring of the wastewater, which is 
exposed to a light source (solar or artificial). 
Excess of the wastewater overflows and leads back 
to the tank, from which is recirculated to the 
reactor by a pump. The radiation source (solar or 
artificial) is located above the reactor, illuminating 
the suspension. b) A reservoir located at the lower 
part of the reactor, for storing wastewater, and c) 
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an Imhoff type tank for separation of the treated 
effluent from the catalyst. 

For the needs of the second phase, 3 surface flow 
wetlands were constructed in parallel order. The 
design of the wetlands was based on the suggested by 
EPA method [9].  

Preliminary data evaluation revealed that the 
combined system may effectively reduce the 
organic load, as well as the toxicity of clopyralid 
and may be proven a promising solution of the 
treatment of wastewater containing pesticides in 
the near future. 
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 The production of table olives is a significant economic activity 
in Mediterranean countries which produce the majority of the 
global production. The production process generates large 
volumes of washing waters (TOWW) that are characterized by 
high organic matter and phenol contents and extremely high 
salinity values. Two pilot-scale constructed wetlands units were 
set-up and operated. TOWW was introduced into both units, 
which were operated under 4 and 2 days of hydraulic residence 
time. After a four-month operation period, COD removal rates 
for the planted unit reached 99% (mean removal rate of 87%), 
while the unplanted unit had a removal rate of around 70%. The 
effluent of CWs was post treated with electrooxidation. The 
color and COD removal at 166 mA/cm2 were >99% and 45-90% 
at 240 min, respectively.  
 
 

 
World table olive annual production is estimated 

at approximately 1.5 million tons (Kyriakou et al., 
2005; International Olive Council, 2002), while 
the majority of this production takes place in 
Mediterranean countries (mostly Spain, Italy and 
Greece) (Beltran-Heredia et al., 2000). Table 
olives can be classified into three types based on 
their colour: green, black, and black through 
oxidation (Beltran-Heredia et al., 2000). In 
Greece, table olive production is estimated at 
45,000 t/year of black olives and 20,000 t/year of 
green olives by approximately 75 factories 
(Kyriakou et al., 2005; Kopsidas, 1992). Table 
olive processing wastewater (TOPW) is a serious 
environmental threat due to its seasonal production 
and to its high organic and phenolic load (Kotsou 
et al., 2004). Typical characteristics of TOPW 
include a wide range of pH values (from 3.6 to 
13.2), high loads of suspended solids (0.03–0.4 
g/L) and high organic matter content (BOD5: 0.1–
6.6 g/L and COD: 0.3–16.2 g/L) (Kotsou et al., 
2004; Kopsidas, 1992). 

 
In previous years, TOPWs were usually retained 

in evaporation ponds, causing bad odours and in 
some cases surface and groundwater pollution 
(Beltran-Heredia et al., 2000). In recent years, a 
great variety of treatment methods have been 
tested for TOPW treatment including: aerobic 
degradation systems (Benitez et al., 1997) or 
anaerobic digestion (Borja et al., 1993; Wheatley, 
1990), ozone oxidation (Rivas et al., 2000), Fenton 
oxidation (Rivas et al., 2003), a combination of 
UV radiation and hydrogen peroxide as well as 

photo-Fenton (Benitez et al. 2001), and combined 
biological and chemical treatments (Rivas et al., 
2001, Beltran-Heredia et al., 2000; Benitez et al., 
1997; 2001; Kotsou et al., 2004).  

Constructed wetlands (CWs) are presently 
considered the most promising technology to treat 
wastewater, due to their low cost, simple operation 
and maintenance, and favourable appearance 
(Shutes, 2001). Although CWs have been used to 
treat a variety of wastewaters, until now only five 
attempts to treat olive mill wastewater (OMW) 
have been published (Bubba et al., 2004; 
Kappelakis et al., 2009; Grafias et al., 2010; 
Herouvim et al., 2011; Gikas et al., 2013). The aim 
of this study is to present the preliminary results of 
pilot-scale horizontal subsurface flow (HSF) CWs 
treating pre-treated TOPW in a Mediterranean 
climate..  

The electrochemical mineralisation (EM) of 
organic pollutants is a relatively new technology 
for the treatment of wastewaters of moderate 
concentration, i.e. chemical oxygen demand 
(COD) < 5 g L−1. The main advantage of this 
technology is that no chemicals are used. In fact, 
only electrical energy is consumed for the 
mineralisation of organic pollutants on high 
oxidation power anodes. An ideal anode for this 
type of treatment is the boron-doped diamond 
(BDD) electrode characterised by high reactivity 
towards organics oxidation and efficient use of 
electrical energy. 

 
Two identical pilot-scale HSF CWs were 

constructed at the Department of Environmental 
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and Natural Resources Management, located in 

Agrinio, W Greece. The two units comprised 

HDPE tanks with the following inner dimensions: 

72 cm long, 33 cm wide (surface area=0.24 m2), 

and 35 cm deep. Both units were filled with fine 

gravel (D50=6mm). One unit was planted (OG-P) 

with common reeds (Phragmites australis) 

obtained from local streams and the other was kept 

unplanted (OG-U) as the control. To achieve more 

rapid vegetation growth in the planted unit, it was 

planted with three reed stems (12 reeds/m2). Both 

pilot-scale units were equipped with inlet and 

outlet hydraulic structures similar to those used in 

full-scale systems. Wastewater inflow was through 

a perforated plastic pipe (diffuser) placed across 

the entire width at the upstream side of the tank. 

These diffusers were fastened onto the tank so that 

they were perfectly horizontal thus ensuring the 

uniform distribution of wastewater flow across the 

tank. The outlet was an orifice (1/4 inch diameter) 

located at the base of the downstream end of the 

unit, connected to a U pipe. The elevation of the 

downstream end of this pipe, from which water 

overspilled, controlled the downstream water 

surface level in the tank at the upper surface of the 

porous medium (i.e., at about 35 cm). Over-spilled 

wastewater was collected in a 35L plastic tank for 

proper disposal. Void volume was estimated by 

draining the tanks and measuring the water volume 

of each. Water volume and mean porosity for OG-

P were 13.5 L and 29%, respectively, and 14 L and 

30% for OG-U, respectively. The units were 

operated from July 2014 until June 2015 with 

hydraulic residence time (HRT) of 4 and 2 days. 

Water samples were collected regularly with a 

frequency equal to the HRT from the influent and 

the effluent sampling points of each unit. pH, 

electrical conductivity (EC) and dissolved oxygen 

(DO) were measured in-situ. pH and EC were 

measured using a CONSORT C 835, multi-

parameter analyzer. COD was monitored by the 

absorbance of the sample after dichromate 

digestion at 150oC for 2 h in the presence of silver 

and mercury sulfates (closed reflux method) [1]. 

The absorbances were measured by a HANNA 

C99 Multiparameter Bench Photometer (digested 

in a HANNA instruments C9800 REACTOR). 

Phenol (with respect to syringic acid) 

concentrations were determined 

spectrophotometrically according to the Folin–

Ciocalteu method [2], using a JASCO V-530 

UV/vis spectrophotometer. Meteorological data 

were obtained from the meteorological station of 

the National Observatory of Athens located in 

Agrinio. For the total operation period, the mean 

air temperature was 16.8oC and total precipitation 

was 959 mm. 

Electrochemical experiments were conducted in 

a batch type, laboratory-scale electrochemical 

reactor. This single-compartment cell comprised a 

BDD anode (Adamant Technologies SA, 

Switzerland; B/C 1000 ppm) with an active 

working area of 18 cm2, and a stainless steel 

cathode. The liquid holdup was 200 mL, the 

reactor contents were magnetically stirred and runs 

were conducted at ambient temperature. 

 

Figure 1 presents time series charts for influent 

and effluent concentrations of COD for the OG-P 

and OG-U units. Effluent concentrations were 

corrected as rainfall and ET volumes have been 

removed. During these first months of operation, 

the pilot-scale CWs operated with HRTs of 4 days, 

and mean influent COD concentrations were 2600 

mg/L (ranging from 1050 to 4800 mg/L), 2600 

mg/L (ranging from 880 to 5370 mg/L) for OG-P 

and OG-U, respectively. The mean total COD 

removal efficiencies recorded in OG-P, OG-U 

were 70% and 65%, respectively. Both units 

showed similar fluctuations in COD removal 

efficiency at the beginning of the experiment due 

to the CWs commissioning phase [3] and also 

during autumn and winter, as atmospheric 

temperatures decreased. y. 
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(b) 
Figure 1. Time series charts for COD removal in: (a) 

OG-P and (b) OG-U. 
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Temperature dependence for COD removal 

implies that organic matter removal is mostly a 

result of aerobic and anaerobic bacterial activity 

[4], as bacteria increase their function when air 

temperature rises. The observed dependency of 

COD removal efficiency on influent concentration 

was expected, since microbes cannot degrade very 

high organic matter concentrations and at the same 

time, reeds cannot provide the oxygen 

concentrations needed to degrade all the organic 

matter. The data, therefore, imply that in these 

pilot-scale CWs organic matter was removed by 

microbial activity. Mean total phenol 

concentration was 200 mg/L and mean removal 

efficiency was 76% and 70% for OG-P and OG-U, 

respectively. 

 

When electrochemical oxidation was used at a 

current density of 166 mA/cm2 without the 

addition of electrolyte, 99% color and 45-90% 

COD were removed from the wastewater in 240 

min respectively.. These results clearly point out 

the conceptual advantages of combined biological 

and chemical processes in treating efficiently table 

olive wastewater 
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In this work, the design and optimization of a photo-Fenton 
reactor is proposed. The UV-Vis lamp is immersed in the 
wastewater solution, whereas the Fenton-catalyst is covering 
the inner wall of the reactor, obtaining a direct irradiation from 
the lamp. The layer was prepared following a dip-coating 
method. Different solutions for the dip-coating technology have 
been studied, from goethite dispersions in water to different sol-
gel techniques for the preparation of iron oxides. Other 
parameters such as the velocity and number of coatings were 
evaluated for the elimination of complex mixtures of 
pharmaceutical compounds in urban wastewaters and effluents 
generated by hospitals.  

 
Introduction

The presence of pharmaceuticals in surface 
water, sewage treatment plant effluents (STP) and 
groundwater waters has been recently reported to 
be an environmental issue of great significance 
because of its consequences over ecosystems and 
human health. Thus, pharmaceutical compounds 
have been included among the so-called emerging 
pollutants [1]. Advanced Oxidation Processes 
(AOPs) have been demonstrated to be a good 
option for the removal of micro-contaminants 
from water systems. Particularly, the photo-Fenton 
process has shown to be effective as an alternative 
to remediate wastewaters containing this kind of 
contaminants and it can be used before or after 
conventional treatments [2,3. 

The immobilization of photo-Fenton active 
species over heterogeneous matrices has been 
extensively studied in order to overcome the 
recovery of the homogeneous iron ions. Although 
many examples of heterogeneous Fenton-like 
catalysts can be found in literature, they are 
usually employed as powders, being necessary an 
appropriate catalyst recovering process after the 
treatment. A different approach is the preparation 
of active photo-Fenton catalysts immobilized over 
different materials such as glass or polymers, from 
which stable coating films can be made [4]. 
Recently, the authors proposed a dip-coating 
procedure for the immobilization of goethite 
catalyst as layer on the wall of a photo-Fenton 
reactor. That system exhibited a remarkable 
activity in the degradation of different 

pharmaceutical compounds in aqueous solutions 
[5]. In this work, the design and optimization of an 
improved photo-Fenton reactor based on a 
previous one reported elsewhere is proposed [6]. 
The main change is the catalyst location, obtaining 
a better irradiation of the catalytic layer form the 
UV-Vis lamp. Finally, this work reports the results 
obtained with the immobilized system in the 
degradation of a mixture of 10 pharmaceutical 
compounds in aqueous solution. 

Experimental and Methods 

Ten pharmaceuticals representative of different 
drug groups were selected as model pollutants 
(Table 1) for the assessment of the heterogeneous 
photo-Fenton process using an immobilized 
catalyst. The pharmaceutical wastewater was 
prepared by simultaneous dissolution of 50 µgL-1 
of each pharmaceutical compound in methanol 
with ultrapure water. 

The experimental set-up for the photo-Fenton 
reactor was a batch-type annular reactor consisted 
of a vessel of 5.5 cm of diameter in which an inner 
glass tube containing the UV-Visible lamp (4.5 cm 
of diameter) was immersed. The irradiation source 
was provided by a 150W medium pressure 
mercury lamp TQ-150 from Heraeus. It was 
located inside of the inner tube reactor, separated 
from the problem solution. The lamp was 
surrounded by a Cu2SO4 filter solution which 
blocks wavelengths shorter than 300 nm and 
avoids overheating. The pharmaceutical solution 

Cooler out

UV-Visible lamp

Cooler  in

FEED TANK

Fenton-like
catalyst
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was located in the annular space between the inner 

tube and the vessel, whereas the immobilized 

catalyst coated the wall of the reactor vessel in 

contact with the pharmaceutical aqueous solution. 

The experimental set up operated in a closed 

recirculating circuit driven by a peristaltic pump 

(1.8 L/s), with a stirred reservoir tank of 1 L 

volume equipped with a device for the withdrawal 

of the samples at certain times of reaction. 

 

Table 1. Pharmaceutical compounds evaluated hereby 

Compound  Group 

4-Acetamidoantipyrine 4AAA Antipyretic 

Atenolol ATN β-blocker 

Caffeine CFN Stimulant 

Carbamazepine CZP Anticonvulsant 

Gemfibrozil GFZ Lipid regulant 

Hidrochlorotiazide HCT Diuretic 

Ibuprofene IBP Anti 

inflammatory 

Progesterone PGT Steroid 

hormone 

Sulfamethoxazole SMX Antibiotic 

Sulpiride SPD Antipsychotic 

 

A scheme of the photo-reactor, the UV-Vis lamp 

and the goethite film is shown in Figure 1. 

 

 

Figure 1. Scheme of the photo-Fenton system used for 

the degradation of the pharmaceutical compounds. 

 

This reactor has been re-designed in order to 

achieve a maximum irradiation of the catalyst 

layer. Thus, the UV-Vis lamp is immersed in the 

wastewater solution, whereas the Fenton-catalyst 

layer is covering the wall of the reactor, obtaining 

a direct irradiation from the lamp. The continuous 

inlet and outlet stream allows the evaluation of the 

stability of the layer not only in terms of iron 

leaching to the solution but physical damage of the 

catalyst layer due to the hydrodynamics of the 

system.  

In a typical run, 1 L of the pharmaceutical 

solution and the hydrogen peroxide was placed in 

the feed tank. The H2O2 concentration (ca. 410 

mgL-1) corresponds to the stoichiometric amount 

(100%) for the theoretical complete mineralization 

of the initial total organic carbon (TOC, ca. 80 

mgL-1) towards CO2, following reaction 1.  

C + 2 H2O2  CO2 + 2 H2O (1) 

The concentration of the pharmaceutical 

compounds was monitorized by means of by LC-

MS/MS triple quadrupole mass spectrometer 

(Varian325-MS, Agilen/California) using vortex 

electrospray ionization interface. The analytical 

method is described in detail elsewhere [7]. The 

hydrogen peroxide concentration was measured by 

iodometric titration. 

The immobilization of the iron-catalyst was 

carried out by a dip-coating procedure similar to 

that reported elsewhere [6]. In order to obtain a 

good adhesion of the catalyst layer, prior to the 

coating process, the glass tube was cleaned with 

water and followed by an ultrasonic bath for 30 

minutes. Then, the tube was immersed in a 

KOH/isopropanol bath solution (200 mgL-1 in 

KOH) for 24 hours. The tube was then cleaned 

with water and dried at 100 ºC for 10 minutes. 

Subsequently, it was immersed into an aqueous 

goethite suspension (15 gL-1) at natural pH which 

was continuously stirred during the dip-coating 

process. Additionally, a sol-gel solution were 

prepared and used as immersed medium for the 

dip-coating method in order to obtain Fenton like 

catalyst highly active and stable in the degradation 

of the pharmaceutical compounds in aqueous 

solutions. It is important to point out that the 

concentrations of the pharmaceutical compounds 

evaluated hereby, are within the range usually 

found in the wastewater treatment plants and in the 

effluents generated by hospitals. The sol-gel 

technique was a modification of a sol-gel method 

proposed by Mazeck et al. [6] for the preparation 

of Fe2O3 optical coatings for electrochromic 

devices. The solution for the dip coating was 

prepared using a FeCl3·6H2O aqueous solution as 

precursor, basified with NH3 and finally re-

suspended by peptization with glacial acetic acid.  

Results and Conclusions 

Figure 2 shows the wall of the photo-reactor 
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covered with the iron-catalyst prepared by the sol-

gel method (hematite) and the goethite after 

thermal treatment at 200 ºC. As it can be seen a 

homogeneous layer is formed in both cases. The 

layer obtained by immersion in the sol-gel is a 

continuous film in which the individual particles 

are indistinguishable. In the case of the film 

prepared from the goethite dispersion, a dense 

agglomeration of goethite particles is formed. 

 

 

Figure 2. Iron-based layer after the dip-coating 
process a) from hematite prepared by a sol-gel method 

and b) from a goethite dispersion 

 

The activity of the immobilized catalytic layers 

was tested in the degradation of a mixture of ten 

selected pharmaceutical compounds with 

concentration of 50 μgL-1 each. Figure 3 shows the 

degradation of each pharmaceutical compound 

after 3h and 6 h of treatment. 

As it can be seen, the results with both type of 

catalyst layers are very similar, obtaining a 

remarkable degradation of the pharmaceuticals 

even after 3 hours (especially for HCT, SMX and 

SPD). These chemicals are degraded in more than 

90% after 6 h, whereas GPZ and IBP are degraded 

up to 70-75 % and the others in values between 

30-50 %. Regarding to the stability of the layer, it 

should be mentioned that the catalyst prepared by 

a sol-gel based immersion solution was extremely 

stable to physical stress showing not damage 

during the reaction or manipulation of the reactor. 

On the other hand, the goethite layer was stable 

during operation and it was not affected by the 

hydrodynamic of the system (continuous flow of 

the solution over the layer). However, it was 

relatively fragile to physical damage, being altered 

by scratching of the surface occurring during 

assembly or cleaning the reactor. 

 

Figure 3. Activity of the photo-reactor with different 
catalytic layers after a) 3 hours and b) 6 hour for the  

evaluated pharmaceutical compounds in terms of TOC 

conversion (%).  

 

As conclusion, it should be remarked that the 

proposed photo-Fenton reactor represents a great 

improvement of similar layer-wall photo-Fenton 

reactors published in literature. Additionally, the 

preparation of the catalytic layer based on a dip-

coating method with a sol-gel solution allows the 

preparation of Fenton-like catalytic films with 

remarkable properties in terms of activity and 

extremely stability during operation. 
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Modified Fenton Chemistry to Remediate Groundwater Contaminated by 
Commercial Gasoline/Ethanol Blend:approaches to applyH2O2
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Modified Fenton chemistry was investigated for In Situ 
Chemical Oxidation for remediation of groundwater 
contaminated by gasoline/ethanol blend. Experiments used 
natural groundwater, and oxisoil with high iron concentration. 
Gasoline used on this study contained high ethanol fraction, 
which generated a plume with elevated organic carbon 
concentration and increased the solubility of the BTEX. Were
tested two different approaches to apply H2O2: using liquid 
H2O2, and using CaO2 that slowly releases H2O2 on
groundwater. Results showed that CaO2 is more effective for 
DOC degradation, achieving 48% removal in 7 days of 
experiment. For BTEX, both approaches, and even the soil 
control presented results below detection limits in an hour of 
reaction.

Introduction

The increased fraction of the population depend
ent on groundwater as the main source of supply 
created a fragile scenery where groundwater 
contamination has become an environmental 
concern. In Europe groundwater contamination by 
fuels is the cause of 15% soil contamination 
registers [1]. Brazilian gasoline/ethanol blend has 
an important characteristic due the constant 
increase of ethanol fraction, that nowadays is 28-
30%.

The addition of ethanol to gasoline/ethanol blend
has important impacts on their behaviour on 
groundwater. Compounds (e.g., benzene, toluene, 
ethylbenzene and xylene) increase its solubility on 
water in presence of ethanol [3, 4], and they 
become less biodegradable [3, 5] once all 
dissolved oxygen is used for ethanol, that is 
preferentially degraded.

Oxidation is currently been used for remediation 
of contaminated groundwater and the In Situ 
Chemical Oxidation (ISCO) technique involves 
the use of oxidants on the soil. ISCO is an
effective technology to remediate groundwater 
contaminated by gasoline, and it is important to 
test different oxidants. Modified Fenton chemistry 
can be used such as ISCO since the reaction of
H2O2 can occur by the natural iron oxides present 
on the soil. Recent studies suggest that the process 
can be effective, however H2O2 can be readily 
scavenged. A different approach instead using 
liquid H2O2 is to use compounds that releases 
H2O2 (e.g., Na2CO3, MgO2, CaO2) [6]. In this 
systems the use of CaO2, for example, slowly 

releases H2O2 in contact with water as presented 
by the Equation 1.

CaO2 + 2 H2O  →  Ca(OH)2(s) + H2O2 Eq.[1]

This work presents two different approaches for 
Modified Fenton Chemistry in soils rich in iron
oxide, to clarify the more applicable oxidant:
liquid H2O2 or CaO2, to promote ISCO reaction for 
groundwater remediation contaminated by
gasoline/ethanol blend.

Methodology

The experiments were carried out using an 
oxisoil samples and natural groundwater both from 
the region of Minas Gerais, Brazil. This is a 
mining region which soil presents abundant 
hematite and low organic matter.

The contaminated plume was prepared by the 
dissolution of 10% (v/v) Brazillian commercial 
gasoline/ethanol blend in natural groundwater
samples. This mixture was agitated for 10 minutes, 
150 rpm at 25±2oC, and the fraction soluble on the 
groundwater was collected and named as “gasoline 
groundwater”.

For the oxidation tests, 250 mL reactors were 
filled with 200 mL gasoline groundwater, and 20 
g.L-1 of the oxisoil. The oxidants H2O2 (Fmaia)
and CaO2 (Sigma-Aldrich) were added (20 g.L-1),
and the reactors were kept on a shaker at 150 rpm 
at 25±2oC during 14 days. A soil control (oxisoil + 
gasoline groundwater) and a control (just gasoline 
groundwater) were also analysed.

Redox Potential (Sanxin SX630) and pH 
(Digimed DM-22) were analysed directly on the 

Fe3+ + H2O2 → Fe2+  +  H+ + HO2

CaO2 Liquid H2O2
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reactor and H2O2 consumption and formation were 
analysed using a spectrophotometric method [7]. 
Samples were taken, filtered in 0,45 µm 
nitrocellulose membrane and analysed by 
Dissolved Organic Cabon- DOC (Shimadzu) and 
BTEX (GC-17A Shimadzu). For BTEX extraction 
was used a dispersive liquid-liquid microextraction 
adapted methodology [8]. 

Results and Discussion 

The contaminated plume, gasoline groundwater 
was characterized and the results are presented at 
Table 1. 

Table 1. Characterization of gasoline groundwater . 

 

 

 

 

Parameter Result Unit 

DOC 12,315 mg.L-1 

pH 9.6 - 

Eh 0,293 V 

Benzene 6.67 µg.L-1 

Toluene 8.53 µg.L-1 

Ethylbenzene 17.79 µg.L-1 

Xylene 10.96 µg.L-1 

Results presented shows that the plume has a 
high concentration of organic carbon, but only 
0.0002% originates from benzene, toluene, 
ethylbenzene and xylene. This high organic 
concentration can be explained by the dissolution 
of ethanol, which nowadays represent 28-30% 
(v/v) in this sample of gasoline/ethanol blend. 
Results also show that the dissolution of 
gasoline/ethanol blend increases the pH (6.12 for 
pure groundwater), and reduced the Eh compared 
with the natural groundwater (0.458 V) explained 
by dissolution of organic matter that reduced the 
oxidative capacity of the solution. 

H2O2 consumption and production was measured 
on the reactor and the results are shown in Figure 
1. As can be observed, the reactor that used liquid 
H2O2 had a decrease of 50% H2O2 on the first 
minutes. This characteristic is not favorable for 
ISCO technique once requires an adequate time to 
spread the oxidant for all over the contaminated 
plume. On the other hand, tests with CaO2 slowly 
increased H2O2 concentrations due to oxidant 
dissolution and then start to decrease as a 
consequence of oxidation process.  

CaO2 dissolution can also be observed on Figure 2 
and Figure 3 that present the pH and the Eh on the 
reactor, respectively.  
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Figure 1. H2O2 consumption and production measured 
on the oxidation reactor for the experiments using liquid  
H2O2 and CaO2. 

The pH of CaO2 reactor, increases due to the 
basic character of the compound and the redox 
potential is low (but positive), so CaO2, can be 
considered a basic oxidant. For the reactor using 
liquid H2O2, pH has become acid and the redox 
potential is higher than on the other reactor.  
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Figure 2. Measured pH versus time in the oxidation 
reactors using liquid H2O2 and CaO2. 
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 Figure 3. Redox Potential measured on the reactors. 

As presented in Table 1, the gasoline 
groundwater used in this research has low BTEX 
concentration and with one hour of reaction, 
BTEX already were below detection limits for the 
experiments using liquid H2O2, CaO2 and even for 
the “soil control”. The control without soil or 

https://www.google.com.br/search?rlz=1C1ASUT_pt-BRUS503US503&es_sm=93&q=Ethylbenzene&spell=1&sa=X&ei=YPdRVdyjIOS0sATZq4DoDw&ved=0CBoQvwUoAA
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oxidants kept the same concentration, even with 
more than 14 days of experiment. 

About dissolved organic carbon, experiments 
showed that CaO2 is a better oxidant when 
compared to liquid H2O2 in Modified Fenton 
(Figure 4). 
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 Figure 5. Dissolved organic carbon removal on day 7. 

It seems like the slow release of H2O2 on the 
system prevents it loss and maintain oxidation 
reactions over a longer period. It is possible that 
the excess of H2O2 on experiment using liquid 
H2O2 caused the disproportionation of H2O2 that 
produces H2O and O2. Similar results was obtained 
using CaO2 on Modified Fenton for PCE 
degradation [6]. The authors also found that is 
possible to control CaO2 dissolution by controlling 
the pH of the solution.  

For both oxidants, it is notorious that the 
systems contain hydrogen peroxide (Figure 1), 
showing oxidative condition (Figure 3), but still 
has a large amount of organic carbon. A possible 
explanation for low efficiency on this tests is that 
the formation of •OH is not beign properly 
activated by natural iron of soil due to its low 
solubility on water. The use chelants can increase 
the solubility, improving the process [6]. 

Besides presenting the best results in these 
experiments, the choice of CaO2 as oxidant for the 
groundwater remediation contaminated by 
gasoline/ethanol blend is also interesting once this 
compound is considered an oxygen releasing 
compound [9]. The slowly degradation of H2O2 in 
groundwater increases the concentration of 
dissolved oxygen in the environment enabling 
aerobic biodegradation process to occur in parallel 
[10].  

Conclusions 

Modified Fenton chemistry can be used as ISCO 
for remediation of groundwater contaminated by 
gasoline/ethanol blend. The use of CaO2, that 
slowly releases H2O2 showed better result than 

using liquid peroxide. The process achieved 48% 
DOC removal in 7 days and BTEX was bellow 
detection limits in an hour of reaction. It is 
possible that the use of chelants improves the 
efficiency of the process, allowing better Fe3+ 
solubilization in the aqueous phase.  
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.  

  
Textile wastewaters contain dyes, salts and other chemicals which 
contribute to wastewater’s acute toxicity. Biological treatment only 
is usually not effective to remove organic, color content and 
ecotoxicity. Therefore, Advanced Oxidation Processes (AOPs), 
particularly photo-Fenton systems, have been widely tested as 
single or complimentary treatment systems, although, the potential 
to reduce toxicity of AOPs is controversial. The present work 
monitors toxicity during the reaction of textile wastewater 
treatment through solar-photo-Fenton. The treatment was able to 
reduce dissolved organic carbon (DOC) and achieved complete 
color removal. Toxicity has also been removed, but it has shown 
great variation during reaction due to the formation of different 
organic compounds.  
 
 

 
 

1. BACKGROUND 

Textile industry is traditionally known for its 
pollution intensive production processes which 
require a large amount of chemicals, water and 
energy [1].Most of the dyes applied in the textile 
processes are non-biodegradable as a result of their 
high molecular weight and complex structures [2], 
andsome of them are proved to be toxic, such as 
the azo dyes[3]. It is estimated that up to 50% of 
dyes may be present in the final wastewater[4], 
thus increasing its potential toxicity. 

Untreated textile wastewaters’ toxicity may be 
extremely harmful to the environment. Problems 
such as aquatic life damage and 
acceleratedgenotoxicity and microtoxicity have 
been detected as indirecteffects of the presence of 
dyes in the environment[5]. Even further, repeated 
exposure to these chemicals may induce immune 
suppression, respiratory problemsand allergies, 
between others[6].Moreover, due to their non-
biodegradability and toxicity, biological treatment 
usually fails todegrade dye components[7], 
resulting in smaller organic molecules which may 
increase wastewater toxicity [1].  

In the light of the above, the application of 
Advanced Oxidation Processes (AOPs), as single, 
pre or post-bio treatment, emerges as an 
interesting alternative when aiming at 
improvement of final wastewater and toxicity 
removal. AOPs are known for their ability of 
degrading recalcitrant pollutants, such as dyes, 
through the formation of extremely reactive non-

selective radicals [8]. Although, their potential to 
reduce toxicity is controversial [1] and require 
attentive case-by-case analysis, especially 
regarding time of reaction as detected by Trovó et 
al. (2012)[9].In fact, the number of studies 
regarding AOPs and toxicity has greatly increased 
over the past years [10]. 

One of the most applied AOP processes is 
photo-Fenton, which has been pointed out as a 
cost-effective option for degradation of textile 
wastewaters [11]. In this system, iron oxides 
catalyze the reaction forming hydroxyl radicals 
(� OH) in the presence of UV or UV-Vis spectrum. 
Recently, solar spectrum has been pointed out as a 
promising technology for industrial wastewater 
treatment through Solar-photo-Fenton processes, 
decreasing operational costs [12]. 

Punzi et al (2015) [13] havereduced acute 
toxicity of azo dye through photo-Fenton 
treatment. However, works that deal with real 
textile wastewater face different challenges, 
concerning the variety of presentchemicals. 

In this study, acute toxicity was evaluated for 
real textile wastewater treated by solar-photo-
Fenton-process. 

2. OBJECTIVES 

The aim of this work is to monitor real textile 
wastewater acute toxicity before and during solar-
photo-Fenton treatment, using optimal conditions 
obtained through factorial design. 

3. METHODS 

PP2- 44



2 

Textile wastewater was collected right after the 

rinsing step, where cotton and viscose recently 

dyed tissues are washed so that hydrolyzed non-

adhered dye is removed from fabrics. Samples 

were characterized for Chemical Oxygen Demand 

(COD, mg O2.L
-1), andpHaccording to APHA 

(2005)[14], Total Carbon (TC; mg.L-1) and 

Dissolved Organic Carbon (COD; mg.L-

1,,Shimadzu Total Organic Carbon Analyzer. Color 

was also evaluated in a scanning 

spectrophotometer (200-900nm-Perkyn 

Elmer).Also, ionic concentration of chloride, 

nitrate, nitrite, phosphate and sulfate were 

determined by ion chromatography (850 

Professional IC Metrohm) following APHA 

(2005) standard procedures.  

Solar photo-Fenton experiments were conducted 

in a CPC solar photo reactor, which was projected 

according to Malato et al., [15]. The total volume 

of this reactor is 35L, with a borosilicate glass 

tubes and aluminum parables. A radiometer is 

attached to the reactor (CMP10 Kipp & Zonnen), 

so that accumulated radiation may be quantified 

and converted to W.L-1 according to Equation 1: 

QUV,n = QUV,n−1 + ΔtnUV̅̅ ̅̅ G,n
Ar

Vt
        (Eq. 1) 

Solar foto-Fenton reactions were performed 

following a factorial planning in which maximum 

iron (II) and hydrogen peroxide concentrations 

varied from, respectively, 4-20 mg.L-1and 100-

500mg.L-1and pH was pre-adjusted to 3. Reactions 

were performed for 5 hours, usually from 10am–

3pm during Brazilian summer days (Dec-Feb). 

DOC, color removal and H2O2 consumption 

[16]were monitored during each experiment. 

Acute toxicity tests were performed using 

Microtox ®, which is a highly recognized 

bioassaythat measures sensibility of marine 

photobacteriumAllivibriofischeriafter 5, 15 and 30 

minutes[10]. Results are given in (Effective 

Concentration) (EC50) and converted 

a.T.Uacoording toEquation 2: 

a.T.U. = 100/EC50  (Eq. 2) 

4. RESULTS  

Factorial planning results of each condition 

tested are shown in Table 1.The second condition 

tested was the one which achieved best results. 

Therefore toxicity tests were performed with 

samples taken during this experiment. Figure 2 

shows color, DOC removal and H2O2 consumption 

for this condition. 

Table 1. Conditions tested and removal 

efficiencies (%) of DOC and color. 

Chemicalsconcentration 

(mg.L-1) 

Removal 

(%) W/m2* 

H2O2 Fe2+ Fe2+:H2O2 DOC  Color  

500 4 0.008 46 100 41.6 

500 20 0.04 96 100 37.5 

100 4 0.04 14 80 45.3 

100 20 0.2 45 86 41.3 

300 12 0.04 46 100 39.1 

*Average radiation value during 5h of reaction. 

 

Figure 2-DOC and color removal and H2O2 

consumption related to accumulated energy for the 

best condition tested. Picture of samples taken 

during reaction (bottom). 

As expected, the kinetic of color removal was 

faster than DOC removal, probably due to the 

degradation of dye chromophores into 

intermediated organic molecules, before they were 

all degraded to ultimate degradation products[3, 

17].Intermediate products of degradation may 

show lower or greater acute toxicity when 

compared to original compounds[1, 9].  

Figure 3 shows DOC and color removal related 

to acute toxicity (a.T.U). Solar-photo-Fenton has 

removed wastewater toxicity after 300 minutes of 

reaction. However, during the reaction acute a.T.U 

values vary from 1 to 8. When considering DOC 

and acute toxicity values, it is clear that formed 

intermediate products are more toxic than original 

dye compounds and ultimate degradation products, 

once toxicity has increased after 150’ of reaction, 

and then decreased towards the end of the 

treatment. 
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Figure 3. DOC and color removal related to acute 
toxicity during solar-photo-Fenton reaction. 

On the other hand, color removal has no effect 

upon acute toxicity since its removal happens 

simultaneously to acute toxicity value increase 

(120’). Therefore toxicity may be related only to 

organic matter composition, but not directly to the 

presence or absence of color. 

5. CONCLUSIONS  

The present work shows that solar-photo-Fenton 

has been effective on the treatment of textile 

wastewater showing satisfactory removal of DOC, 

color and acute toxicity. 

Acute toxicity value increases during the 

treatment, due to the formation of toxic 

intermediate compounds and then decreases. This 

reinforces the importance of monitoring acute 

toxicity during the AOPs reactions. 
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Figure 1. Degradation of 5-fluorouracil by photo-
Fenton, TiO2 and photolysis treatment ,at 20min of 
irradiation. 

In this study the investigation of the homogeneous 
photocatalytic treatment of the antineoplasmatic 
drug 5-fluorouracil by photo-Fenton reaction has 
been carried out. The effect of various parameters 
like the initial concentration of 5-fluorouracil, the 
concentration of Fe3+ or H2O2 was studied.  The 
rate of degradation was also compared to the rate 
achieved by using heterogeneous photocatalysis, 
and it appeared to be slightly higher.  The 
degradation kinetics appear to follow the first-
order kinetic law. The transformation products that 
are produced during the photocatalytic treatment of 
the studied drug were also identified by means of 
liquid chromatography coupled with mass 
spectrometry (LC-MS).  

In the last years, cytostatic drugs’ demand in 
developed countries has grown considerably, due 
to the high incidence of cancer [1-3]. Given the 
concern over the risk posed by the presence of 
these compounds in water bodies, and hence the 
possible impacts on public health and aquatic 
ecosystems a great deal of research is being 
carried out on technologies for their removal[4].   

Among them, photo-Fenton process has been 
intensively studied and seems to be a promising 
technique for treating waters contaminated with 
highly recalcitrant organic contaminants, like 
cytostatic drugs, because of its high efficiency and 
cost effectiveness compared with other advanced 
oxidation processes (AOPs)[5].  

Under this light, the application of photo-Fenton 
reaction (Fe3+/H2O2/solar radiation) for the 
degradation of 5-fluorouracil (one of the most 
commonly used cytostatic drugs worldwide) in 
aqueous matrices has been explored. The scope 
was to evaluate and to optimize the effects of most 
influenced parameters, such as initial substrate 
concentration, iron concentration and peroxide 
concentration. Moreover, in order to elucidate the 
mechanistic details of the photo-Fenton assisted 
photodegradation of 5-fluorouracil under 
simulated solar irradiation, the intermediates that 
are formed during treatment were identified using 
LC/MS techniques.  

5-fluorouracil analytical grade (99% purity) was 
purchased by Tokyo Chemical industry and was 

used without any further purification. Hydrogen 
peroxide (30%) was obtained from Panreac and 
ferric sulfate Fe2(SO4)3.7H2O were supplied by 
Riedel-de-Haen and were used as received. LC-
MS grade solvents (methanol/water) were supplied 
by Merck. HCl and NaOH were used to adjust the 
pH when necessary. Ultra-pure water was used for 
the preparation of all solutions throughout the 
experimental work.  

Irradiation experiments were carried out in a 
Suntest CPS+ apparatus (Heraeus Germany) 
simulating natural sunlight irradiation. The light 
source was an air-cooled xenon lamp (2.2 kW) 
jacked with special glass filters restricting the 
transmission of wavelengths below 290 nm. A tap 
water cooling circuit maintained the temperature at 
25±1oC. In a typical photocatalytic run 100 ml of 
5-fluorouracil solution with initial concentration at 
10 mg/L were put in the reactor with the 
appropriate amount of iron. The pH was adjusted 
at the beginning of the experimental procedure. 
The reaction was initiated by adding the 
appropriate amount of hydrogen peroxide followed 
by switching on the lamp. At specific time 
intervals, samples were withdrawn from the 
reactor, were filtered through a 0.22 mm cellulose 
membrane filter (MF-Millipore™ Membrane 
Filters, 13 mm, Bedford, USA) and then used for 
further analysis. 

5-fluorouracil and transformation products (TPs) 
concentration was determined by a Shimadzu 
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liquid chromatograph with a PDA detector 

coupled in series with a MS detector (LCMS-2010 

EV) equipped with an atmospheric pressure 

electrospray ionisation source (ESI). The mobile 

phase was H2O-HCOOH 0,1% (A) and MeOH-

HCOOH 0,1% (B) with flow rate 0.4 ml/min. 

Analysis was conducted using the ESI interface in 

negative ionization mode and a linear gradient 

elution. 

Preliminary studies showed that 5-fluorouracil 

can be completely removed within 45 min using 

the photo-Fenton reaction. Comparison between 

photo-Fenton and heterogeneous photocatalysis 

treatment (TiO2-Degussa P-25 in suspension) 

proved that treatment in the presence TiO2 

nanoparticles appeared to proceed with a slower 

rate. Additionally, the contribution of direct 

photolysis to the photocatalytic treatment was also 

investigated and it was considered negligible.  

Table 1. Rate constants (k), linear regression 

coefficients (R2) and half lives (t1/2) of photo-

Fenton, TiO2 and photolysis degradation. 

Co(drug)=10 mg L-1, [Fe3+]=4.7 mg L-1, 

[H2O2]=60 mg L-1, [TiO2]=400 mg L-1. 

Catalyst k (min-1) R2 t1/2 (min) 
photo-

fenton 
0.088 0.99 7.9 

TiO2 0.064 0.98 10.8 

photolysis 0.005 0.97 138.6 

    

The photocatalytic degradation of most organic 

substances follows first order kinetics. In order to 

evaluate the kinetics of the drug degradation using 

the photo-Fenton reaction, the logarithm of the 

ratio of the initial concentration of the drug to a 

concentration at a given time vs time was plotted 

(figure 2) [6]. The linear regression appears to fit 

well (Table 1) and consequently 5-fluorouracil 

oxidation follows first order kinetic law. The rate 

constants were calculated by the slope of the line 

obtained. 

In order to set the optimal conditions for the 

photocatalytic treatment of the selected drug, 

different factors that affect the photo-Fenton 

reaction like the  initial concentration of 5-

fluorouracil, initial concentration of H2O2 and the 

concentration of Fe3+ were evaluated. 

Increase of hydrogen peroxide causes increase of 

the reaction rate up to a level that corresponds to 

the optimum concentration. Further increase of the 

oxidant causes a slight decrease of the reaction 

rate due to hydroxyl radical scavenging effect of 

H2O2 and the recombination of hydroxyl radicals 

as well. 

 
Figure 2. Linearalised kinetic plot of lnCo/C vs 

time (t). Co(drug)=10 mg L-1, [Fe3+]=4.7 mg L-1, 

[H2O2]=60 mg L-1, pH=2.8. 

In order to study the effect of iron concentration, 

experiments were conducted at different initial 

concentration of Fe3+ species. Increase of Fe3+ 

concentration causes also an increase of the 

reaction rate (figure 3). Since ferric ions are 

photoreduced to ferrous ions during treatment, and 

the latter are the main species that can catalyze 

hydrogen peroxide to produce hydroxyl radicals, 

the amount of ferric ions added is directly 

proportional to the hydroxyl radicals produced and 

consequently to the photocatalytic degradation rate 

of the selected drug. 

 

 
Figure 3. Effect of iron concentration. 

Co(drug)=10 mg L-1, [H2O2]= 60mg L-1, pH=2.8, k 

calculated for 20min. 

In order to study the effect of the initial 

concentration of the drug, experiments were 

carried out at different 5-fluorouracil 

concentrations varying from 1.5 to 20 mg/L. 

Increase of the initial concentration of the drug 

causes a decrease of the reaction rate since the 

same amount of hydroxyl radicals produced are 

available for more drug molecules.  

Finally, the transformation products generated 

during the treatment were identified and 

characterized by means of liquid chromatography 

coupled to high resolution mass spectrometry. 

Two hydroxylated products were identified during 
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photocatalytic treatment of 5-fluorouracil. 

Consequently, hydroxylation appears to be the 

main phototransformation pathway. 

  

 

 
 

Figure 4. Transformation products of 5-fluorouracil 

generated during photo-Fenton treatment . 
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This work aimed to evaluate the biodiesel wastewater 

treatment by multistage systems combining moving bed 
biofilm reactor (MBBR) with photo-Fenton process. Biodiesel 
wastewater contains high organic matter (TOC> 1,000 mg L-

1, and COD> 3,500 mg.L-1). MBBR process achieved 69% of 
COD removal and 70% of TOC. The photo-Fenton 90% and 
56% of TOC removal. The multistage treatment system 
showed an overall efficiency of 97% for COD removal and 
89% for TOC removal. Optimized conditions by factorial 
planning showed the use of a MBBR reactor with (sludge old 
of 30 days and 250 mg.L-1 Fe and 800 mg.L H2O2 for photo-
Fenton. It performed an acute ecotoxicity test with the 
luminescent marine bacterium Fischeri Aliivibrio in raw 
wastewater in the sample post MBBR biological processes 
and a test sample of the best results of the processes of  photo-
Fenton, peroxidation / UV and photolysis.   

  
INTRODUCTION  

Biofuels offer some benefits compared to fossil 
fuels, such as reducing the emission of gases that 
cause the greenhouse effect, high availability from 
common sources, features non-polluting, 
biodegradable and contribute to sustainability [1]. 
Biodiesel may be generated by converting biomass 
(oil vegetable or animal fat) in a reaction in the 
presence of a catalyst, and an alcohol, usually 
methanol, obtaining as by-product glycerin [2]  

In this process production, using conventional 
alkaline transesterification, the steps of washing and 
purification takes at least 3 liters of water per liter of 
biodiesel produced [3]. This wastewater is 
characterized by high levels of organic matter 
(COD=30,900 –  16,500 mg.L-1), pH (7-10) and oil 
and greases (500 –  6,000 mg.L-1) [4-6].  

The efficiency of the advance d oxidation process 
of organic contaminants is considerably increased in 
the presence of UV or visible irradiation[7]. The 

Fenton reaction when combined with ultraviolet 
(UV) increases the rate of pollutantsdegradation due 
to photo-reduction of ferric iron (Fe3+).  

The biological moving bed reactor also known as 
Moving Bed Biofilm Reactor (MBBR) can 
contribute to increase the treatment efficiency of 
wastewater difficult to degrade. MBBR anaerobic 
biological processes, followed by aerobic MBBR 
and finalized by ozonation assisted hydrogen 
peroxide treatment for the effluent with a 
pharmaceutical initial COD 6,800 mg.L-1. The 
entire system reached 99%, and 98% efficiency for 
the removal of COD and color, respectively.  

Optimization of the conditions in AOP systems 
can lead the cost reduction of these processes. Since 
the iron dosage should be evaluated for each system 
as the geometry of the reactor used [10] due the 
increased concentration of iron increases the 
reaction rate.   

This relationship, however, is not proportional 
since the excessive iron can inhibit scattering of the 
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radiation in the reaction medium, besides 

functioning as a scavenger of radicals formed and 

generate excess sludge after treatment.  

METHODOLOGY  

The real biodiesel wastewater used in this study 

came from amill with average production in 150 m³. 

day-1 in 2014. The wastewaters were obtained from 

the process of biodiesel purification through the 

transesterification alkaline (methanol and KOH), 

and sample after acidification step andthe oil/water 

separator system. The company operates in 

continuous flow, and using as main raw material 

soybean and cotton oil and animal fat.  

The Moving Bed Biofilm Reactor (MBBR)was 

designed with a cylindricalreactor with volume of  

9 liters, with feed flow ofbiodiesel wastewater and 

recirculationflow, after secondary decanter,of 1.0 

L.h-1, and sludge discharge of 0.3 mL.d-1. The 

system was operated with aerobic sewage sludge 

from a Municipal Wastewater Treatment Plan 

(MWTP). The MBBR system was operated for 90 

days. It was used 30% of the volume of the reactor 

filled with media suppliers and hydraulic retention 

time of 9 hours. After 90 days the other stage system 

(photo-Fenton) was linked to the MBBR system.  

In order to optimize the condition of the 

photoFenton process, effects of [Fe2+] and [H2O2] 

on the TOC removal was evaluated using factorial 

planning, with triplicate in pH 3.0+0.2. Thus, the 

experiments were performed at three different 

Fe2+concentration values (250, 375 and 500 mg.L1) 

and in three different H2O2 concentration values 

(800, 1.150 and 1.500 mg.L-1).   

The tests of the advanced oxidation process photo- 

Fenton were performed in a photo commercial 

reactor with UV light (254 nm) of mercury vapour, 

power of 7 watts (Fuper Pond, MODELOCUV-7) 

with a light intensity of 3,49x10-5 Einstein.min-1, 

linked at the peristaltic pump (Irovitec) with a flow 

rate of 1.5 L.h-1 to recirculation of the wastewater 

during 180 minutes. At the end of the experiment 

the wastewater treated was neutralized, using 1.0 M 

of NaOH. The hydrogen peroxide consumption was 

accompaniedby ammonium metavanadate method 

as described by [8]. Samples were collected to 

evaluate the removal of COD and TOC.  

RESULTS AND DISCUSSION  

Were performed four sampling of biodiesel 

wastewater which has 250 liters, collected in 10 

hours of production (25 liters per hour).Table 1 

shows the characterization of each sample.  

Table 1.Biodiesel wastewater characterization  

Parameter 

(mg. L-1)  

 Sampling   

1st  2nd  3th  4th  
TOC  620  1.494  1.429  1.218  
COD  4,285  4,680  4,061  4,362  
BOD  1,460  2,142  1,624  1,733  

Oil and 

Grease  
1,186  1,986  1,345  1,547  

Turbidity  287  121  134  109  

The MBBR system achieved an average of removal 

of the 69% of COD and 70% of TOC, after 90 days. 

Table 2 shows the characterization of biodiesel 

wastewater treated by MBBR.  

Stage of photo-Fenton treatment were performed 

after the MBBR treatment. Figure 1 shows the 

response surface plots of COD removal at the 180 

minutes of reaction obtained in the factorial design.  

Table 2.Biodiesel wastewater treated by MBBR system  
Parameter 

(mg. L-1)  
 Operation days   

20  30  60  90  
TOC  456  851  575  365  
COD  1,955  1,440  1,555  1,832  
BOD  783  631  595  610  

A region covering the lower iron concentrations 

below 250 mg.L-1 and peroxide of less than 800 

mg.L-1 shows high removal of COD of over 90% for 

the photo-Fenton/UV process .  

  
Figure 1.Response surface plot of removal of COD (%) 

depending on the reagent concentrations used in the photo-

Fenton / UV process.  

Figure 2 shows the TOC removal efficiency of the 

photo-Fenton system which ranging between 20 and 

56%.  

  

Figure 2.Response surface plot of removal of 

TOC (%) depending on the reagent concentrations 

used in the photo-Fenton / UV process.  

In Figure 3 the response surface graph shows the 

consumption of H2O2. The consumption of 

hydrogen peroxide was in function of the initial 
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concentration of the Fenton reagents. The 

consumption of H2O2 was between 72 and 99% for 

the different experimental conditions. Photolysis 

tests were performed to evaluate the effect of the 

UV light in the organic matter removal. The results 

showed that these test had less than 30% of COD 

removal and a negligible value of the TOC removal.  

  

Figure 3. Graph response surface removal 

consumption of H2O2 (%) versus concentrations of 

reagents used in the process of photo –Fenton.  

Table 3 shows the results of EC50 after 30 minutes 

of exposure the samples in the test toxicity.  

Table 3. Test toxicity  
Sample  CE50 (30min.) %  Evaluatio 

Feed  4.5  
Toxic

n 
  

Post MBBR  --  No toxic  
Post photo-Fenton  66.4  Toxic  
Post  Photolysis  ---  No Toxic  

Post Peroxidation/ UV  3.20  Toxic  

Figure 4 shows the COD removal efficiency of the  

MBBR with assays using Photo-Fenton, 

peroxidation /UV and photolysis . Table 4 shows 

the characterization of biodiesel wastewater 

treated by MBBR post photo Fenton.  

  

Figure 4. Graph COD removal efficiency of 

testing combined  

CONCLUSION  

With this study can be proved that the COD present 

in the wastewater from biodiesel production can be 

removed through the photoFenton process / UV 

efficiencies higher than 90%. As described in the 

literature, the pH value great for the reaction of 

advanced oxidation processes is  

3.0 ± 0.2. The combined processes had an overall 

efficiency greater than 97% removal of COD and 

for TOC removal and 89% for TOC removal. 

However, the combined treated wastewater by 

biological process and Photo-Fenton / UV toxic 

presented, which can be attributed to the formation 

of any toxic by-product during application of 

advanced oxidation process.  

 Table 4. Characterization of biodiesel wastewater 

treated combined   

Parameters  Unity  Feed  
Post  

MBBR  
Post 

photo- 
Fenton  

TOC  mg.L-¹  1,171  440  26.2  
COD  mgO2.L-¹  3,894  1,750  89.9  
BOD  mgO2.L-¹  1,687  676  45.9  

BOD5/COD  ---  2.3  2.5  1.95  
pH  ----  1.4  7.25  7.1  

Turbidity  UNT  118  133  1.97  
Total 

Nitrogen  
mg.L-¹  9.8  15.4  18.6  

Nitrate  mg.L-¹  119  N.D  N.D  
Chloride  mg.L-¹  4,205  3,990  3,350  

Phosphate  mg.L-¹  316  200  160  
Sulfate  mg.L-¹  1,880  2,230  2,750  

TSS  mg.L-¹  222  630  <10  
TDS  mg.L-¹  939  1,613  1,428  

Oil and 

Grease  
mg.L-¹  1,352  752  <2  
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ABSTRACT 
The oxidation of water soluble biosolids by complexation with natural polyphenolics with 
activity free radicals such as gallic acid (GA) in alkaline pH under ambient O2 and 
temperature is investigated. UV/Vis spectrum between 600 and 800nm wavelengths for 
complex shows formation of new species which contain stable phenol-based p-type radicals, 
with pH-dependent concentration.  
 
Keywords: Water Soluble Biosolids, Oxidation, Polyphenols, Free Radicals. 
 
INTRODUCTION 
Management of water soluble biosolids (SL) accounts for a major portion of the cost of the 
wastewater treatment process and represents significant technical challenges [1]. In many 
wastewater treatment facilities, the bottleneck of the sludge handling system is the dewatering 
operation [2]. Advanced sludge treatment processes such as thermal and thermochemical 
processes [3], or chemical oxidation using hydrogen peroxide [4] have been developed in 
order to improve sludge dewatering and to facilitate handling and ultimate disposal. These 
methods degrade water soluble biosolids (SL) such as proteins and polysaccharides reducing 
the (SL) water retention properties. The use of sludge, as a raw material for processing and 
recycling for new products is becoming a real challenge. 
 
 
THEORETICAL BACKGROUBD 
The Polyphenolics/Polyphenolics anion/Polyphenolics free radical triad (PhOH/PhO-/PhO� ) 
represents compounds that have great importance in a wide range of physicochemical and 
biological processes in humification [5]. The UV/Vis spectrum, of these couples in aqueous 
solutions, is strongly depending on pH, redox potential Eo, Pb effect, numbers and position of 
substituents on the phenolic ring. Substituents such as carboxyl (-COOH) and hydroxyl (-OH) 
groups on the phenol ring can significantly influence the electron density “on the ring” and 
thus modify UV/Vis spectrum dramatically. The UV/Vis spectrum of the PhOH governs the 
reaction of PhOH with O2 to form free radical PhO-�  [5].  At alkaline pH the pKa's of the 
PhOH are outstanding indicators of the electron density in the aromatic ring of the members 
of these triads (electrophilicity) and thus are excellent tools to predict half-cell reduction 
potentials for both the one-electron and two-electron couples, which in turn allow estimation 
of rate constants for the reactions of these triads. A molecular model which represents the 
above is the Gallic acid (GA, 3,4,5-trihydroxylbenzoic acid). GA is a natural polyphenol 
which exhibits the most considerable antioxidant capacity in plants and a successful model for 
the radical properties of natural humic acid with pKa's 4.3 (carboxyl group)  8.8,  11.4,  11.7 
(hydroxyl groups). The (SWS) and GA mixed, under ambient O2 and temperature at alkaline 
pH. The redox mechanism degradation of water soluble biosolids is controlled by UN-Vis 
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spectroscopy by physicochemical parameters. This method suggests a novel role of natural 
polyphenolics on the degradation, dewatering and humification of aqueous wastes with a 
friendly interaction with the environment, as opposed to incineration of sludge. 
 
 

MATERIALS AND METHODS 

Reagents and solutions Stock, working, and standard solutions were prepared with ultrapure 
water, Milli-Q water, produced by a Millipore Academic system (Millipore, Belford, MS). 
GA was obtained from Merck (purity > 98.5%, No. 842649) and used without further 
purification.  

UV-Vis Spectroscopy UV-Vis measurements were carried with a Hitachi U-1900 single 
beam UV-Vis instrument. A dilute solution was analyzed across the UV-Vis spectrum to 
determine an appropriate wavelength for analysis.  

 

RESULTS AND DISCUSSION 

Heavy metals Considering commission decision from 12 July 1986 and Greek legislation 
(1997), the heavy metal concentrations biosolids sludge is presented under the established 
limits. Although they are not legally restrictive, Co, Fe and Mn were in relatively low 
concentrations in the sludge analyzed, in order to allow its application for agricultural 
application as soil retrieval material or as raw material in preparation compost. 

 

Table 1. Heavy metals (mg/kg) in biosolids samples 

Metal Fe Zn Cu Mn Cd Cr Co Ni Pb 

 211.7 
± 0.5 

404.4 
± 0.5 

168.5 
± 0.5 

209.7 
± 0.5 

0.800 
± 

0.005 

9.05 
± 0.05 

0.424 
± 

0.005 

32.1 
± 0.5 

82.3 
± 0.5 

Limits of total Metals of the biosolids ( mg/kg dry matter) 

European 
Legisla. 

 2500-
4000 

1000-
1750 

 20-40   300-
400 

750-
1200 

Greek 
Legislation 

 2500-
4000 

1000-
1750 

 20-40 10<  300-
400 

750- 
1200 

 

UV/Vis Spectroscopy analysis The UV/Vis spectrums for (A) Gallic acid, (B) Biosolids and 
(C) Gallic acid–Biosolids complex are given in Figure 1, after one-half hour incubation at 
pH>9. 
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Figure 1. UV/Vis spectrum for (A) Gallic acid (GA), (B) Water soluble biosolids (SL) and 

(C) Complex Gallic acid–biosolids (GA-SL) at pH>9. 
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Gallic acid (GA) Spectrum The UV/Vis Spectrum for GA solution concentration 100μΜ 
extends from 200nm to 600nm wavelength. For short times, peaks near 225nm and 280nm 
appear in the spectrum. By increasing the time these peaks decreased while a new peak 
appeared at 430nm wavelength. At prolonged time the peak at 430nm appeared a horizontal 
plateau between 450nm and 350nm wavelength. The above is evidence of the existence of a 

reactant and a product species in the solution. So, according to previous studies [9-10], we 
suggest the following polymerization reaction for GA solution: 

                        (GA
●
)280nm →(GA-GA) (350nm to 430nm)                                   (eq-1) 

 

Degradation mechanism of Biosolids by free radicals As shown in a spectrophotometric 
study at pH > 7, GA and its analogues are rapidly oxidized by atmospheric oxygen Electron 
paramagnetic resonance (EPR) spectroscopy showed that, at alkaline pH greater than 8, gallic 

acid can form stable radicals whose pH dependence and spectral features are similar to those 
observed in humic acid under similar conditions. This EPR signal is characteristic of phenolic 
p-type radicals and bears strong resemblance to the indigenous radicals of natural humic acid. 
Accordingly, it is suggested to take following steps of solution reaction between free radical 
GA and SL  

             (GA
●
)280nm +(SL)→(GA-GA) (350nm to 390nm) + (GA-SL) (650nm)            (eq-2) 

 

These findings point to the need for a more systematic study of the complexation of these 
organics on biosolids, with specific attention not only on the complex process but also on 
other important issues such as free radical physical chemistry and the possible synergistic role 
of metal ions such as Pb. 
 
CONCLUSIONS 

The interaction of polyphenolic molecules such as gallic acid with the biosolids liquid phase 
is a complex process involving adsorption and redox reactions. A comparative analysis for 
GA, SL and GA-SL reveals that the UV/Vis spectrums correspond to distinct reactions. These 
can be assigned to complexation of gallic acid with part molecules of the water soluble 
extracellular polymeric substances of biosolids by free radicals mechanism. So, this 
mechanism shows the degradation of the extracellular polymeric substances of biosolids in 
simplest polymeric substances. 
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The use of raceway pond reactors for solar photo-Fenton has 
been recently proposed. As tertiary treatment, two goals should 
be achieved, bacterial inactivation and persistent 
microcontaminant removal. This is the first cost estimation for 
photo-Fenton process in a raceway pond reactor. Conversely to 
CPC, the main contribution to total cost is operation cost 
(≈90%) giving rise to a low dependency of costs on liquid 
depth. This estimation is only a starting point encouraging more 
research on process optimization and additional economic 
studies based on pilot scale experiments. 
 
 

 

An economic assessment of microcontaminant 
removal and disinfection of a real secondary 
WWTP effluent using solar photo-Fenton in a 
raceway pond reactor (RPR) is presented. 

Photo-Fenton process was performed in a PVC 
raceway pond reactor, with 18 L capacity and 5 
cm liquid depth with a volume/surface ratio of 50 
L m-2. Water was mixed and set in motion by a 
paddlewheel. Before the treatment, pH was set at 
6.5 to partially remove bicarbonates. To achieve 
99% microcontaminant removal and total bacterial 
inactivation in 90 min 50 mg L-1 H2O2 and 3 x 20 
mg L-1 Fe2 were used [1]. 

For the economic estimation, experimental 
results obtained with the 18-L RPR were 
extrapolated to achieve an annual volume of 
treated water of 4200 m3, just to match the average 
waster consumption per hectare for tomato 
production in greenhouses located in the South of 
Spain. RPR surface was estimated in 50 m2, and 
considering a unitary investment cost of 10 € m-2, 
the annual amortization cost was [1]: 

𝐴𝐶 =
𝐴!"! 𝑚! · 𝐶!"!(€ 𝑚!)
𝑉!    𝑚! · 𝐿  (𝑦𝑒𝑎𝑟)  [1] 

 

where ARPR is the photoreactor surface, L is the 
life cycle of the plant, 20 years; and CRPR is the 
cost of the treatment plant per solar collector area . 
Regarding the operating costs, OC in €/m3, 

maintenance costs were considered as 2% of 
amortization costs. Reactant costs, Creactant, 
consider the mass of hydrogen peroxide and iron 
needed to achieve the necessary inactivation. The 
unitary reactant costs were: 0.5 €/kg H2O2, and 
0.25 €/kg iron salt. The energy cost was estimated 
by calculating the power required to move the 
paddlewheel; the considered power cost was 0.1 
€/kW h. Working time (tw) of the treatment plant 
was the average solar hours per year, 3055 h. Staff 
cost was not included since it is not directly related 
to the operation strategy and it is strongly 
dependent on the plant location and labor 
regulation. This fact also relates to terrain and 
taxes. Total costs were calculated by adding 
amortization and operating costs. 

 

 

[2] 
 

[3] 

Figure shows the variation in total costs with 
liquid depth. Most of the cost is due to reactant 
giving rise to little change with depth as 
amortization accounts for less than 10%. 
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  The herbicide Quinmerac has been treated by Solar/TiO2 in order 

to study the kinetics of degradation and the associated 

transformation products from the parent molecule. 

The reaction kinetics were studied at a concentration of 100 ppb 

and it was found that reaction rate increased with increasing 

concentration of TiO2 catalyst up to 200 mg/l, the maximum used 

in this study.  

The same experiment was conducted at a more realistic 

concentration of 10 ppb and the results indicate full degradation 

of the compound between 5 and 10 minutes. 

Degradation experiments at a concentration of 1 mg/l were used 

to identify transformation products and two novel products were 

found. 

 
The use of pesticides and herbicides in agriculture 

has led to an increase in concentration of 

recalcitrant compounds in surface waters. 

Advanced Oxidation Processes (AOPs) have been 

shown to be a feasible method for treatment of such 

compounds, which may not be removed by current 

technologies. The development and 

implementation of these processes at full scale is of 

interest to water companies who wish to provide a 

secure method of chemical treatment. The 

realisation of full scale AOP reactors would provide 

this, but further study is required to realise costs and 

practicalities of scale-up.  

There is also interest in the study of 

transformation products from such processes; as 

AOPs gain popularity there will be an increased 

interest in the products of reactions with hydroxyl 

radicals. Previous work has identified several 

transformation products of quinmerac degradation 

and was used as the basis for this aspect of the 

work[1]. 

 
 

Figure 1. Quinmerac (bottom right) and some related 
transformation products. 

This work was undertaken as part of the SFERA 

programme at the Solar Platform of Almeria. The 

location of the Platform in the south of Spain 

provides an ideal location to utilise solar light for 

photocatalysis.  

 

Solar and artificial UV AOPs have been 

compared in this study. Experiments were 

conducted at 100 ppb at bench scale using a 

SunTest XL+ solar simulator for Solar/TiO2 

experiments. These experiments were also 

conducted at 10ppb; a concentration more 

representative of real scenarios. An 800 ml volume 

of simulated water spiked with Quinmerac was 

exposed Solar light at 365 W/m2, samples were 

regularly taken and prepared for analysis by HPLC. 

The same method was replicated with 1 mg/l of 

Quinmerac with low concentrations of catalyst (50 

mg/l) in order to produce and detect the 

transformation products formed by AOP reaction 

through LCMS analysis. 

 

Figure 2 shows the degradation of Quinmerac by 

Solar/TiO2. Under the range of catalyst 

concentrations tested, the reaction rate increases 

with increasing titanium dioxide concentration. The 

progression of the reaction was fastest with 200 

mg/l. This concentration was selected for further 

experimentation at 10 ppb.  

 
Figure 2. 100 ppb of Quinmerac treated by Solar/TiO2 
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At 10 ppb the results indicate the complete 

degradation of the compound between 5 and 10 

minutes. 

 
Figure 3. 10 ppb of Quinmerac treated by Solar/TiO2 

 

A 1 mg/l experiment was conducted to identify 

the transformation products from the parent 

compound. The transformation products are 

relatively low in concentration and analysis in 

LCMS gave peaks 10-20 times smaller than that of 

Quinmerac. By beginning the experiment at 1 mg/l 

the transformation products are of higher 

concentration and are detectable. Figure 4 shows 

the degradation of the parent compound with an 

initial concentration of 1mg/l with 50 mg/l of TiO2 

and Figure 5 shows the relative abundance of 

various transformation products produced from that 

reaction.  

 

 

 

Figure 4 – Quinmerac degradation (1 mg/l) 

 

 

Figure 6 displays the structure of Quinmerac and 

identifies the structures shown in Figure 5. Several 

transformation products were identified and TP3 

and TP5 represent novel findings.   

 

 
Figure 6 – Structures of Quinmerac and transformation 

products 
 

 

Conclusions 

1. The reaction rate of Quinmerac degraded 

by Solar/TiO2 increases with increasing 

catalyst concentration up to 200 mg/l. 

2. At 10 ppb, Quinmerac was fully degraded 

within 10 minutes. 

3. Two novel transformation products have 

been identified. 

 

The next steps of this work will be to complete 

the same experiments for artificial UV 

photocatalysis and devise a method to compare the 

two processes. 

 

 

 

Figure 5 – Transformation products of Quinmerac 
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Novel crosslinked copolymers as adsorbents for pharmaceuticals: effect of comonomer 

content and pH on the adsorption/desorption process 
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 Novel random copolymers based on acrylic acid 

(AA), vinyl imidazole (VI) and crosslinker 

trimethylopropane trimethacrylate (TRIM) were 

used for the adsorption of 3 drugs commonly 

found in wastewaters. Adsorbent materials were 

characterized by FTIR and TGA, and the effect 

of pH and comonomer composition on the 

adsorption were studied. The chosen drugs were 

atenolol (ATE), diclofenac (DIC) and ibuprofen 

(IBU). Each drug was found to adsorb more 

effectively on different copolymer 

compositions, as well as in different pH 

conditions, due to their varying drastic groups 

and therefore different interactions with 

polymers of varying comonomer contents. 

 

 
1. Introduction  

 

  Pharmaceuticals have been detected as emerging 

contaminants in the effluents of wastewater 

treatment plants [1]. They are biologically active 

and can threaten the aquatic environment and 

human health due to their acute and chronic toxicity 

to aquatic organisms [2]. To reduce the potential 

risk caused by these compounds in treated 

wastewater discharged to aquatic environments, 

their removal in water treatment plants is 

considered as an important technological challenge 

[3]. Adsorption is one of the most promising 

techniques used to remove pharmaceuticals from 

water [4]. 

  Diclofenac  ibuprofen and atenolol , are three of 

the most frequently detected pharmaceuticals 

present in wastewater. The first two are anti-

inflammatory drugs used worldwide, while the last 

one is used as a beta-blocker. 

   Polyacrylic acid (PA) is a hydrophilic polymer 

widely used as an adsorbent for metal ions, dyes 

and drugs. In a water solution at neutral pH, PA is 

an anionic polymer, i.e. many of the side chains of 

PA will lose its protons and acquire a negative 

charge. This makes PA a polyelectrolyte, with the 

ability to absorb and retain water and swell to many 

times their original volume [5]. Poly(1-vinyl 

imidazole) (PVI) is a basic polymer that contains 

two active centers. Due to its basic character, in can 

be protonated in certain pH conditions, and 

therefore successfully adsorb pollutants with 

opposite charge [6]. Both polymers are water-

soluble, so the use of a cross-linker is required for 

use in adsorption of compounds from aquatic 

media. TRIM is a trifunctional monomer that can 

generate a complex network of macromolecular 

chains that will contain the drastic groups of AA 

and VI that can enhance adsorption. 

  In this investigation, PA, PVI and their random 

copolymers were synthesized through bulk 

polymerization, in the presence of TRIM, and 

evaluated as new adsorbents for the adsorption of 

diclofenac, ibuprofen and atenolol  from aqueous 

medium. These drugs were selected because they 

have different functional groups, which enables the 

study of the  effect the reactive groups may have 

and the potential interaction  during  adsorption. 

  The synthetized polymers were characterized by 

means of FT-IR spectroscopy and TGA analysis. 

The effect of pH during adsorption was also 

investigated, as well as the desorption efficiency. 

The drugs’ concentrations were evaluated by 

LC/MS technique.  

 

2. Materials and Methods 

 

2.1 Synthesis  

  The adsorbents used were crosslinked 

homopolymers and random copolymers of AA and 

VI prepared by bulk polymerization with the use of 

TRIM as the cross-linking agent. The final 5 

polymers that were synthesized and their 

composition is presented in Table 1. Briefly, AA 

and/or VI monomers were dissolved in 

ACN:CHCl3 (19:1, v/v). Then, cross-linking 

PP2-50
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reagent (TRIM), and radical initiator (AIBN) and 

ACN:CHCl3 (19:1, v/v) were added to the reaction 

mixture. The solution was purged with nitrogen for 

15 min and sealed. The mixture was subsequently 

polymerized in an oil bath under stirring, at 60 °C 

for 2 h. The resulting polymers were washed with 

CHCl3, filtered and dried under vacuum. 

 

Table 1. Materials prepared and their composition 

Mat 
 ΑΑ 

(mmol) 

VI 

(mmol) 

TRIM 

(mmol) 

ACN:CHCl3

19:1 (mL) 

PA 16 0 16 40 

P(VI-

PA) 
25/75 

12 4 16 40 

P(VI-

PA) 

50/50 

8 8 16 40 

P(VI-

PA) 
75/25 

4 12 16 40 

PVI 0 16 16 40 

 

2.2. LC-DAD-ESI/MS analysis 

The LC-MS system consisted of a SIL 20A auto 

sampler with the volume injection set to 20mL and 

LC-20AB pump both from Shimadzu (Kyoto, 

Japan). The separation of the analytes was 

contacted by a C18 (Restek) analytical column 150 

4.6 mm with 5mm particle size (Restek, USA). The 

samples were analyzed using the ESI interface in 

positive and negative ionization mode. For the 

analysis , a gradient elution was performed by a 

binary gradient composed of solvent A (water with 

0.1% formic acid) and solvent B (methanol with 

0.1% formic acid). 

 

2.3. Characterization techniques 

For Fourier Transform Infrared Spectroscopy 

(FTIR) a Perkin-Elmer FT-IR spectrometer was 

used (model FTIR-2000, Perkin Elmer, Dresden, 

Germany). Infrared (IR) absorbance spectra were 

obtained between 450 and 4000 cm-1 at a resolution 

of 4 cm-1 using 20 co-added scans.  

Thermogravimetric analysis was carried out with 

a Setaram Setsys TG-DTA 16/18. Samples 

(4.0 ± 0.2 mg) were placed in alumina crucibles. An 

empty alumina crucible was used as reference. All 

materials were heated from ambient temperature to 

600 °C in a 50 ml min−1 flow of Nitrogen at heating 

rate of 20 °C min−1. Continuous recordings of 

sample temperature, weight, and heat flow were 

performed. 

 

2.4 Adsorption – desorption experimental design 

  Batch experiments were carried out using 1 g/L of 

adsorbent (m = 0.01 g of adsorbent’s mass were 

added to V = 10 mL of water in a conical flask). 

Methanol was used as a desorption solvent. 

 

 

3. Results and Discussion 

 

3.1 FTIR spectroscopy 

  The peaks of the FTIR spectra of the materials 

correspond to the functional groups, as shown in 

Table 2. The presence of hydroxyls, carboxyls, 

carbonyls and the imidazole ring of PVI is 

confirmed.  

 

Table 2. FTIR spectra peaks 

Wavenumber (cm-1) Assignment  

3620 -ΟΗ 

2980 C-H 

1740 C=O 

1467 C=C or C=N 

1260 Ester C-O 

1150 Carboxylic C-O  

960 Imidazole C-H  

670 Imidazole C-H  

 

3.2 TGA analysis 

  Thermogravimetric analysis was used to study the 

thermal stability of the materials. The temperature 

at which degradation begins (Ti) and the 

temperature at which the degradation takes place in 

the highest rate (Tp), and are presented in Table 3. 

All 5 materials exhibit excellent thermal stability, 

since the degradation starts at  330 ° C and above. 

Introduction of the bulky imidazole ring in the 

polymer chain enhances the thermal stability of 

materials with optimum monomer ratio 50/50. 

 

Table 3. Characteristic thermal degradation 

temperatures of the polymeric materials. 

Material Ti (°C) Tp (°C) 

PA 330 487 

P(AA-VI) 25/75 336 474 

P(AA-VI) 50/50 435 487 

P(AA-VI) 75/25 340 470 

PVI 385 487 

 

                                                            

Up to 100 °C water is released in all 5 polymers. 

All materials degrade at two stages. The first 

degradation stage of PA at 300-370° C is probably 

due to polyacrylic acid, while the first degradation 

stage in PVI is of vinylimidazole, at temperature 

320-390 °C. The second degradation stage begins 

after 400 °C, due to crosslinking, and is completed 

at 530 °C. The highly improved thermal stability of 

P (AA-VI) 50/50 can be caused by extensive 
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networking and intramolecular and intermolecular 

bonds between the PA and PVI chains. 

 

3.3. Effect of pH on adsorption 

 

According to adsorption experiments, atenolol 

which carries hydroxyl and amino groups, was 

absorbed only by the material with 100% AA 

content. Adsorption varied  from 20 to 60% with a 

maximum at  pH 10.  

 Diclofenac having reactive groups hydroxyl, 

amino and chloride molecules presented adsorption 

onto all materials with a maximum absorption at pH 

4, for  the material containing 100% AA (PA). 

Diclofenac’s adsorption was very high (73-100%) 

for all materials.  

Ibuprofen presented 95% adsorbance for pH 4 on 

PA. Desorption was notable mainly for copolymers 

with 25, 50 and 75%  AA content. 

A shifting of the peak was observed at PA’s 

spectrum  after adsorption of atenolol due to 

hydroxyl groups, indicating the establishment of 

hydrogen bonds between the adsorbent and the 

drug. 

Similarly, the spectrum of PA after adsorption of 

diclofenac presents shifting at  the  hydroxyl peak. 

The absence of shifts of the peaks of PVI indicate 

that the absorption is probably due to electrostatic 

interactions. 

 

4 .Conclusions 

  Highly crosslinked and thermally stable polymeric 

adsorbents were successfully prepared with bulk 

polymerization. The homopolymers PA and PVI 

and their random copolymers succesfully adsorbed 

3 different drugs from aquatic media, with different 

optimum comonomer compositions as also 

different optimum pH conditions,  that depended on 

the molecular structure of each drug. Adsorption 

was found to occur both chemically, with hydrogen 

bonding proved by FTIR spectra, and physically or 

ionically, since both PA and PVI can act as 

polyelectrolytes that can bond ionically with 

ionized groups of the drugs. 
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The ECOWAMA project proposes a new eco-efficient closed 
cycle management model for the treatment of effluents of the 
metal and plastic surface processing industry. The process is 
based on electrochemical technologies, which provide chemical 
free performance, including electrocoalescence (pulsed electric 
field, PEF), electrocoagulation (ECo), electrooxidation (EO) 
and electrowinning (EW). The hydrogen produced during 
ECo/EO processes is recovered, as well as valuable substances 
(Ni, Cu, Ag and Zn) with a high purity (>99%) from the ECo 
sludge -by means of EW. The water is finally treated through 
desalination (DS) in order to obtain high purity water for 
recycle, while the acid for dissolving is totally recycled using 
electrodialysis (ED). 
  

Annually, European metal finishing and coating 
operations produce over three hundred thousand 
tonnes of hazardous waste and consume over one 
hundred million cubic meters of water for cleaning 
of surfaces and as basis for galvanic solutions.  
The wastewater of the metal and plastic surface 
processing industry (STM/STP) is extensively 
contaminated with oils and greases, organic 
loading, a salt fraction and especially with heavy 
metals (e.g. Ni, Cu, Zn and others). Though EU 
legislation related to sewer charges and increasing 
cost of water, energy and raw materials, STM/STP 
enterprises have high interest on efficient, cost-
effective and sustainable treatment of their 
effluents and recovery of valuable substances. 

ECOW AMA’s (ECO-efficient management of 
WAter in the MAnufacturing industry) approach 
combines wastewater treatment with recovery of 
ultrapure water, highly valuable metals and 
energy. Therefore an environment friendly, 
effective and innovative system is developed 
including ECo, EO and EW technologies. 
Additionally, hydrogen produced during ECo and 
EO processes are used to deal as feed for fuel cells 
to generate electricity which reduces the energy 
demand of the overall process. Pre- and post-
treatment are carried out to remove oils/greases 
(electrocoalescence) and conductivity 
(desalination). The heavy metals are separated 
from the wastewater stream through an electro-
precipitation process. After metal dissolution from 
precipitation sludge a novel electrowinning 
process using novel electrodes, optimised 
geometry and process management reduces the 
dissolved metal ions to a solid aggregate state with 

high purity. The outcome of this is a valuable raw 
material that can be easily sold or reused for 
STM/STP operations. 

The technical objectives of the project are: 

 To remove 99.9% w/v oils/greases 
through PEF (pre-treatment) and desalination 
(Multistage humidification/dehumidification, 
MHD) as post treatment to achieve a rest-
conductivity of maximum 18 µS/cm. 

 ECo and EW process to recover over 
80% of at least three different metals (Ni, Cu, 
Zn et al.) out of STM/STP effluent. The purity 
of the metals will be > 99%. 

 To develop an EO unit to remove 
organic loading to a residual value of less than 
1% rest-loading.  

 To enable the recovery and reuse of the 
hydrogen from ECo/EO processes in a fuel 
cell stack as a power source for the process. 
80% of hydrogen generated is converted to 
energy in the fuel cell.  

 To integrate the single units to a pilot 
scale system running at a ~500 l/h flow-rate. 

 To develop and to adapt a global control 
system including energy management.  

 To make a verification of the economic 
and environmental sustainability of the process 
enabling a more resource efficient and 
recycling economy 

Two strategies were carried out in order to 
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improve the overall process once the STP/STM 

effluent was pre-treated removing the oil and 

grease content: 

Strategy A: ECo – EO coupling: STP/STM 

effluent treatment by means of ECo system in 

order to remove/reduce metal content. Afterwards, 

EO process should be applied for organic matter 

removal (TOC abatement). 

Strategy B: EO – ECo coupling: STP/STM 

effluent treatment by means of EO system in order 

to oxidize different P-species to phosphate as well 

as to reduce metal and organic matter content. 

Afterwards, ECo process applied to oxidized 

STP/STM effluent in order to remove P substances 

and decrease metal and TOC content. 

ECo is an electricity-based wastewater advanced 

treatment technology where coagulants are in situ 

generated through electrochemical oxidation of 

sacrificial metallic anodes (typically Fe or Al) to 

multiple positively charged cations. For Fe, Fe(II)-

ion is first formed. Only at higher Fe(II) 

concentrations and sufficiently large current 

densities, there is a further oxidation to Fe(III). 

Oxygen evolution at the anode also promotes the 

oxidation of Fe (II). Al is anodically oxidised to 

Al(III) in solution.  

The following electrode reactions take place in the 

cell: 

Cathode: 

2H+
(aq) + 2e-   H2(g)                               (1) 

or 2H2O(l) + 2e-    H2(g) + 2OH-
(aq) 

(depending on the pH)                            (2) 

and Men+
(aq) + ne-   Me(s)                                 (3) 

(1) and (2) run predominantly at low metal 

concentrations. 

Anode:  

2H2O(l)    O2(g) + 4H+ (aq) + 4e-              (4) 

or 4OH-
(aq)    O2(g) + 2H2O(l) + 4e-

 (depending on the pH) (5) 

and Me(s)   Men+
(aq) + ne-                 (6) 

and Men+
(s)    Me(n+1)+

(aq) + e-                          (7) 

In acidic solutions and with relatively base metal 

anodes the reaction 6 is much faster than reaction 

3. Obtained Fe(II)/Fe(III) or Al(III) precipitate 

with OH- generating coagulants which destabilizes 

and adsorb water pollutants by surface 

complexation or electrostatic attraction [1].  

A set of experiments were carried out in order to 

obtain the most appropriated operational 

conditions for treating STP/STM wastewaters by 

means of ECOWAMA electrocoagulation (ECo) 

system. Figure 1 shows the ECo system used at 

laboratory scale. Different variables were studied, 

including: i) continuous/batch mode; ii) the use of 

a monocompartment / bicompartment cell; iii) 

retention time, iv) current density; v) only one step 

or with recirculation and vi) anode material. 

Strategy A (ECo-EO coupling) seemed to be a 

good treatment strategy for STP/STM effluents 

with high content of Ni and low content of P-

species. The best results for removing Ni content 

were obtained when ECOWAMA ECo system 

worked using a monocompartment (non-divided 

cell) cell, with recirculation under a flow rate of 40 

L/h and using Al as anode material. Under these 

experimental conditions, 80% of Ni content was 

reduced, and a 40% of TOC removal was 

achieved. 

On the other hand, Strategy B (EO-ECo 

coupling) seemed to be a good treatment strategy 

for STP/STM effluents with high content of Ni 

and P-species. More than 97% of total P removal 

was achieved during ECo process when 5 Ah are 

applied and Fe is used as anode for several types 

of STP/STM effluents. Ni content reduction varied 

from 53 to 71% depending on the ECo 

influent.60% of TOC reduction was also achieved 

by ECo. 
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Figure 1. Bench scale system setup. 
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Electroirradiated technologies for the removal of oxyfluorfen from soil 
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 Soil washing using surfactant solutions is a very effective 
and widely used technique for the remediation of polluted 
soil. However, it is not a finalistic technology and once the 
pollutant is transferred to the washing-solution, the 
resulting aqueous waste has to be treated. In this work, it is 
studied the feasibility of electrolysis, sono-electrolysis and 
photo-electrolysis with boron doped diamond anode to treat 
the effluent of a surfactant-aided soil washing process and 
it is pointed out some important mechanistic aspects. 
Results confirm that combined processes are efficient for 
the removal and total mineralization of oxyfluorfen. TOC 
and COD are removed from the start of the treatment but 
the key of the treatment is the reduction in size of the 
micelles.  

 
Introduction

Pesticides are very useful compounds in 
agriculture which help to increase productivity but 
at the same time they are hazardous for human 
health and the environment and so, their occurrence 
in wastewater should be prevented. Amongst the 
various pesticides that have been studied with a 
view to develop alternative and environmentally 
acceptable treatment systems, oxyfluorfen has 
received considerable attention. For this reason 
technologies is Surfactante-Aided Soil Washing 
(SASW), successfully studied for the remediation 
of soil polluted with pesticides but this technology 
generates effluent with high concentration of 
organic load. 

Electrochemical studies about oxyfluorfen 
removal are mainly focussed on the treatability of 
synthetic solutions, paying attention to the changes 
of the typical parameters used for monitoring the 
oxidation and mineralization rates, but not on the 
break-up of the emulsion neither the changes in the 
particle size, what becomes in a real novelty in this 
work. No attempts have been published regarding 
on the removal of micelles by CDEO, relating the 
treatment with the emulsified pollutant and the 
interaction of these micro-drops of pollutant with 
the different oxidation mechanisms. The objective 
of this study was to investigate under laboratory 
conditions the behavior of oxyfluorfen in soils 
consisting of the soil washing with a Sodium 
Dodecyl Sulphate (SDS) solution followed by the 
electrolysis, photo-electrolysis and sono-
electrolysis with BDD anodes of the resulting 
wastewater. Effect of the ratio surfactant /soil is 
going to be assessed trying to determine is influence 

in the soil washing efficiency and in the 
characteristics of the washing waste, focusing on 
the effect of the size particle and the oxidation 
mechanisms of oxyfluorfen/surfactant micelles. 

 

Materials and methods 

Oxyfluorfen(2-chloro-1-(3-ethoxy-
4nitrophenony ) -4- (trifluoromethyl), 99.8% 
purity, HPLC-grade acetonitrile, ethyl acetate and 
hexane were obtained from Sigma-Aldrich (Spain).  
Sodium Dodecyl Sulphate (SDS) used as 
solubilizing agent and sodium hydrogen carbonate 
(NaHCO3) were obtained from Panreac. The 
procedure used to pollute the soil consisted on 
solubilisation of oxyfluorfen in acetonitrile and 
mixing this oxyfluorfen/acetonitrile solution with 
kaolinite. The spiked clay was aerated for 1 day to 
favor evaporation of the acetonitrile. In this way, 
the oxyfluorfen was homogeneously distributed on 
the clay surface. 

 The concentration of oxyfluorfen present in the 
soil at the beginning of the experiments was fixed 
at 100 mg kg-1. Soil washing with surfactant fluid 
solution was carried out in a stirred tank operated in 
discontinuous mode. Low-permeability soil (1000 
g) polluted with 100 mg oxyfluorfen kg-1 of soil and 
800 cm3 of solubilizing agent (containing deionized 
water, 500 mg dm-3 of NaHCO3, and different 
concentrations of SDS surfactant ranging from 100 
to 5000 mg dm-3 were mixed in the reactor for 6 h 
at a stirring rate of 120 rpm. All samples extracted 
from treatment solution were filtered with 0.25 µm 

BDD

Oxyfluorfen

H2O → •OH + H+ + e

• OH

• OH → O• + H+ + e-

2 O• → O2
2 •OH → H2O2
•OH + H2O2 → HO2

• + H2O 
H2O2 → O2 + 2H+ + 2e-

O2 + O• → O3

CO2

Low concentration of SDS

CO2

High concentration of SDS

Atrazine

2SO4
2- → S2O8

2- + 2e- E°= 2.01 V

Scheme of the electrochemical reactions and size particle 

Oxyfluorfen
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nylon Whatman filters before analysis. The 
concentrations of the compounds were quantified 
by HPLC (Agilent 1100 series) using analytical 
column Phenomenex Gemini 5 µm C18. The 
detection wavelength of 220 nm was used and the 
temperature oven was maintained at 25°C. The 
Total Organic Carbon (TOC) concentration was 
monitored using a Multi N/C 3100 Analytik Jena 
analyzer. The oxyfluorfen and surfactant removal 
was monitored through the COD content during 
electrochemical treatment using a HACH DR2000 
analyzer. Zeta potential was also measured for the 
clarified liquid using a Zetasizer Nano ZS 
(Malvern, UK). Electrochemical treatment 
experiments were carried out in a bench-scale plant 
with a single-compartment in the electrochemical 
flow. BDD and steel electrodes were used as anode 
and cathode, respectively. Both electrodes were 
circular (100 mm diameter) covering a geometric 
area of 78 cm2. One of the covers of this cell was 
made of quartz in order UV light to access into the 
reaction media. A UV lamp VL-215MC (Vilber 
Lourmat), λ= 254 nm, intensity of 930 W/cm2 and 
energy 4.43–6.20 eV irradiating 15W directly to the 
quartz cover. The ultrasound generator was a 
UP200S (Hielscher Ultrasonics GmbH, Germany) 
equipped with a titanium glass horn of 40 mm 
diameter, length 100 mm, emitting 24 kHz and 
maximum ultrasonic power 200W. 

Results and Discussions 

Soil washing (SW) transfers the pollution from 
the soil to a solution, which becomes wastewater. 
Characteristic of wastewater depends importantly 
on the ratio surfactant / soil. In this work, two 
effluents were obtained and main characteristics are 
summarized in Table 1. In comparing the two 
effluents, it can be observed that the effluent of 
treatment 2 (with a higher concentration of 
surfactant in the washing fluid) has a much higher 
COD and TOC but size of particles is much smaller 
and superficial charge is much more negative. After 
the soil washing process, concentration of 
oxyfluorfen in the soil were 6.34 and 0.12 mg kg-1 
and SDS 1.23 and 15.78 mg kg-1 soil, respectively. 
This low values of oxyfluorfen indicates the high 
efficiency obtained in this soil washing process and 
that oxyfluorfen contained in the soil is almost 
completely transferred into the soil-washing 
solution with this procedure. In addition, it can be 
observed that  the most important pollutant in the 
SW2 is sodium dodecyl sulfate which is 50 times 
more concentrated than oxyfluorfen. Conversely, in 
effluent of treatment 1 both oxyfluorfen and the 
surfactant are contained in comparable 
concentrations. This means that very different 

results are expected when both effluents are treated 
by electrochemical technologies. 

 

Table 1. Characteristic of the effluents produced by 
soil washing  

 SW1 SW2 

SDS/soil ratio / g dm-3 
per Kg 

0.5 25 

COD 
(mg dm-3) 

251 2384 

TOC 
(mg dm-3) 

87.43 798 

Mean particle size 
(µm) 

982 28.347 

z-potential 
(mV) 

-31.98 -65.43 

 

Figure 1 shows the time-course of the mean-size 
of micelles during electrolysis, photo and sono 
electrochemical treatment of the two washing 
fluids.  

 

 
Figure 1. Micelles mean-size as a function of Q, for 

different concentrations of SDS.(●)sono-electrolysis 
(♦)electrolysis and (▲)photo-electrolysis Main figure: 
SW1: inset: SW2 

 

As it can be observed, the mean-size of the 
particles decreases during the treatment till their 
complete depletion, regardless of the technology 
applied and the characteristic of the washing fluid.  
Both the irradiation of UV light and the irradiation 
of US clearly improves the rate of the processes. 
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Initially, mechanisms expected in both treatments 
are completely different because with the 
irradiation of US it is expected an increased 
turbulence and hence lower limitations in direct 
electrolytic processes. On the contrary, with the 
irradiation of UV light it is expected the promotion 
of the formation of radicals in the bulk solution 
from oxidants produced electrochemically  

Figure 2 shows the changes in the concentration 
of oxyfluorfen during the progress of the three 
technologies tested.  

 

 
Figure 2. Oxyfluorfen concentration as a function of Q, 

for different concentrations of SDS (●) sono-electrolysis 
(♦) electrolysis and (▲)photo-electrolysis. Main figure: 
SW1: inset: SW2 

As it can be observed, it is obtained the complete 
removal of the pesticide in the two soil washing 
effluents, regardless of the technology applied. In 
addition, the effect of UV and US irradiation is 
negligible in the treatment of SW2 and very 
important in that of SW1, as compared to the results 
of the single electrolytic treatment. The main 
difference between both wastes is the concentration 
of surplus SDS in both wastes. In SW2 is much 
higher than in SW1. It is well-known that the first 
step in the oxidation of SDS is the release of sulfate 
anions. In electrolytic treatments with BDD anodes, 
it is well-known the production of persulfates 
S2O8

2- from SO4
2- ions (2 SO4

2- →S2O8
2- + 2e-) on 

BDD surface, and their role in the oxidation of 
organics. In SW2 the concentration of sulfate 
released is much higher than in SW1 and this means 
that concentration of persulfate is going to be much 
higher. Hence the oxidation by mediated oxidation 
is going to be promoted as compared to SW1, in 
which the less important contribution of persulfates 
made the contribution of US or UV irradiation more 
significant.  

Conclusions 

Electrochemical treatment of the wastes produced 
during soil washing with surfactants of soils 
polluted with oxyfluorfen proceeds though the 
reduction in size of micelles contained till their 
complete depletion. Total depletion of oxyfluorfen 
is also attained during the treatment. Irradiation of 
UV and US improves the rate of depletion of 
micelles regardless of the characteristics of the 
washing fluid. A very important role of the sulfate 
released by oxidation of SDS on the efficiency of 
the removal of oxyfluorfen is explained by the 
active role of persulfates electrogenerated on the 
anode surface.  
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 The aim of the study was evaluated the electrochemical 
process for remove organic matter of oil field effluent under 
electrooxidation and electroflotation aspects. The cathode 
was always stainless steel sheet and anode was titanium 
coated with ruthenium oxide. Differents voltages were 
evaluated (3.5, 4.5 and 5.5 V). Each 10 minutes the sample 
was withdrawn for chemical oxygen demand (COD) 
analysis. The global electrochemical process removed 
almost 90% of COD at 5.5 V. In addition, in this study was 
possible to quantify separetely both the fraction of organic 
matter removed by electroflotation and that removed by 
electrooxidation. Hence, electroflotation removed more 
organic matter than electrooxidation.  

  

Background 

The production of oil field –  extraction, transport 
and purify –  generate bulk effluents that are 
separated by process platform. Oilfield water can 
be various hazardous compounds which include: a 
large amount of oil, salinity, sand, suspend solid, 
ammonium, heavy metals, and microorganisms 
[1]. 

The Electrochemical treatment of wastewater is a 
powerful advanced oxidation process for 
environmental safe control of water pollution. This 
method is offering high removal efficiencies in 
lower temperature, with simple and compact 
equipment and natural control handling. Moreover, 
there is no need for additional chemicals that 
prevent other generation products [2].   

When the electrochemical treatment is carried out 
in a column, two phenomena in the same time for 
pollutants remotion can occur: electroflotation and 
electrooxidation.  

Electroflotation is a process that promote adhesion 
and floats pollutants particles to the surface of a 
water body by tiny bubbles electrolysis [1]. The 
principal advantages of electroflotation and 
traditional flotation concern the fast rate of 
particles remove, it can achieve simultaneous 
flotation and coagulation producing less sludge. 
Finally, the equipment and instruments are easy 
handling and compact. Furthermore, 
electroflotation is an improvement through small 
uniforms bubbles (diameter 20 µm). These micro 

bubbles promoted a considerable collision between 
bubbles and particles due increment on the surface 
area of contact [3].     

The electrooxidation of organic pollutants occur 
directly or indirectly. When oxidation is directly 
performed, the pollutants destruction handle 
anodic oxidation. In this method, the reaction 
occurs with adsorbed hydroxyl radicals generated 
at the surface of anode from oxidation of water 
(acid and neutral media) [4].     

In the literature, it is possible to found the 
electroflotation and electrooxidation on the 
remediation of wastewater. However, the works 
have not shown the dates of the individual 
contribution of each electrochemical process in the 
same cell. Nahui et al. (2008), Bande et al. (2007) 
e Hosny (2006) studied the organic compounds 
remove using electrochemical column system. 
They did not take into account the percentage of 
electrochemical oxidation. The remediation 
efficiency was attributed only particles removed 
through electrochemical flotation [1, 3, 5].  

The aim of the study was to evaluate the 
electrochemical process for remove organic matter 
of oil field effluent under electrooxidation and 
electroflotation aspects.     

 

 

 

Methodology 
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Wastewater used in this research was obtained 

from Almirante Barroso maritime terminal located 

in São Sebastião, São Paulo, Brazil.  

The Chemical Oxygen Demand (COD) values 

before and after the test column were reported. It 

was used as cathode, stainless steel, and as anode, 

titanium coated with ruthenium oxide. This anode 

has a high organic matter oxidation capacity in a 

saline medium. The electrodes were positioned 

underneath the column. The applied voltages 

varied between 2.5 and 5.5 V. Process times were 

10, 20, 30, 40 and 50 min, and pH applied were 

5,4; 5,5; 7,5 and 8,5. Each 10 minutes the sample 

was withdrawn for chemical oxygen demand 

(COD) [6] analysis.
 

 

In order to determine electroflotation and 

electrooxidation removals on an electrochemical 

system, one more step was performed. At the end 

of the process, the treated waste was maintained at 

rest (24 h).  This process promotes sedimentation 

of foam at the top of the vessel after flotation. 

Them, the homogenized (foam + effluent) allowed 

measured other COD. 

COD(foam) = COD(homogenized) – COD(before  

24h) 

Electrooxidation removal was determined: 

  COD(elec. oxi.) = COD(before 24h) – COD(foam) 

Additionally, Garcia-Zuñiga and  Klimpel models 

were used to adjust the kinetics of removal by 

electroflotation and by eletroflotation with 

electrooxidation. Both models were adequate, with 

deviations less than 10%. 

Results 

Figures 1, 2 and 3 showed the COD removal in the 

time under different voltages. This results showed 

the global electrochemical process, including the 

removal for electroflotation plus electrooxidation. 

The results revealed that higher voltages promoted 

more COD remotion. The increasing of voltage 

produces higher currents, improves the 

electrochemical oxidation rate, increases the 

generation of hydrogen, oxygen, and chlorine gas 

bubles and decreases the bubbles size . In the same 

approach, the time showed as a positive factor for 

COD removal.   

When compared the contribution of 

electroflotation and electrooxidation for removal 

COD of oil field waste, the electroflotation 

showed better percentage remove.         

 

Figure 1. COD Kinect removal through a global 

electrochemical system in the column under 3.5, 

4.5 and 5.5 V. 

 

 

 

Figure 2. Electroflotation process on COD 

removal at electrochemical treatment in different 

times and voltages (3.5, 4.5, 5.5 V). 

 

Under lower potential voltages, the difference 

between electroflotation and electrooxidation were 

higher. After 50 min at 3.5 V, the remove by 

electroflotation was almost 30%, whereas 

electrooxidation showed less 15% for COD 

remove. The application of 5.5 V demonstrated 50 

and 35% COD remove in electroflotation and 

electrooxidation, respectively.     

Various factors can explain this result. First, the 

composition of the effluent. The effluent have 

many differents amounts of organic compounds 
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that exhibit several structures. Thereby the 

degradation of all organic compounds were harder 

than its flotation. Thus, is required more time of 

electrochemical for found better performance on 

electrooxidation. Additional reason can be 

attributed to a polymeric film formed around the 

electrode that decrease the efficiency of oxidation. 

  

 

Figure 3. Electrooxidation process on COD 

removal at electrochemical treatment in different 

times and voltages (3.5, 4.5, 5.5 V).   

 

Conclusion 

The electrochemical treatment in a column proved 

to be a good system for organic matter removal of 

oil field effluent. The effects of parameters were 

studied. The increase of time and percentual of 

voltage increase the rate of COD remotion. The 

global electrochemical process removed almost 

90% of COD. The comparative study of the 

influence of electroflotation and electrooxidation 

on the electrochemical process in a column was 

efficient. Moreover, the electroflotation process 

removed more organic matter than 

electrooxidation.      
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New Insights into the Electro-Oxidation of a Model Phenolic 
Compound, p-Cresol: Effect of Electrode Material and Electrolyte
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The electro-oxidation performance of p-cresol was investigated with 
different commercial anodic materials currently available (Nb/BDD, 
Ti/Pt and Ti/RuO2) using Na2SO4 and NaCl as electrolytes. The 
reduction of p-cresol concentration and TOC was monitored under 
the different operational conditions to evaluate the efficiency of the 
treatment. The concentration of SO4

2-, Cl-, ClO3
- and free chlorine 

was determined to analyse the effect of the supporting electrolytes 
and gain information about the indirect oxidation mechanisms of PC. 
Under the experimental conditions Nb/BDD was the electrode 
material that reached the highest degradation and mineralization, 
using Na2SO4 as electrolyte. The use of NaCl hindered 
mineralization and the electrodes showed different capacities to 
generate reactive chlorine species.

Electro-oxidation is a highly effective remediation 
technology to degrade organic compounds present in 
wastewaters. The main drawbacks include the costs 
associated with the electrode material and electrical 
supply. In this study, p-cresol (PC) was selected as 
model phenolic substance to analyze the 
performance of different anodic materials and 
electrolyte compounds. 

Figure 1. Change with time of normalized PC and TOC. 
(circles) Nb/BDD, (squares) Ti/RuO2, (triangles) Ti/Pt, 
(black) Na2SO4 electrolyte and (white) NaCl electrolyte.

The PC was used at a concentration of 50 mg/L 
and a total volume of 1.2 L. The conductivity was 
kept constant by adding 4 g/L of Na2SO4 or 2 g/L 
of NaCl as electrolytes. The cathode material was 
Ti and different anodes were tested: Nb/BDD, 
Ti/RuO2 and Ti/Pt with a total anodic area of 176 
cm2. The flow rate was set at 600 L/h and the 
applied current density was 125 A/m2 (limit 
current density was 26.8 A/m2). The concentration 
of PC was measured with an Agilent 1100 HPLC 
apparatus and Total organic carbon (TOC) was 
analyzed in a TOC-VCPH (Shimadzu). SO4

2-, Cl-

and ClO3
- were measured using ion 

chromatography (Dionex 120 IC). 

Figure 1 shows the normalized PC and TOC 
concentrations obtained for the three anodic 
materials and the two electrolytes. After 5 min of 
treatment PC removal was complete using 
Nb/BDD and Ti/RuO2 anodes with NaCl as 
electrolyte. Using the same electrolyte and Ti/Pt 
anode the full removal was attained after 180 min. 
When Na2SO4 was used, the complete removal 
was only obtained with the Nb/BDD anode after 
120 minutes, whereas with Ti/Pt and Ti/RuO2 PC 
reductions of 89% and 46% were attained 
respectively after 5 hours. 

In these working conditions the maximum 
mineralization after 5 hours was 30% with 
Nb/BDD and Na2SO4. The use of Ti/Pt showed 
low mineralization, slightly higher with NaCl than 
with Na2SO4 and, Ti/RuO2 barely reduced the 
organic load. The quantification of SO4

2- showed 
that it was kept constant at the initial 
concentration; thus, there was no indirect 
oxidation from Na2SO4 electrolyte. The use of 
NaCl electrolyte provided oxidative species from 
Cl-, such as ClO3

- that helped the PC degradation; 
however the TOC was not reduced. 

Nb/BDD reached the highest degradation and 
mineralization values under the studied conditions. 
It is remarkable the negative influence of NaCl in 
the mineralization rate in spite of its positive 
influence on the PC degradation. Thus, the use of 
Na2SO4 is highly recommended. Ti/RuO2 reached 
the Nb/BDD results on PC degradation with NaCl, 
however the low mineralization does not make this 
option attractive. The use of Ti/Pt did not exceed 
the effectiveness of Nb/BDD. The degradation was 
slow and little mineralization was observed. 
Further research is on-going to quantify electro-
oxidation kinetics and determine the optimum 
process conditions. 
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 This paper describes the formation of transparent TiO2 
nanotube layers formed by complete anodization of deposited 
metallic Ti thin films on an FTO glass substrate. The quality of 
the deposited metal (adherence and layer density) governs the 
anodization process. Ti films were deposited using electron 
beam evaporation or a magnetron sputtering. Sputtered metal 
layer is denser than the evaporated layer where some pinholes 
can be observed. The electrolyte may therefore be able to 
penetrate the evaporated layer, which leads to current leakage 
during anodization. Both of the layers are well crystallized by 
annealing. However, comparing the photoresponses of the 
layers, the TiO2 nanotubes formed on a sputtered layer show 
about a 19 times higher photoresponse than those formed on the 
evaporated layer.  

 

For the development of optical, electronic and 
display devices, interest in transparent electrodes 
has increased greatly. In particular, transparent 
TiO2 on a conductive substrate is considered to be 
one of the most promising electrodes for DSSCs 
and also display devices. To produce a transparent 
oxide electrode, the materials are usually deposited 
on a conductive glass electrode using a doctor 
blade, silk screening, dip coating and layer-by-
layer methods. So far, most transparent TiO2 
nanostructures have consisted of nanoparticle 
layers. To use transparent TiO2 nanotube 
structure, a nanotubular layer grown on a bulk 
metal substrate had to be transferred to transparent 
substrate by a lift-off and attachment process with 
TiO2 nanoparticles [1]. 

This paper describes the formation of transparent 
TiO2 nanostructures such as nanotube layers that 
are formed by complete anodization of deposited 
metallic Ti thin films on an FTO glass substrate. 
This results in highly transparent TiO2 
nanostructure-coated electrodes that provide 
significantly enhanced transparency compared 
with the classical nanoparticle layers. In order to 
form directly grown anodic TiO2 nanotube 
structures on an FTO glass substrate, Ti metal 
could be deposited on the substrate using electron 
beam evaporation or a sputtering method. The 
quality of the deposited metal governs the 
anodization process whether the layers are well 
anodized or not. In particular, a properly adhered 
metal layer and a dense metal layer allow 

anodization for TiO2 nanotubes on an FTO 
substrate. If there is low adherence and a loose 
metal layer, the layer is easily lifted off during 
anodization. This means that the deposition 
method can also affect TiO2 nanotubes grown on 
FTO glass. 

Thick titanium films, as starting substrates for 
TiO2 nanotube growth, were deposited by means 
of magnetron sputtering. It is generally known that 
the thick sputtered metal coatings suffer from a 
low adhesion. For such films the anodization to 
produce nanotubes or even the contact with water 
solutions often means their complete peel-off. The 
insufficient adhesion is mainly due to the organic 
contaminants on the surface of the substrate. In 
order to improve the adhesion of titanium 
advanced treatments the Fluorine-Tin-Oxide 
(FTO) glass substrate were performed. Activated 
substrates were deposited via the pulsed 
magnetron sputtering using the pure titanium 
target. The operating pressure of 0.2 Pa was kept 
constant during the deposition. The duty cycle of 
the pulse was 90 % and the frequency was 50 kHz.  

Self-organized TiO2 nanotubes were grown by 
electrochemical anodizing the sputtered Ti films at 
50 V in a most typical electrolyte of 0.5 wt% 
NH4F + 2 wt% H2O in ethylene glycol. The 
produced titania nanotubes were thoroughly 
characterized by XRD, Raman spectroscopy, SEM 
and photothermal deflection spectroscopy (PDS). 
The photoinduced functionality of titania 
nanotubes and single compact TiO2 layers was 
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also compared photoelectrochemically. 

Polarization curves were recorded with help of a 

three-compartment electrochemical cell with a 

Pyrex front window. In this case the studied 

system served as the working electrode and the 

Ag/AgCl electrode (environment of 3M KCl) was 

employed as the reference one with a potential of 

207 mV against SHE. Finally a platinum sheet 

constituted the counter electrode. As the source of 

radiation the DC Arc polychromatic high pressure 

mercury lamp was employed. An optical filter was 

utilized in order to ensure the layers exposure by 

the radiation of precise wavelength corresponding 

to 365 ± 20 nm. 

Figure 1 shows the current density transient 

during anodization of a sputtered and e-beam 

evaporated Ti metal layer on FTO glass. Overall, 

the current transient shows a similar trend where 

the current suddenly decreases when the metal 

layer is fully converted to an oxide layer. Then a 

sudden current increase occurs due to oxygen 

evolution when the electrolyte reaches the 

substrate. However, some different current 

behaviors can easily be observed between the 

sputtered layer and evaporated layer.  

 

Figure 1 Typical current density transient during 

anodization of a 1 m thick evaporated and sputtered Ti 

substrate to form TiO2 nanotubes on FTO glass.  

First, in the initial stage of anodization, the 

sputtered layer shows a typical current hump even 

though the evaporation cannot be observed. 

Second, the flow current for growing nanotubes on 

a sputtered layer is fairly stable compared with the 

evaporated layer where current steadily decreases 

during anodization. Also during the anodization, 

the duration of the sputtered layer is much shorter 

than that of the evaporated layer even though the 

flow charge density of the sputtered layer is higher 

than that of the evaporated layer (evaporated layer 

2832 mC/cm2, sputtered layer 3755 mC/cm2). It is 

noteworthy that current leakage occurs in the 

evaporated layer during anodization. This is 

related to the denseness of the deposited metal 

layer, i.e. the sputtered metal layer is denser than 

the evaporated layer – some pinholes can be 

observed in the evaporated metal layer. The 

electrolyte may therefore be able to penetrate the 

evaporated layer, which leads to current leakage 

during anodization. In contrast, sputtered layers 

are dense and still well connected when the FTO 

substrate is broken. 

 

Figure 2(a) Cross-sectional SEM images of an 

evaporated layer before (left) and after anodization 

(right) 

 

Figure 2(b) Cross-sectional SEM images of a 

sputtered layer before (left) and after anodization 

(right)  

In order to characterize the photoelectrochemical 

properties of TiO2 nanotubes, the as-formed 

amorphous nanotubes should be converted to the 

anatase structure by annealing at 450 °C in air. 

Both of the layers are well crystallized by 

annealing, which was confirmed by XRD. 

However, the photoelectrochemical behavior is 

very different for each layer. Comparing the 

photoresponses of the layers, the TiO2 nanotubes 

formed on a sputtered layer show about a 19 times 

higher photoresponse than those formed on the 

evaporated layer. This can be ascribed to the 

pinholes in the metal layer producing some defects 

in the TiO2 nanotube layers on FTO glass.  
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 Two different methods were used for the preparation of 
tungsten oxide layers on fluorine doped tin oxide layered 
support glass. First method is based on simple sedimentation 
of commercially available WO3 particles forming particular 
layers with considerable photocurrents. The second method 
consists of spray-pyrolysis of synthetized precursors as 
acetylated peroxotungstic acid and ammonium paratungstate. 
Influence of several crucial parameters such as wavelength 
of light, layer thickness and calcination temperature on the 
produced photocurrent was studied. All WO3 layers have 
monoclinic crystalline structure. Layers prepared by spray 
pyrolysis produce comparable or higher photocurrents as 
particulate layers but the issue is their mechanical stability 
which depends on the conditions of spray pyrolysis. 
 
 

 
 

Tungsten trioxide together with other metal 
oxides such as titanium oxide and zinc oxide is 
widely used for photocatalytic experiments. It is 
indirect band gap semiconductor (Eg ~ 2.5–2.8 eV) 
that can capture approximately 12 % of the solar 
spectrum and can absorb light in the visible 
spectrum up to 500 nm [1]. It is also convenient 
material to be used for hydrogen production via 
photoelectrochemical water splitting [2]. 

Layers formed by particles of material have 
advantage in relatively high specific surface area 
usable for the reactions. But the mechanical 
stability and conductivity of these layers are very 
low due to weak adhesion of the particles. Both 
can be improved by layer calcination. The aim of 
the present work was therefore the comparison of 
photoelectrochemical and mechanical properties of 
particulate WO3 layers and layers prepared by 
spray-pyrolysis of several precursors. 

Tungsten trioxide particle layers were prepared 
on fluorine doped tin oxide layered glass (FTO) 
substrates by sedimentation of commercial WO3 
(99 %, Fluka) from its water suspension. Different 
amounts of WO3 at the layer can be achieved by 
changing the concentration of the suspension. 
Further annealing at different temperatures 
improves adhesion of WO3 particles in the layer. 

Spray pyrolysis was done by semi-automatic 
spray device (Figure 1) consisting of nozzle 
(EST 616, Czech Republic) fed with air (5 bar) 
and solution of precursor (2.7 cm3/min). Nozzle is 
mounted on linear motion (20 cm/s) and atomized 

precursor solution is delivered downwards to the 
heated support FTO glass. Spraying was repeated 
up to several hundred times to obtain sufficient 
amount of WO3 in the layer. 

 

 
Figure 1. Semi-automatic spray device. 

 

Two different precursors were used for spray-
pyrolysis deposition of the WO3 on FTO 
substrates. 

i) Acetylated peroxotungstic acid (AcPTA) 
precursor was prepared by several consequent 
steps [1] including reaction of metal tungsten with 
hydrogen peroxide, reaction of produced 
peroxotungstic acid with glacial acetic acid under 
reflux for 24 hours at 55 °C, evaporation and 
drying followed by dissolution of formed AcPTA 
in ethanol. Solution was sprayed to the FTO 
substrates heated to 150°  C to form gray-black 
layers of partly degraded AcPTA. Wide variety of 
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spray counts was used. Samples were annealed at 

500 °C after spray deposition.  

 

 

Figure 2. SEM image of the WO3 layers 

produced by the spray-pyrolysis of AcPTA; 

topview (left) and cross section (right). 

 

ii) Ammonium paratungstate (APT) was 

prepared by reaction of tungsten oxide in 

ammonium solution at 80 °C with further 

recrystallization. Aqueous solution of APT was 

used for spray-pyrolysis at 450 °C [3].  

 

 

Figure 3. SEM images of the WO3 layers 

produced by spray-pyrolysis of APT; topview 

(left) and cross section (right). 

 

Both precursors produce monoclinic WO3 

(reference code 01-083-0950) according to XRD 

analysis with similar peak height proportions. 

Linear voltammetry of prepared WO3 layers was 

measured within periodically chopped light 

illumination. Different excitation lights were used: 

three with very narrow single peak at light spectra 

(315, 365 and 404 nm) and fourth at the standard 

solar illumination conditions (AM 1.5 G). Better 

adhesion at higher annealing temperatures results 

in more stable layers with higher photocurrent. 

Increasing of the annealing temperature to 600 °C 

caused the formation of undesirable crystal phases 

(produced by the reaction of WO3 and FTO layer) 

and significant decrease in photocurrent/IPCE 

(incident photon to current efficiency). 

Key parameters of semiconductor layers for 

photoelectrochemical water splitting application 

are maximum photocurrent and the layer stability. 

It was experimentally proved that both parameters 

can be significantly improved by thermal 

annealing at 450-500 ºC for particulate layers of 

WO3 [4]. 

 

Figure 4. Photocurrents of prepared WO3 layers 

under AM1.5G light. 

Spray-pyrolysis of AcPTA produces 

homogeneous WO3 layers with photocurrents 

comparable to the particular layers. However with 

increasing amount of formed WO3 adhesion is 

decreasing resulting to the pealing of the thick 

layers as can be seen at Figure 2. Deposition of 

APT by spray pyrolysis (Figure 3) produce layers 

with lower photocurrents, but with very good 

mechanical properties (Figure 4). Subsequent 

temperature annealing at 500 °C of the layers 

formed by APT spray-pyrolysis has no positive 

effect to their photocurrents. 
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                  Toxic organic 

       pollutants 

  
Two different treatments (electrochemical oxidation and Fenton 
using zero-valent iron) have been proposed for the treatment of a 
real pharmaceutical wastewater. Both treatments achieved 
significant total organic carbon removal. Up to 99% in the case 
of electrochemical oxidation using boron doped diamond 
electrodes and a potential difference of 4 V. In the case of 
ZVI/H2O2, TOC removal of ca. 65% was reached when using the 
stoichiometric amount of H2O2 and a ZVI/TOC ratio of 6 
being considered a low-cost technology. Both systems set legal 
requirements in terms of the maximum industrial discharge 
values. 

 

 
It is only in the recent years that the 

pharmaceutical manufacturing facilities were 
worldwide considered significant sources of 
pollution in the environment [1-3]. Pharmaceutical 
pollution originated from manufacturing facilities 
causes local drug pollution above and beyond the 
pollution caused by household discharge. In the 
Patancheru industrial area of India, a major 
worldwide production site of generic drugs, the 
most abundant drugs were detected [1] at levels up 
to 100 μg/L, well above the highest conc entration 
previously reported for any pharmaceutical in any 
wastewater type of effluent [4] and significantly 
high concentrations were found for different 
fluoroquinolone antibiotics (up to 31 mg/L of 
ciprofloxacin).  

 
A five years survey in the USA found that the 

pharmaceutical formulation facilities effluents 
contained drugs at concentrations up to 1000 times 
higher than effluents from a WWTP treating regular 
domestic and hospital wastewater [3]. It has been 
suggested that those type of effluents should be 
treated on-site (at the manufacturing plant) in order 
to reduce the load of drug residues in the 
environment [3]. In a recent study, Deegan et al. [4] 
provided a review on the current knowledge 
regarding the range of treatment methods available 
for the pharmaceuticals removal from industrial 
wastewaters in order to get an overview of the 
effectiveness of the various treatment options. It 
was focused on the complementary treatment 

methods such as membrane filtration, reverse 
osmosis and activated carbon and advanced 
oxidation processes which are often used in 
conjunction with the traditional methods for 
treatment of pharmaceutical wastewaters. Recently, 
the review of Gadipelly et al. [5] proposed, as the 
most common and successful treatment technology 
to be applied to a pharmaceutical wastewater, a pre-
treatment stage comprising advanced oxidation 
processes. This was mainly to remove the 
recalcitrant/refractory compounds, which are 
usually non-biodegradable followed by an effective 
biological treatment. Although, the degree of 
removal of pharmaceutical compounds in water or 
synthetic industrial effluents by different 
alternative technologies has been reported in 
numerous studies over the last ten years, scarce 
literature exists on the pharmaceuticals removal in 
real pharmaceutical wastewater. Different type of 
advanced oxidation processes such as O3/OH−, 
H2O2/UV, Fe2+/H2O2, Fe3+/H2O2, 
Fe2+/H2O2/UV and Fe3+/H2O2/UV have been 
successfully applied to increase the overall 
Chemical Oxygen Demand (COD) removal 
efficiency [6]. 

 
This works investigates the efficiency of two 

different advanced oxidation processes 
(electrochemical oxidation (EO) and zero-valent 
iron with hydrogen peroxide, (ZVI/H2O2)) for the 
removal of mixed-complex organic compounds 
contained in the wastewater produced by a 
pharmaceutical business located in Spain, before 
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discharge to the receiving environment or sewer 
system.   

The  electrochemical  oxidation runs were 
conducted in batch mode at 25 °C in a 0.5 L 
undivided electrolytic cell. Boron doped diamond 
(BDD) electrodes (50 cm2) separated at 1 cm 
distance were used as anode and cathode. 
Electrochemical oxidation (EO) processes were 
carried out in potentiostatic mode with a potential 
difference of 4 V. The solution volume was 400 
mL in every experiment. The initial pH of 
electrochemical treated samples was adjusted to 3 
acidifying with HCl the raw wastewater sample. 
BDD thin-film electrodes were supplied by 
Adamant Technologies (Neuchatel, Switzerland). 
The film was synthesized by hot filament chemical 
vapor deposition technique (HF CVD) on single 

crystal p-type Si〈1 0 0〉 wafers (1–3 mΩ cm, 

Siltronix). The obtained diamond film had 1 μm 
thickness, with a less or equal to 0.1 mΩ cm 
resistivity and a monopolar configuration.  

In a typical experimental set-up for ZVI/H2O2 

system, a cylindrical glass vessel was filled with 

0.5 L of the pharmaceutical wastewater. Then, 

appropriate amounts of H2O2 and ZVI were added 
in the presence of aeration with a flow rate of 5  

Lmin-1 and at room temperature. The 

heterogeneous ZVI, that is commercially available, 

was suspended in the aqueous solution and gently 

mixed while adjusting the pH to 3 with H2SO4.  

 

The pH kept uncontrolled during all the 

experiments. The amount of initial H2O2 added 

was calculated for the total carbon mineralization 

contained in the wastewater towards CO2. Total 

organic carbon (TOC) content of the samples was 

determined using a combustion/non dispersive 

infrared gas analyzer model TOC-V (Shimadzu). 

H2O2 concentration was measured by iodometric 

titration and the iron content in the filtered 

solution after reaction was measured by ICP-AES 

analysis using a Varian Vista AX spectrometer. 

The pH of the solution was measured using a 

Metrohm pH meter.   

   

Table 1. Initial pH and organic loading of the 

raw pharmaceutical wastewater (first1 and 

second2 batch).  

  

Batch                        1                    2  

  pH  7.2                  

5.2  

TOC (mg/L)    

4460              

1500  

The drug manufacturing plant produces various 

COD (mg/L) 14320            7010 active drugs from 

hypertension, heart diseases, osteoporosis to anti-

depressive compounds. Therefore, different types 

of waste streams are generated depending upon the 

manufacturing process. Due to the characteristic of 

those effluents, two different bathes were collected 

to be studied hereby. The initial pH and organic 

loading of the effluents (batches 1 and 2) are 

shown in Table 1.  

The effluents are characterized by ca. 4.5 g/L and 

ca. 14 g/L of TOC and COD, respectively (batch 

1) and a second batch characterized by 1.5 g/L and 

7 g/L of TOC and COD, respectively (batch 2).   

 

Electrochemical oxidation: TOC was completely 

removed (conversion > 99%) after 16 hours of 

treatment using a BDD anode using first batch of 

the pharmaceutical wastewater. It is known, that 

the electrochemical discharge of water molecules 

forms hydroxyl radicals on BDD electrode surface:   

BDD+H2O →BDD (•OH)+ H++ e-   (1)                            

The electrochemical and chemical activity of 

hydroxyl radicals strongly depends on the nature 

of the electrode material used. In the case of 

borondoped diamond electrodes there is a weak 

interaction between electrode and hydroxyl 

radicals (•OH), and these hydroxyl radicals are 

considered quasi free or loosely adsorbed  

(physisorbed).   

BDD(•OH)+R→BDD+mCO2 +nH2O +H+ + e-(2)  

 

This reaction occurs in competition with oxygen 

evolution by hydroxyl radical discharge, which 

occurs without any participation of the anode 

surface:   
BDD(•OH) → BDD+ ½ O2 + H+ + e-             (3)  

Moreover, due to the characteristics of 

wastewater, it seems that the organics were 

oxidized on both the electrode surface by reaction 

with hydroxyl radicals and in the bulk of the 

solution by other reactive oxygen species 

(hydrogen peroxide and ozone) and weaker 

oxidant species competitively electrogenerated on 

the BDD anodes, such as active chlorine species 

(mainly Cl2, HClO and/or ClO-) formed from Cl- 

oxidation at the anode) and peroxodisulfate. The 

economic feasibility of the electrochemical 

oxidation is determined by the energy 

consumption. The average intensity of the process 

was 0.15 A, which involves an electrical 

consumption of 24 kW h/m3 and a specific energy 

consumption of 11 kWh/kg TOC. These values are 

high compared to other water complex matrices, 

but it should be noted that the TOC value obtained 

at the end of treatment is high. However, 
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considering a COD/TOC ratio similar to the initial 

(14320/4460 = 3.2) the value of final TOC (14.4 

mg/L) yield a value of COD of 46 mg/L 

significantly below to the regional limit of 

discharge to sewer system established in 1750 mg 

O2/L and below the emission limit for treated 

effluent discharged to surface water established in 

125 mg O2/L. Achieving the locally allowable 

limit of COD for industrial wastewaters discharge 

into the municipal sewer system dramatically 

reduce treatment time and the costs associated with 

this treatment alternative.  

Zero-valent iron (ZVI/H2O2): The effectiveness of 

the ZVI/H2O2 treatment depends on the formation 

of hydroxyl radicals and other oxidizing species 

formed during the decomposition of hydrogen 

peroxide (Eq. 4-7). Compared to other AOPs, 

ZVIFenton process is considered an inexpensive 

and viable alternative operating at room conditions 

of pressure and temperature and the reagent 

components are easy to handle with. 

 

Fe2+ + H2O2 → Fe3+ + HO• + HO- (4)  

Fe0 + 2H+ → Fe2+ + H2 (5)  

2Fe3+ + Fe0 → 3Fe2+ (6)  

Fe0 + O2 + 2H+ → Fe2+ + H2O2 (7) 

 

(4) A stoichiometric excess of H2O2 is normally 

used, therefore to optimize the process different 

concentrations of hydrogen peroxide were 

investigated using half, the same, and double of 

the stoichiometric amount of H2O2, added in 

twelve doses. The optimal ZVI/TOC weight ratio 

was set on 6, as lower weight ratios (1.5 and 3) led 

to lower TOC conversions for the pharmaceutical 

wastewater (batch 2). Figure 1 shows the results of 

the TOC conversions for the different hydrogen 

peroxide concentrations added in twelve doses 

(every 10 minutes).  

 
 

Figure 1. Influence of the initial H2O2 

concentration added in 12 doses after 2 h of 

reaction. Initial experimental conditions: ZVI/TOC 

ratio: 6, acid pH, aeration (5 L/min).  

 

 

When the stoichiometric amount of hydrogen 

peroxide was added at once at the beginning of the 

reaction the TOC removal obtained were 19, 24, 

25 and 37% after 20, 40, 60 and 120 minutes, 

respectively. Those values are considerably lower 

than the obtained when adding the oxidant in 

doses where values of 19, 21, 29 and 65% were 

obtained, respectively (Fig. 1). 

  

It can be seen that the TOC degradation increases 

with time by increasing the amount of oxidant. 

After 2 hours of reaction, the TOC obtained was 

38, 60 and 63% when using 50, 100 and 200%, 

respectively. Therefore, the optimum amount of 

H2O2 to achieve similar results (60% TOC 

removal) was the stoichiometric amount of the 

oxidant. With regards to hydrogen peroxide 

conversions, all the oxidant was immediately 

depleted when added, so no hydrogen peroxide 

was present at the measured reaction times. The 

initial pH in all cases was 3.0, however up to 20 

minutes of reaction the pH values ranged 5.6-5.8, 

as the pH increases upon H2O2 depletion towards 

a neutral values. The iron leached out after two 

hours are less than 5 ppm in all cases, due to the 

precipitation of iron at natural/basic pHs. It is 

important to mention that as previously mentioned 

for the EO system, the ZVI/H2O2 process after 

only 2 hours of reaction led to a COD value of ca. 

525 mg O2/L, setting the legal value (established 

in 1750 mg O2/L).  

 

To conclude, it can be remarked that both, the 

electrochemical oxidation (EO) and the ZVI/H2O2 

systems, have been proved to be a potential 

solution for the removal of many of the organic 

pollutants present in a wastewater generated by a 

pharmaceutical industry. The best results in terms 

of TOC conversions were obtained with EO, as in 

the case of ZVI/H2O2, the optimal conditions lead 

to TOC of ca. 65%. However, the EO involves 

very high energy costs which do not exist in the 

case of the ZVI process. It is important to remark 

that in both systems the final values of organic 

loading (COD), set the limits of the Spanish legal 

industrial discharge (RD 57/2005).  
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 The present work deals with the comparison of 
photoelectrochemical properties of the layers prepared by 
sedimentation and magnetron sputtering deposition under 
various modes of plasma excitation. The presence of crystalline 
WO3 is essential for the significant photocurrent response. 
Whereas amorphous samples were not photo-electro-chemically 
active, annealed samples reveal significant photocurrent 
density. It seems that different surface configuration and 
different density of oxygen atoms at (002) and (200) facets can 
result in different rate of photocatalytic water oxidation. Even 
layers prepared by sputtering achieved comparable 
photocurrents as layers prepared by sedimentation, combined 
layers achieved approximately two times higher photo-currents 
than total sum of photocurrents of separate layers.  

 
Tungsten trioxide (WO3) is promising material 

with electrical and optical properties that are 
exploited in a variety of applications such as 
photolysis [1], electrochromic devices [2] or gas 
sensors. Tungsten trioxide is also indirect band-
gap semiconductor (Eg ≈ 2.5–2.8 eV) with 
attractive electrical and optical properties [3]. 
WO3 can capture approximately 12% of the solar 
spectrum and can absorb light in the visible 
spectrum up to 500 nm. Given its band gap, WO3 
is a more suitable material for photo-
electrochemical water splitting than TiO2 
(Eg ≈ 3.0–3.2 eV)  

The present work deals with the comparison of 
photoelectrochemical properties of the layers 
prepared by sedimentation and magnetron 
sputtering deposition under various modes of 
plasma excitation. WO3 layers were prepared on 
quartz or FTO (fluoride-doped tin oxide) glass 
substrates at various deposition conditions. Third 
set of samples was prepared by combination of 
both methods. Layers were calcined at 450 °C.  

XRD and Raman measurement showed that 
majority of the layers prepared by sputtering are 
amorphous and crystalline WO3 is produced only 
after calcination. Both layers prepared by 
sedimentation or pulsed plasma sputtering 
followed by calcination were composed of 
monoclinic WO3. Different crystallites orientation 
was found for different mode of discharge pulsing. 
The preferential orientation of the plane (200) in 
parallel with the substrate surface was identified 
for higher frequency of discharge pulsing 
regardless of film thickness. The presence of 
crystalline WO3 is essential for the significant 

photocurrent response. Whereas amorphous 
samples were not photo-electro-chemically active, 
annealed samples reveal photocurrent density 
higher than 400 mA/cm2 at voltage potential 1 V, 
depending on film thickness and crystallographic 
orientation. 

Layers prepared by sputtering achieved 
comparable photocurrents like layers prepared by 
sedimentation. However combined layers achieved 
approximately two times higher photo-currents 
than total sum of photocurrents of separate layers 
prepared by particle deposition and by magnetron 
sputtering. This result can be probably explained 
by much higher surface area of combined samples 
compared to plasma prepared samples with the 
same thickness. Another reason can be the fact that 
plasma deposition of WO3 takes place also inside 
the porous structure of sedimented layers and thus 
significantly reduces resistivity on the interface 
between individual WO3 particles which results in 
the improvement of charge transfer. 
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The aim of this work has been the development of 
efficient TiO2-based photoanodes for the detoxification of 
organics. Sol-gel particulate TiO2 (SGT) layers were 
grown on Ti substrates (using an iso-propoxide precursor) 
and TiO2 nanotubes (TNTs) were formed by appropriate 
anodization of the same substrate in glycerin solutions. 
EIS spectroscopy together with Mott-Schottky plots were 
used to find the charge transfer resistance, surface area 
and flat band potential of the photoanodes. 
Photovoltammetry experiments showed that the incident 
current-to-photon efficiency (ICPE) of the TNTs 
electrodes was 3.5 times higher than that of the SGT ones
due to a higher surface area, lower recombination rates 
and higher light absorption. For the same reasons the 
TNTs showed a much higher chloramphenicol photo-
electrolytic degradation rate.

Photoelectrocatalysis (PEC [1]) can enhance the 
photooxidation of organics at appropriate 
photoanodes (often coupled with the simultaneous 
production of hydrogen at the cathode-see 
Graphical Illustration above).  The scope of the 
research presented in this paper has been the 
development of efficient TiO2-based photoanodes 
for the detoxification of the antibiotic 
chloramphenicol. To that direction sol-gel 
particulate TiO2 (SGT) layers were grown on Ti 
substrates (using an iso-propoxide precursor) and 
TiO2 nanotubes (TNTs) were formed by 
appropriate anodization of the same substrate in
glycerin solutions. Fig.1 shows the SEM 
micrographs of the two types of TiO2 films 
prepared.

Figure 1 SEM micrographs of sol-gel prepared 
TiO2 (left) and anodically grown TiO2
nanotubes (right).

The experimental conditions for the preparation 
of both types of TiO2 are given in Table 1.

Table 1. Methods and conditions for the 
fabrication of the TiO2 photoanodes
Sol-gel Anodic oxidation
TiSP:EtOH:HNO3
:H2O:PEG
1: 36.5 : 0.35 : 
1.35 : 2 (molar 
ratio);dip-coating
(extraction rate of 
2 cm min-1)

Anode: Ti
Cathode: Pt

Distance
2cm

Glycerin solution, 0.5 
wt% NH4F, 10 wt% H2O; 
anodization voltage 60V; 
anodization time 2 h

All samples were annealed at 500o C for 90 
minutes with heating rate 5o C min-1. For 
comparison, thermal electrodes (T-TiO2) were 
also prepared by direct annealing of Ti foil at 
the same conditions.

XRD proved that, following annealing at 500 0C, 
both materials were in the form of anatase. EIS 
spectroscopy (Fig. 2) together with Mott-Schottky
plots were used to find the charge transfer 
resistance, surface area and flat band potential of 
the photoanodes. 
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Figure 2 Nyquist plots (frequency range 100 mHz 
to 100 kHz) in 0.1 M Na2SO4 (pH=5.6) in dc 
polarisation voltage of +0.5V vs SCE 

 
From Fig.2 the charge transfer resistance, Rct, 

was found to be 3.53 kΩ cm2 in the case of TNTs 
and 23.27 kΩ cm2 for the SGT electrodes under 
illumination.  

According to Mott-Schottky analysis, the flat 
band potential of TNTs (+0.209V at 1kHz) was 
shifted to more positive potentials in to that of 
SGT (-0.405V at 1kHz). This implies the reduction 
of the band bending in TNTs, a fact that facilitates 
the separation and increased mobility of the photo-
generated electrons.  

Photovoltammetry experiments (Fig.3) and the 
corresponding incident current-to-photon 
efficiency (ICPE) plots (Fig.4) reveal that the 
TNTs electrodes are much more efficient than the 
SGT electrodes.  

 

-1 0 1 2 3

-0,0002

0,0000

0,0002

0,0004

Polarisation Voltage vs SCE

j (
Α 

cm
2 )

 TNTs (Dark)
 SGs (Dark)
 TNTs (Light)
 SGs (Light)
 T-TiO2 (Light)

Light off

Figure 3 j-V curves for the different TiO2 
electrodes in 0.1M Na2SO4, pH=5.6 and a 
potential scan rate 20 mV s-1 

 
In more detail, at an applied voltage of +0.75V vs 
SCE, the TNTs show 3.7 times higher 
photocurrent densities than the SGTs (that are also 
6.8 times higher than those of thermally prepared 
electrodes). At higher potentials, +1.5V vs SCE, 
the photo-current density of the TNTs is 4.6 and 
3.4 times higher than that of the SGT and the T-
TiO2 electrodes, respectively.  
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Figure 4 Incident current-to-photon efficiency 

plot, η 
 
The superiority of TNTs is due to a higher 

surface area, efficient  light absorption and  lower 
recombination rates (the 1-D configuration of the 
nanotubes makes charge carriers to move along an 
one-dimensional path, with photo-generated 
electrons moving towards the substrate and 
electron holes to the surface [2, 3]). 

For the same reasons the TNTs showed a much 
higher chloramphenicol photo-electrolytic 
degradation rate, as seen in Fig.5.  
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Figure 5 Chloramphenicol degradation curves 
(C=10 mg L-1) during photoelectrolysis at TNTs 
and SGT TiO2 photoanodes, at different applied 
anode potentials 

 
At a fixed applied potential, +1.5V and after 180 

minutes of photoelectrocatalytic process, 60% of 
Chloramphenicol is degraded with the TNTs and 
only 10% with the SGs. In addition, after 300 
minutes complete degradation of Chloramphenicol 
was achieved with TNTs. 

In conclusion, the TNTs photoanodes show 
superior photoelectrochemical performance under 
UV illumination and further improvement for light 
harvesting in the visible region  (by means of 
appropriate doping or coupling [1]) is worth 
investigating. 
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 Antibiotics formulation effluents contain high concentrations of 
biorecalcitrant compounds. In this respect, anodic oxidation on 
boron-doped diamond (BDD) was tested to treat amoxicillin in 
water. 
A factorial design approach was implemented to assess the 
importance of initial COD (1000-2000 mg/L), treatment time 
(15-90 min), current (0.3-0.5 A), electrolyte concentration (2-4 
g/L NaCl) and initial pH (3-9) on the amount of COD removed; 
initial COD and time, as well as their interaction resulted in the 
most important, positive effects. 
Furthermore, the evolution of antibiotic activity, assessed by the 
microtiter broth dilution method and the determination of  
Minimum Inhibitory Concentration (MIC) regarding specific 
microbial growth, was also followed, alongside the kinetics of 
COD removal. 
 
 

 
Antibiotics formulation effluents are typically 

characterized by low biodegradability due to (i) 
the presence of pharmaceutically active 
compounds at relatively high concentrations (mg/L 
to g/L), and (ii) the fact that these compounds are 
designed to be biorecalcitrant [1].   

In recent years, electrochemical oxidation over 
boron-doped diamond (BDD) has gained particular 
attention as a treatment technology for the 
mineralization of industrial effluents [2].  

In this work, the electrochemical oxidation of 
amoxicillin on BDD anode was investigated with 
emphasis on (i) the effect of operating variables on 
COD removal, and (ii) the change of antibiotic 
activity during oxidation. The former was assessed 
implementing a factorial design approach, where 
the latter was studied determining the Minimum 
Inhibitory Concentration (MIC) of residual 
antibiotic with microtiter broth dilution method, 
regarding microbial growth of specific bacterial 
strains susceptible to β-lactams. MIC is defined as 
the lowest concentration of an antimicrobial that 
inhibits the growth of at least 50% of a microbial 
population. 

Table 1 shows the tested variables of the 25 
factorial design, where each variable takes a low 
and a high value. 

Table 1. Levels of variables of the 25 factorial design. 

COD 
(mg/L) 

Time 
(min) 

Current 
(A) pH NaCl 

(g/L) 
1000 15 0.3 3 2 

2000 90 0.5 9 4 
 

Figure 1 shows the Pareto chart of the 
statistically important variables and their 
interactions according to the Lenth’s method. As 
seen, all variables but initial solution pH have a 
positive effect on the response (i.e. amount of 
COD removed) with the treatment time, initial 
COD and their interaction imposing the greater 
effects.

 
Figure 1. Pareto chart of the standardized effects. 

The model that describes COD removal is given 
by eqn (1): 
CODrem=616.6+ 214.9 COD+73.4 Current+54.7 N
aCl+276.3 Time+89.7 COD*Time+50.9 COD*Cu
rrent+55.3 Current*Time+53.1 NaCl*Time+ 48.1 
COD*Current*Time  (1) 
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In this work, an Iodinated Contrast Medium (ICM), 
Iohexol, was subjected to treatment by 4 Advanced 
Oxidation Processes (AOPs) (UV254, UV254/H2O2, Fenton, 
UV254/Fenton). The operational parameters’ effect was 
systematically challenged and the following ranges were 
tested: pH: 3-11, [Iohexol]: 10-1000ppm [Iron]: 0-50ppm, 
[H2O2]: 0-1000ppm. The presence of Iohexol is equally 
expected in urban and hospital wastewater, patients’ urine, 
as well as drinking water, and the aforementioned matrices 
were spiked with Iohexol to investigate the treatment 
efficiency of AOPs. Finally, optimization of the treatment 
conditions, as well as modeling of the degradation was 
performed, by acquisition of linear and 2nd order models. 
 
  

During the last decades, the appearance and 
accumulation of anthropogenic pollutants has been 
set as a high priority health-issue in Switzerland. 
The micropollutants (MPs), are anthropogenic 
substances that appear in ng-μg/L level in natural 
waters. Pharmaceutically active compounds 
(PhACs) are special micropollutants due to the 
complexity of their structure, the polymorphism 
and the variation due to the precedent metabolism 
in the human body [1]. Iodinated Contrast Media 
(ICM) are non-biodegradable and thus, 
invulnerable to treatment in conventional 
wastewater treatment plants (WWTPs); for 
instance, Iohexol is an ICM with a low 
biodegradability and removal efficiencies of 11 to 
16% in a conventional WWTP [2]. It was the No1 
pollutant in terms of concentration, in the hospital 
wastewater of the University Hospital (CHUV) in 
Lausanne [3] and 2nd highest concentration in Lake 
Leman [4].  

Advanced Oxidation Processes (AOPs), based on 
the action of the extremely oxidative hydroxyl 
radical (� OH), have been long known to be 
efficient in degrading recalcitrant compounds [5]. 
In this work, the efficiency of AOPs against 
Iohexol degradation is studied; four methods of 
treatment have been assessed and the effect of 
various operational parameters was estimated. The 
optimal treatment configuration and the preferred 

matrix to eliminate this pollutant was investigated. 
Finally, modeling of the degradation process was 
performed and optimization of the treatment 
conditions was achieved. 

UVC light was supplied by low-intensity, low-
pressure Hg lamps, in a treatment with UV as 
single acting source, or supporting the Fenton 
reaction; Fenton in dark conditions was also 
performed. A wide range of values was 
investigated to optimize the treatment, such as: pH 
from 3-11, Fe (II) 0-50 ppm, H2O2 0-1000 ppm, in 
a variety of initial Iohexol concentrations (10-1000 
ppm). Blank experiments were performed in Mili-
Q water, intensification in synthetic secondary 
wastewater and synthetic urine, and spiking of real 
matrices (hospital WW, secondary WW and urine) 
was assessed. Dilution of the urine matrices was 
also considered as a measure of enhancing the 
AOPs action. Finally, the systematic assessment 
was analyzed by MINITAB for Windows, 
providing with 1st order models with interactions, 
through the full factorial designs of experiments 
assayed, as well as 2nd order models deriving 
through the Response Surface methodology 
towards the optimization of the treatment.  

Concerning wastewater-related matrices, the 
most suitable method to degrade Iohexol is the 
direct UV-C photolysis at neutral pH. The little 
improvement obtained by UV-C/H2O2 don’t 
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justify the high cost that use the high quantity of 

H2O2 needed would result into. UV-C/H2O2/Fe (II) 

process at pH=3 provides better results but all the 

wastewater should be acidified and H2O2 and Fe 

(II) should be also added. All of that increase the 

cost of the process and its complexity, plus, 

residual iron and H2O2 should be eliminated from 

effluent wastewater, and the subsequent 

neutralization costs before discharge. The results 

also showed that a biological treatment of HWW 

before UV-C photolysis is needed, because of the 

beneficial results of the wastewater characteristic 

before and after biological treatment; a much 

cleaner effluent water would be obtained, and, 

radicals-wise, less competitive matrix.  

Concerning urine, in overall, UV-only treatment 

at pH 6 was a reliable average treatment to 

degrade Iohexol in real urine. With a dilution 

factor of 10, total degradation can be reached in 

one hour for an initial Iohexol concentration of 

100 ppm. However, in high concentrations, other 

measures are to be considered, such as 

acidification of the matrix, leading to improvement 

of residence time. Addition of H2O2 can improve 

the performance around 20%. Finally, the gains of 

Fe (II), when hydrogen peroxide is involved, 

counterbalanced the loss of transmittance of the 

UV rays and improved the process. Hence, an 

acidified, diluted matrix with a moderate addition 

of iron and hydrogen peroxide yielded the best 

results. 

In conclusion, for both families of matrices 

involved, the models obtained indicate the optimal 

pH and reactant concentration, for the optimized 

treatment of Iohexol. However, the marginal 

improvement of the complex AOPs applied for 

Iohexol degradation, may indicate that the 

classical AOPs (UV/H2O2, Fenton) are not 

panacea against its elimination. 
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The sono-photodegradation process of the antiepileptic drug 
carbamazepine is studied. The combined process of low 
frequency ultrasound (US) and ultraviolet irradiation (UV) 
assisted with H2O2 has been evaluated. 
A kinetic model was applied and found to reproduce both 
degradation and mineralization of carbamazepine satisfactorily.   
The model includes a scavenger term characterized by kscv. As 
reaction progresses, the amount of available radicals decreases 
and the scavenger effect is less important.  
Under optimal conditions, CBZ is degraded in 10 minutes, 
whereas TOC decreases by 60% in 35 minutes (87% in one 
hour). 
 

 
 

Background and Objectives 

The use of high-frequency ultrasound has proved 
to be effective to remove organic contaminants 
[1], but they are costly. Low-frequency ultrasound 
systems are controversial, since they may not yield 
enough OH�  radical species during the pyrolysis 
of water molecules and the positive effect can be 
attributed to improvement in the mixing 
conditions. There is a lack of information about 
the reaction mechanism of US in homogeneous 
solutions [2]. In order to deep into this process, a 
common refractory organic contaminant, the 
antiepileptic drug carbamazepine (CBZ) was 
tested under different conditions. A kinetic model 
including the scavenger effect was applied to 
reproduce both degradation and mineralization of 
the drug.   

Methods 

All experiments were carried out at pH =2.7 in a 
400-mL stirred photoreactor with a Heraeus 
TQ150 UV lamp and a 24 kHZ, 200 W direct 
inmersion horn sonicator (UP200S/S14). 

Results and Conclusions 

 The model includes the following assumptions: 
(a) the sonolytic and the photolytic processes 
follow pseudo-first order kinetics; (b) CBZ 
degradation is mainly due to hydroxil radicals, US 
and and UV radiation not considering other minor 
oxidant specie; (c) the concentration of H2O2 is 
determined in each moment from a equation 
previosly obtained experimentally.  

The overall CBZ degradation (US/UV/H2O2) is: 

  

where C is the concentration of CBZ at time t 
(mM); kUS y kUV are the pseudo-first order rate 
constants for each process US and UV respectively  
(0.001 and 0,028 min−1  as calculated 
experimentally. k3 is also calculated in previous 
tests as 0.0276 mM−1  min−1 ). kscv was estimated to 
be 0.0014 min-1. Figure 1 compares experimental 
data for a typical run with the empirical model, 
showing a good fitting, supporting the validity of 
the model. 

 

 

 

 

 

 
Figure 1. Experimental data and model fitting of CBZ 

degradation by US/UV/H2O2 process ([H2O2]0 =7.5 mM. 

Acknowledgements 
Financial support from MINECO (CTM2013-44317-R) 
is gratefully acknowledged. 

References 

[1] L.J. Xu, W. Chu, N. Graham, Water Research, 47 
(2013)1996. 
[2] Z. Eren, Journal of Environmental Management, 104 
(2012) 127. 

� �� � ][ 0203.0[)(][][][
0223 CBZtOHkkCBZkCBZk

dt
CBZd

scvUVUS ��������

PP3- 12



1 
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The pollution of aquatic environment by trace amounts of 
anthropogenic chemical substances has a hazardous impact on 
regular development of plants and animals as well as on the 
human health. The work presents results of studies on 2,4-
Dichlorophenol degradation in aqueous solutions using 
photochemically initiated processes by simulated and natural 
sunlight. Rose Bengal and derivatives of porphine and 
phthalocyanine were used as sensitizers. The influences of 
various process parameters on the reaction rate were 
investigated. The major role of singlet oxygen in 2,4-DCP 
degradation was proved. On the basis of experimental data 
reaction rate constants of photosensitized oxidation reaction of 
2,4-DCP were determined. 
 
 

 
 

Background 
Dichlorophenols are derivatives of phenol. They 
are widely used in organic synthesis in the 
production of pharmaceuticals, disinfectants, 
preservatives, insecticides, fungicides, herbicides 
[1]. 2,4-dichlorophenol (2,4-DCP) is a colorless, 
crystalline solid [2]. It is an attractive the initial 
product, which is used in industry, for example for 
the production of higher chlorophenols [3]. 
Industrial manufacturing of 2,4-DCP in the world 
is based on the chlorination of melted phenol with 
gaseous chlorine. 2,4-DCP, like phenol, have a 
high toxicity to living organisms [4,5]. 2,4-DCP is 
a compound characterized by high toxicity, so 
even the small amount released into the 
environment pose serious consequences [2]. It is 
well known that very low levels of chlorophenols, 
including 2,4-DCP in water cause significant 
deterioration of its taste and smell. Contamination 
by 2,4-DCP in environment may occur as a result 
of degradation herbicides e.g. 2,4-
dichlorophenylp-nitrophenyl ether (2,4-D) from 
chlorination of drinking water and industrial and 
municipal waste waters by water disinfection 
plants, or from agricultural runoff or industrial 
waste discharges [1,6,7]. 2,4-DCP is also been 
reported as an endocrine disruptor [8]. Due to its 
the high harmful compound is important in order 
to protect the environment against the effects of its 
action. Unfortunately the classic treatment 
methods are not able to degrade them. Also, the 
use of advanced oxidation method, which are 

currently popular, using photochemical processes 
for the purification of wastewater or water 
treatment is very effective in removing pollutants 
present in the wastewater, however only at low 
concentrations. However, in many cases, advanced 
oxidation methods have limited application. An 
alternative process seems to be photosensitized 
oxidation process, particularly using molecular 
oxygen. An interesting option appears to be the 
photooxidation of phenolic compounds by singlet 
oxygen due to its advantage of use oxygen from 
air and solar radiation. 

Objectives 
Herein we preset results of photooxidation of 2,4-
dichlorophenol under simulated and natural 
sunlight via singlet oxygen generated by exited 
photosensitizers. The objective is to define the 
conditions that maximize the reaction rate of 
photosensitized degradation of 2,4-DCP in the 
aquatic solution, to determine the kinetic constants 
and to compare the photodegradation under 
simulated and natural sunlight. 

Methods 
The study was conducted in a semi-continuous 
system in flat reactors (0.06×0.10 m) of the 
volume 0.01dm3. Five reactors were symmetrically 
positioned around the xenon lamp (Osram 100W, 
E0 = 324 Einstein s-1 dm-3), simulating solar 
radiation. The reaction mixture was agitated by 
gentle air or oxygen stream. As photosensitizers 
Rose Bengal and derivative of porphine, aluminum 
phthalocyanine and zinc phthalocyanine were used 
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(Tab.1.). The photochemical experiments setup 

with natural sunlight was described in in our 

previous work  [9]. The experiments  The 2,4-DCP 

decay was monitored by HPLC apparatus  

(Waters) with a UV diode array detector. The 

chromatograph was equipped with a Nova-Pak 

150/C18 column. 

 
Table 1.  Physicochemical properties of using in 

examination photosensitizers [10-14]. 

 PS Structure φΔ φT 

Rose Bengal 

(RB) 

 

0.76 0.98 

meso-
tetrasulphonato 

phenyl 
porphyrin 
(TPPS4) 

 

 

0.62 0.78 

aluminum 
phthalocyanine 
tetrasulfonate 

(AlPcS4)  

0.34 0.44 

Zinc 

phthalocyanine 

tetrasulfonate 

(ZnPcS4)  

0.32 0.56 

φ
Δ

-singlet oxygen quantum yields, φ
T 

– photosensitizer triplet quantum yield 

  

Results 

Various Reactive Oxygen Species (ROS) can be 

generated during photosensitized oxidation e.g.: 

singlet oxygen (1O2), oxygen anion-radical (O2
•-), 

hydroxyl radical (•OH). Therefore the special 

additives were added to the reaction solution. The 

reaction was conducted with 1O2 scavenger - 

sodium azide (NaN3), the •OH scavenger - tert-

butanol (t-BuOH) and superoxide dismutase 

(SOD) which removes O2
•-. Reactions were carried 

out at concentration of 2,4-DCP equal 2×10-4M. 

Rose Bengal as a sensitizer at concentration 

2×10-5M was used. The results are presented in 

Figure 1. 

It can be seen that the reaction was stopped at 

photolysis level only when NaN3 was used. This 

means that the only reactive oxygen species 

present in the system are molecules of singlet 

oxygen and only they are responsible for 

degradation of the compound. Moreover, at 

alkaline solution 2,4-DCP was completely 

removed after 90 min., while at pH 5 

photosensitizing process resulted in 

a 55% reduction of 2,4-DCP concentration after 

2h.  
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Figure 1. Dependence of photosensitized oxidation 
process when used various scavengers and quenchers of 

ROS. 

The influence of oxygen (Fig.2) and type of 

photosensitizer (Fig.3) was investigated. 

0 1200 2400 3600 4800 6000 7200

0.0

0.2

0.4

0.6

0.8

1.0

 

 

 hv

 hv+ RB+ O
2
 (~1%) -dissolved

 hv+ RB+ O
2
 (21%) -bubbling

 hv+ RB+ O
2
 (100%)-bubbling

C
2
,4

D
C

P

0
/C

2
,4

D
C

P

t

Time, s

Figure 2. The dependence loss of 2,4-DCP at the time of 
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Figure 3. The dependence of the reaction rate 

photosensitized oxidation of the initial substrate 
concentration of 2,4-DCP using various photosensitizers, 

oxygen bubbling 

As can be seen oxygen concentration is important 

due to the fact of 1O2 generation. The reaction is 
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much faster when pure oxygen was used. It should 

be noticed that when reaction solution was not 

bubble (any oxygen was delivered), the reaction 

was inhibited. When the soluble oxygen was 

consumed the reaction was stopped. In Figure 3 

the influence of photosensitizer is presented. The 

best results was achieved for TPPS4 while the 

slowest reaction was observed for ZnPcS4. 

The following reactions occur during 

photosensitized oxidation of 2,4-DCP using RB as 

photosensitizer:  

RB + hv  1RB* 
 

 3RB*                    (1) 

3RB* + 3O2  1O2 + RB                              (2) 

1O2 + 2,4-DCP 
     

 3O2 + product  (3) 

Where: 
kΔ

O2- rate constant for triplet RB reaction with oxygen 
resulting in 1O2 , M

-1s-1; 

kr-rate constant for chemical reaction of singlet oxygen 

with 2,4-DCP, M-1s-1         
Ea- flux of absorbed photon per unit of the reaction 

volume, Es-1dm-3 

Taking into account other subsequent reactions 

that adversely affect the photodegradation of the 

substrate and having previously performed studies 

it can be assumed that the main mechanism 

leading to the degradation of 2,4-DCP is a process 

based on a mechanism consisting in the transfer of 

energy. According to that this process can be 

described by the following equation [15]: 

 (4) 

Where: 

kd- solvent quenching rate constant,                                                                        

M-1s-1 
kt- total rate constant for physical and chemical decay of 
1O2with 2,4-DCP,    M-1s-1 

 

Table 2. Determined values (mean) of constant in 

dependence of pH of reaction solution. 

 
Constant of 

reaction [M-1s-1] 

 

pH5 

 

pH10.8 

 
kr 

 

1.65x106 

 

3.64x107 

 
kt 

 

1.05x108 

 

4.95x108 

 

 

To investigate the effect of the initial 

concentration of substrate on the rate of 

photosensitized oxidation process, the test was 

carried out for six initial concentrations of 2,4-

DCP. Using equation 4, the values of the constant 

rate of chemical reaction of 1O2 were determined. 

The values are shown in Table 2. 

Conclusion 

Degradation of 2,4-DCP in the aqueous solution 

by photosensitized oxidation in homogeneous 

aqueous solution under visible-light irradiation is 

effective. The degradation occurs mainly due to 

the reaction with singlet oxygen and to a small 

extent via photolysis. The experimental evidence 

shows that this pathway of 2,4-DCP 

decomposition can appear to a highest rate in the 

alkaline medium. The efficiency of the 2,4-DCP 

photodegradation strongly depends on the type of 

photosensitizer, initial concentration of 2,4-DCP 

as well as oxygen content in reaction mixture. 

Determined constants of chemical and physical 

quenching and chemical reaction rate constants 

have the same order that are similar to reaction 

with 1O2. 
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The work presents results of studies on the heterogeneous 
degradation of butyl- and benzylparaben in aqueous solutions 
using photochemically initiated processes. TPP was 
immobilized in polyurethane nanofabrics by electrospinning 
method. The major role of the singlet oxygen was proved. The 
kinetic study showed that the heterogeneous photodegradation 
of parabens could be modeled using Langmuir –Hinshelwood 
model.  However, this model does not fully reflect the character 
of the photosensitized oxidation process. The aim of this study 
was to develop a kinetic model in a heterogeneous system, 
which will be expand the knowledge of the photosensitized 
oxidation processes and basic photochemical reactions 
occurring in the environment. 
 
 
 

 
 

Background 
Photosensitized oxidation may occur both in 
homogeneous and heterogeneous systems. The 
disadvantage of the homogenous process is the 
necessity of removing of the photosensitizer from 
the solution after the reaction has been completed. 
On the other hand, water-insoluble chromophores 
used in the suspension form have got weak activity 
and often undergo aggregation at the specific 
concentration, resulting in a decrease of activity 
[1]. Reduction of the yield of singlet oxygen 
generating by multiparticle aggregates due to 
dispersion of excitation energy by relaxation 
oscillation. This problem can be overcome by the 
use of immobilized photosensitizers which show 
the advantage of easy operation, but sometimes 
demonstrate a reduced rate of reaction due to mass 
transfer limitation. In this situation the 
photosensitizer can be easily separated from the 
reaction mixture e.g. by filtration, and prepared for 
reuse. The immobilization of photosensitizer 
reduces its photobleaching, therefore it can be 
used many times. Immobilization of a 
photosensitizer is associated with a decrease of 
singlet oxygen quantum yield. This may be due to 
limitations in oxygen diffusion into and from the 
carrier material. These disadvantages can be 
overcome by reuse of immobilized 
photosensitizers in the water treatment which has 
many environmental and economic benefits. The 
heterogeneous photosensitized oxidation allows 
easy separations of the photosensitizer from the 
reaction solution. 

The idea of anchoring the photosensitizer into an 
insoluble carrier was first proposed by Kautsky in 
1939 [2] and then by Merrifield in 1963 [3]. 
Immobilization was obtained on a solid carrier 
such as silica gel, alumina, celite, cellulose, 
polysiloxane, copolymers, polydimethylsiloxane, 
chitozan or more recently Nafion [4-8]. 
Photensitizers can also be immobilized on the 
reactor walls directly or indirectly through an 
additional binder [9]. Immobilization of 
chromophores leads also to the maintenance of 
their molecular dispersion [10]. However, the 
process of chemical or physical bonding of 
photosensitizer with the carrier causes a partial 
loss of activity. The first commercially available 
immobilized photosensitizer, rose bengal 
immobilized on Merrifield polymer [11], shows a 
100-fold decrease in the efficiency of singlet 
oxygen generation [12]. Whereas, work on 
tetraphenylporphyrin embedded in polyurethane 
nanofabric showed that the activity of a 
photosensitizer is probably dependent on the 
sensitizer –  carrier configuration. The lifetime of 
singlet oxygen generated by the modified fabric is 
almost twice longer than that in a homogeneous 
system [13]. Already mentioned, in most cases the 
quantum yield of singlet oxygen generation by 
immobilized photosensitizers decreases in 
comparison with homogenous processes. 
However, this is not the norm, such as singlet 
oxygen quantum yield of the polymer with 
covalently bound rose bengal is 0.73, which is 
comparable to the value obtained in homogeneous 
solutions (ΦΔ=0.76) [14]. Thus, generation of 
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singlet oxygen is possible by the use immobilized 

photosensitizer without the loss of its properties. 

Therefore, it is very original and innovative way to 

remove impurities from the water environment. 

In a homogenous system photosensitized oxidation 

consists of two pathways of reactions (Fig.1.). In a 

heterogeneous system the adsorption of substrate 

on the selected carrier should be taken into 

account. Catalytic processes in the heterogeneous 

system are usually described by the kinetics of 

Langmuir - Hinshelwood (LH)[15]. This approach 

is also presented by many authors in the process of 

photocatalytic degradation of pollutants by using 

titanium dioxide [16,17,18]. The use of L-H 

kinetics for describing the photocatalysis process 

leads to the determination of the kinetic 

parameters, which are not directly related to 

constants of  Langmuir adsorption isotherm. This 

means that physical sense the parameters of L-H 

kinetics in case of photocatalytic reactions are 

different. These parameters are experimental 

constants describing the degradation in assumed 

experimental conditions, including a specific range 

of substrate concentration [19]. Moreover, the 

adsorption constants in the L-H equation are 

dependent on the intensity of the incident photon 

flux [18].  

Objectives 

Photosensitized oxidation in the heterogeneous 

system, has not been analyzed in terms of kinetic 

description so far. The aim of this study was to 

develop a kinetic model in a heterogeneous 

system, which will be expand the knowledge of 

the photosensitized oxidation processes and basic 

photochemical reactions occurring in the 

environment. 

Methods 

Butylparaben (>99%) (BuP) and Benzylparaben 

(>99%) (BeP) were obtained from Fluka and 

Sigma-Aldrich, respectively. Meso-tetra 

phenylporphyrin (TPP) was purchased from  

Sigma-Aldrich. The polymer nanofabrics with 

immobilized photosensitizer were prepared by the 

electrospinning technique. The study was 

conducted in a semi-continuous system in flat 

reactors (6×10 cm) of the volume 0.01 dm3. Five 

reactors were symmetrically positioned around the 

xenon lamp (100W),simulating solar radiation. 

The reaction mixture was agitated by gentle air or 

oxygen stream. The inner wall of the reactors were 

covered by nanofabrics with the immobilized 

photosensitizer. The BP decay was monitored by 

HPLC apparatus (Waters) with a UV diode array 

detector. The chromatograph was equipped with a 

Nova-Pak 150/C18 column. 

Results 

The photosensitized oxidation process of organic 

compounds in a heterogeneous system leads on the 

carrier surface (assuming equilibrium - 

abbreviations index "e") as well as in the reaction 

solution in close proximity to the carrier 

(abbreviations index "l"). 
 

𝑇𝑃𝑃 + ℎ𝜐
               
→     𝑇𝑃𝑃∗1

    𝜙𝑇  𝐸𝑎        
→        𝑇𝑃𝑃∗3  (1)     

𝑇3 𝑃𝑃∗ + 𝑂2
3

  𝑘∆
𝑂2    
→    𝑂2

1 + 𝑇𝑃𝑃 (2)     

𝐸𝐷𝐶𝑠(𝑙) + 𝑂2
1

  𝑘𝑟1
𝐸𝐷𝐶𝑠   

→      𝑝𝑟𝑜𝑑𝑢𝑐𝑡  (3)     

𝐸𝐷𝐶𝑠(𝑒) + 𝑂2
1

  𝑘𝑟2
𝐸𝐷𝐶𝑠   

→      𝑝𝑟𝑜𝑑𝑢𝑐𝑡  (4)     
 

As a result of the absorption of visible light TPP 

enters the electronically excited singlet state. Then 

the photoexcited triplet state of TPP, is formed by 

an intercrossing system (eq.1). A photosensitizer 

in the excited form (3TPP*) react with molecular 

oxygen, generating singlet oxygen (eq.2). The 

oxygen in the singlet state is reacted with a 

compound, selected from the group EDCs, which 

is in aqueous solution in close proximity to 

nanofabric (eq.3) as well as with EDCs adsorbed 

on the surface (eq.4). Taking to the account all 

reaction which may occur in the reaction solution 

and on the surface as well as considering certain 

assumptions the new model have been developed 

(eq.5). 
 

𝑟 = −
𝑑𝐶𝐸𝐷𝐶𝑠

𝑑𝑡
=

 𝐸𝑎  𝜙∆  𝑘𝑟
𝐸𝐷𝐶𝑠 𝐶𝐸𝐷𝐶𝑠(𝑐)

𝑘𝑑+( 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠 )𝐶𝐸𝐷𝐶𝑠(𝑐)

 (5)    
 

Where: E a-  flux of absorbed photon per unit of the reaction 

volume, Es-1dm-3; - quantum yield of singlet oxygen formation; 

𝑘𝑟
𝐸𝐷𝐶𝑠- rate constant for chemical reaction of singlet oxygen with 

EDCs, M-1 s-1; 𝑘𝑡
𝐸𝐷𝐶𝑠- total rate constant for physical and 

chemical decay of singlet oxygen with EDCs, M-1 s-1; kd - rate 

constant of singlet oxygen decay in water, s-1; KEDCs - the 

Langmuir equilibrium constant, M-1 

Taking into consideration that L-H model is the 

most frequency used model to the description of 

photosensitized heterogeneous process, this new 

model can be transferred to the L-H version.   

However, the new kLH and K constants 

(corresponding to constants in L-H model) are 

closely associated with kinetic constants 

physically describing the process. 

𝑟 = −
𝑑𝐶𝐸𝐷𝐶𝑠

𝑑𝑡
=

 
𝐸𝑎  𝜙∆  𝑘𝑟

𝐸𝐷𝐶𝑠

 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠

    
 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠

𝑘𝑑
  𝐶𝐸𝐷𝐶𝑠(𝑐)

1+  
 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠

𝑘𝑑
   𝐶𝐸𝐷𝐶𝑠(𝑐)

 (6) 

Where: kLH- the apparent reaction rate constant, M s-1; 

K- the dynamic equilibrium constant of EDCs adsorption 

onto nanofibers material, M-1; can be presented as: 
 

𝑘𝐿𝐻 =
𝐸𝑎  𝜙∆  𝑘𝑟

𝐸𝐷𝐶𝑠

 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠

 (7) 

𝐾 =
 𝑘𝑡
𝐸𝐷𝐶𝑠−𝑘𝑑 𝐾𝐸𝐷𝐶𝑠

𝑘𝑑
 (8) 
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The application of this new model is presented on 

the Fig.2. and determined rate constant for 

chemical reaction of singlet oxygen with EDCs 

(kr) as well as total rate constant for physical and 

chemical reaction of singlet oxygen with EDCs 

(kt) are collected in Tab.1. 
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Figure 2. Kinetic model fitting to experimental points.  

Table 1. Determined kinetic constant. 

   [M-1s-1] 

BuP 𝑘𝑟
𝐵𝑢𝑃 (8.8±0.4)×105 

𝑘𝑡
𝐵𝑢𝑃 (3.6±0.2)×109 

BeP 𝑘𝑟
𝐵𝑒𝑃 (1.2±0.08)×106 

𝑘𝑡
𝐵𝑒𝑃 (4.4±0.5)×109 

It should be noticed that presented model give 

very similar L-H constants in comparison to L-H 

model (Tab.2).  

Table 2. Comparison new model to L-H model . 

 
L-H model 

 kLH[M s-1] K [M-1] 

BuP (1.217±0.024)×10-8 9109±182 

BeP (1.077±0.043)×10-8 14552±582 

New Model 

 kLH[M s-1] K [M-1] 

BuP (1.16±0.13)×10-8 10033±4133 

BeP (1.06±0.8)×10-8 15004±1245 

 

Conclusion 

It was shown that a polyurethane polymer 

nanofiber immobilized with meso-

tetraphenylporphyrin is capable of degrading 

organic compounds in the presence of visible light 

and molecular oxygen.  

The obtained results allowed us to determine the 

kinetic model and the kinetic constants that 

describe the process in a heterogeneous system. 

Dependence of initial degradation rates on initial 

concentration confirms that new model give 

almost identical L-H constants. The main 

advantage of this model is possibility of 

determination of rate constant for chemical 

reaction of singlet oxygen with pollutant (kr) as 

well as total rate constant for physical and 

chemical reaction of singlet oxygen with pollutant 

(kt). 
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This work was aimed at studying the degradation 
of the pesticides attached to the sewage sludge 
from an agro-food industry WWTP applying an 
ultrasound treatment (US) at low-frequency for 
excess sludge reduction. The US treatment 
applied resulted in a high degradation percentage 
for most of the pesticides found the sewage 
sludge studied. The mechanisms responsible to 
degrade micropollutants was the attack of 
hydroxyl radicals (HO ) generated during US 
exposure. 

 
 

Introduction 

Huge amounts of excess sludge are produced as a 
result of both industrial and urban wastewater depuration 
based on biological processes using activated sludge 
systems. The most frequently routes for sludge excess 
disposal in the European Union are dewatering, 
digestion, incineration, landfill and land use in 
agriculture, which imply a high cost to the industry. 
However, an increasing concern about the presence of 
heavy metals and organic pollutants adsorbed to the 
sludge (due to their hydrophobicity and tendency to be 
absorbed to particles) is growing in the scientific 
communities over the last years since the sewage sludge 
may become a source of aquatic and terrestrial pollution 
when it is used in agriculture or landfill (Maillera et al., 
2014). 

Methods  

US treatments at low-frequencies (20-40 kHz) 
based on the generation of acoustic cavitation, have 
proven effective in sludge minimization by disrupting the 
sludge flocs and also successful in degradation of 
micropollutant attached to the sludge (Tyagi et al., 2014). 
As such, this work was aimed at studying the 
degradation of the pesticides attached to the sewage 
sludge from an agro-food industry wastewater treatment 
plant applying an US treatment at fixed low-frequency 
(24 kHz) and maximum power (320 W) with a constant 
temperature (20ºC) for excess sludge reduction. Besides, 
in order to investigate the mechanisms of pesticide 
degradation with this US treatment, the sonodegradation 
of a pesticide mixture commonly found in the agro-food 
industry was studied in aqueous solution. 

Results and Discussion 

As can be seen in Figure 1, the maximum sludge 
disintegration was achieved in 2 h of treatment. Both 
volatile suspended solids decrease (VSSdecrease) and 

dissolved organic carbon increase (DOCincrease) do not 
change for higher treatment times reaching a maximum 
level 0.8 ± 0.04 and 298.24 ± 16.06 respectively. Several 
micropollutants were found attached to the sludge 
coming from the cleaning stage of vegetables and fruit to 
be transformed in an agro-food industry. They were 
thiabendazole (TBZ), imazalil (IMZ), pirimicarb (PIR), 
prochloraz (PROC), myclobutanil (MYCLO), 
acetamiprid (ACTM) and propanocarb (CARB). The 
results of pesticides degradation from the sludge after 2 h 
of sonication treatment are shown in Table 1. 

 

Table 1. Degradation percentage of each 
micropollutant attached to sludge from an agro-food 
industry. 

Pesticide Degradation (%) 

TBZ 97.7 

IMZ 51.0 

PIR 41.9 

PROC 90.8 

MYCLO 55.8 

ACTM 74.8 

CARB 88.9 
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These results demonstrated that US treatment 
reduced high amount of pesticides. Namely, the most 
abundant micropollutants, TBZ and IMZ, were degraded 
in 97.7% and 51%, respectively. Figure 2 shows a 
decrease in the degradation rate occurred with both 
pesticides (100 µg L-1) when t-butanol, a HO· scavenger, 
was added to the mixture in aqueous solution. 
Accordingly, these results pointed out that the 
mechanisms of pesticide degradation was likely by HO· 

attack. 

 

Fig. 1. Sludge disintegration by US treatment at  

24 KHz and 320 W during 5 h 

 

 

Fig.2. Effect of T-butanol on TBZ and IMA US 
degradation rate. TBZ without scavenger (□), TBZ with 
t-butanol (¡), IMA without scavenger (ο) and IMA with 
t-butanol (•) 

 

 

 

 

 

 

Conclusions 

In this study, the ultrasound treatment of the agro-
food sewage sludge studied has proven to be efficient in 
sludge disintegration and also in the degradation of the 
pesticides attached to the sludge.  
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A KrCl excilamp (222 nm) has been applied to examine the 
degradation efficiency of triclosan at 1 mg L-1 in Milli Q 
water, Lake Baikal water (LW) and diluted municipal 
wastewater (WW) by direct UV photolysis and the AOP 
UV/H2O2. The UV/H2O2 treatment of Milli Q water and LW 
more effectively degraded triclosan compared to UV only. 
The degradation rates of triclosan in WW were roughly the 
same for UV and UV/H2O2 treatments (k = 0.03 cm2 mJ-1). 
The effectiveness of UV/H2O2 in terms of UV fluences 
decreased in the order Milli Q > LW > WW. The calculated 
energy requirements for 90% removal by both UV and 
UV/H2O2 schemes were relatively low for all tested water 
matrices, ranging from 0.6 to 1.0 kWh m−3. 

 

Background 

Triclosan (TCS, 5-Chloro-2-(2,4-
dichlorophenoxy)-phenol) is an antimicrobial 
agent used in many personal care products and it is 
considered to be an emerging organic 
micropollutant, detected in natural water and 
wastewater [1]. It is known that TCS can be 
directly photolysed and oxidized via reaction with 
•OH generated in  AOPs (kOH = 5.4 × 10 9 M-1s-

1[2]). Direct UV and UV-based AOPs with low 
and medium pressure mercury lamps were widely 
applied for degrading TCS in aqueous solutions. 
However, the AOP UV/H2O2 has not received 
much attention regarding this micropollutant.  

Excilamps, mercury-free sources of narrow-band 
UV radiation, have been recently discussed as an 
alternative to conventional mercury lamps in 
AOPs [3]. So far, excilamps have not been applied 
to degrade TCS in pure water as well as in real 
water matrices.  

Objectives 

To examine the degradation efficiency of TCS in 
deionized water, natural water and wastewater by 
direct UV and UV/H2O2 using KrCl excilamp (222 
nm). 

Methods 

Direct UV photolysis and UV/H2O2 oxidation 
(0.6 mM H2O2) of 1 mg L-1 TCS were conducted 
separately in pure Milli Q water, lake water (LW) 
and municipal wastewater (WW) in a bench-scale 
reactor. LW and WW were collected from Lake 
Baikal (deep water, 220 m) and the wastewater 

treatment plant (Ulan-Ude, Russia), respectively. 
DOC concentrations in LW and WW were 1.0 and 
24 mg L-1, respectively (Shimadzu TOC-L CSN). 
In degradation experiments WW was diluted to 1 
mg L-1 DOC to be comparable with DOC level in 
LW. TCS was spiked into the selected waters and 
its degradation was monitored during both direct 
UV photolysis and UV/H2O2 oxidation 
experiments. The average fluence rate during the 
irradiation was calculated using the Spreadsheet 
available at https://www.iuva.org. The applied 
fluence was obtained by multiplying the average 
fluence rate with the irradiation time. The 
absorbances of the examined waters were 
measured by an Agilent UV-VIS 8453 
spectrophotometer. TCS was determined using an 
Agilent 1200 HPLC system with a UV detector.  

Energy requirements were calculated according 
to the methodology [4]. 

Results   

Table 1 shows that UV/H2O2 process was more 
effective than direct UV in Milli Q water and LW, 
whereas H2O2 addition did not enhance the 
degradation rate of TCS in diluted WW. 

Table 1. Fluence-based rate constants (10-2, cm2 
mJ-1) of direct UV and UV/H2O2 degradation of 
TCS in the selected waters. [TCS]0 = 1 mg L-1, 
[H2O2]0 = 0.6 mM.  
 

Milli Q  LW WW 
UV UV/H2O2 UV UV/H2O2 UV UV/H2O2 

1.3±
0.09 

3.0± 
0.1 

1.4±
0.06 

2.5± 
0.2 

3.0±
0.2 

2.9± 
0.2 

0 50 100 150 200
Fluence, mJ cm-2 

UV/H2O2
UV

       
Milli Q  

LW 

WW 
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Comparing rates of TCS degradation in different 

water matrices by direct UV photolysis, a faster 

degradation in diluted WW than in Milli Q water 

and LW was observed. Direct photolysis of pCBA, 

an •OH probe compound, in WW showed its 

fluence-based degradation rate constant to be 

approximately 5fold higher than observed in LW. 

This indicates the possibility of indirect photolysis 

and the formation of •OH and other oxidative 

species in WW despite the same DOC level.   

The effectiveness of AOP UV/H2O2 in terms of 

UV fluences for 90% removal decreased in the 

order Milli Q > LW > WW (Fig. 1). The 

difference between fluences for UV and UV/H2O2 

treatment of WW became minor assuming the 

possibility of indirect photodegradation process, 

i.e. quasi-AOP. 

 

 
 

Figure 1. Applied UV fluences required for 90% 

TCS degradation by direct UV and UV/H2O2 in 

the selected waters using KrCl excilamp with 1 cm 

optical path length. [TCS]0 = 1 mg L-1, [H2O2]0 = 

0.6 mM.  

 

The calculated energy requirements for 90% 

removal reflect the trends observed when 

comparing the corresponding fluences. 

Considering the energy values of 2.65 kWh m−3 or 

less are favourable [5], direct UV and UV/H2O2 

treatments of TCS demonstrated relatively low and 

economically feasible energy requirements for all 

tested water types, ranging from 0.6 to 1.0 kWh 

m−3 . 

Conclusions 

In summary, the pseudo first-order kinetics was 

observed for TCS degradation by direct UV and 

UV/H2O2 using KrCl excilamp. Results showed 

that the AOP UV/H2O2 significantly enhanced the 

degradation rates in Milli Q water and LW, in 

comparison to direct photolysis. Regarding WW, 

the degradation efficiency was the same both for 

UV and UV/H2O2 schemes suggesting an 

important role of photosensitized dissolved 

organic matter. 

 

Acknowledgement 

This study was funded by the Russian Foundation for 

Basic Research (Project No. 14-08-31733-mol_a).  

References 

[1] G. Bedoux,  B. Roig, O. Thomas, V. Dupont, B. Le 

Bot, Environ Sci Pollut Res, 19 (2012) 1044. 
[2] D.E. Latch, J.L. Packer, B.L. Stender et al., Environ. 

Toxicol Chem, 24 (2005) 517. 

[3] G. Matafonova, V. Batoev, Chemosphere, 89 (2012) 
637. 

[4] I.A. Katsoyiannis, S. Canonica, U. von Gunten, 

Water Res, 45 (2011) 3811. 
[5] J.R. Bolton, S.R. Cater, in Surface and aquatic 

environmental photochemistry. G.R. Helz, R.G. Zepp, 

D.G. Crosby (Eds.), Boca Raton, FL, CRC-Press, 1994, 
476. 

 

0 50 100 150 200
Fluence, mJ cm-2 

UV/H2O2

UV

       
Milli Q  

LW 

WW 



1 

   teJ amsalP erusserP cirehpsomtA FR
for Surface Modification of HIPS 
J. Pawlat1, P. Terebun1, M. Kwiatkowski1, J. Diatczyk1, H. Stryczewska1, T. Murakami2.  
(1) Lublin University of Technology, Nadbystrzycka 38A, 20-618 Lublin, Poland, askmiki@hotmail.com 
(2) Seikei University, 3-3-1 Kichijoji-Kitamachi, Musashino-shi, Tokyo 180-8633, Japan 

Wettability of rubber-modified styrenic polymers such as high-
impact polystyrene (HIPS) can be modified using RF-powered 
atmospheric pressure plasma jet.  
45 s treatment of 40 W with argon and oxygen mixture as 
substrate gas caused change of surface contact angle from 90 to 
18o. Zero dimensional chemical kinetic model was utilized to 
identify the dominant particle species generated by our device. 
Presence of ozone was confirmed experimentally what is in good 
accordance with modelling results.  

Surface properties of polymers can be party 
adjusted using physical and chemical techniques 
including ozone and plasma treatment.  
Treatment of HIPS was performed using 
atmospheric pressure plasma jet. The main part of 
the device, which is presented in Fig. 1, was RF-
powered changeable rod electrode of tungsten or 
acid-proof stainless steel. The electrode was 
powered by a regulated RF supply (AG 1021 RF 
generator, T&C Power Conversion) via impedance 
matching network (Fig. 1B). It was possible to 
power plasma reactor with frequencies from 10 
kHz to 20MHz. Temperature of sample surface 
was monitored and kept below the melting point . 

�
Figure 1. Experimental set-up.

The global model revealed that the most 
pronounced neutral species are reactive oxygen 

species. The O3 density gradually increases and 
reaches a value of 8x1016 cm-3 during 2 ms. The 
maximum O2(1D) density at the jet's nozzle is 
9x1015 cm-3. The O-atom density reaches a value 
of 1x1015 cm-3 at the exit of the core region. The 
densities of atomic oxygen metastable O(1S) and 
molecular oxygen metastable O2(1S) are smaller 
than the O-atom and O2(1D) densities by orders of 
magnitude at the exit of the core. The global 
model indicates that the reactive species, H, HxOy, 
NOx and HNOx resulting from the humid air 
impurity appear during residence time of 2 ms 
even at the small humid air fraction. Those 
reactive species will make significant 
contributions to the afterglow chemistry. The main 
ion species are molecular oxygen ions, i.e. O4

+, 
O2

− and O4
−. Achieved ozone concentrations 

ranged 0.82g/m3 (at 50 W and 40%O2/60%He feed 
gas mixture). APPJ was used for the treatment of 
HIPS surfaces. The measurements of static water 
contact angle for HIPS were performed for the 
operating voltage, frequency and power of 500 V, 
14.355 MHz and 40W, respectively. 
Measurements were made for three mixtures of 
gases: helium with oxygen, argon with oxygen and 
helium with air. A significant influence of distance 
from the end of reactor for treatment times less 
than one minute was observed. For two minutes 
the angle was the same for all distances, which 
could allow more freely treatment objects with 
more complex surfaces. After one day, the contact 
angle started to return to its previous value, which 
is particularly evident at longer exposure times. 
This may indicate that the effect of plasma 
treatment in the material is not too deep, and the 
process is reversible. 
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Fluorescence excitation-emission matrices (EEMs) were used to 
characterize the transformation of the humic-like substances 
(HLS) obtained from urban wastes when used as additive in the 
photo-Fenton processes. To this end, photochemical experiments 
at different pHs, in the absence and presence of H2O2 were 
performed. Also, the interaction between HLS and Fe(III) was 
studied.

Introduction

Humic-like substances (HLS) obtained from 
urban wastes are able to expand the pH region of 
the photo-Fenton processes until near neutral pHs 
[1]. This effect seems to be ruled by the interaction 
between Fe(III) and HLS. On the other hand, 
fluorescence spectroscopy is a sensitive technique 
often used for dissolved organic matter (DOM) 
characterization. The concentration and chemical 
composition of DOM influences the intensity and 
shape of the fluorescence spectra [2]. We thus set 
out to investigate the interaction of HLS with 
Fe(III) and the transformation of HLS in the photo-
Fenton processes at different pHs using 
fluorescence spectroscopy.  

Material and Methods 

A solution of 20 mg/L of HLS combined with 
solutions of Fe(III) at different concentrations (1, 2, 
3, 4, 5, 6, 8, y 10 mg/L) was used for the 
fluorescence experiments, which were carried out 
at three different pHs (3, 5 and 7). The EEMs 
spectra of the samples were recorded using a 
modular QuantaMaster spectrofluorometer by a 
subsequent scanning emission from 300 to 600 nm 
at 5 nm increments by varying the excitation 
wavelength from 250 to 550 nm at 5 nm increments.  

The degradation of HLS in photo-Fenton 
processes was studied using a solution of 20 mg/L 
of HLS and 5 mg/L of Fe(III), the system was 
studied with (2,2 mmol/L) and without H2O2 and at 
three different pH values (3, 5 y 7). Experiments 
were performed in a 250 mL cylindrical Pyrex 
vessel irradiated with a solar simulator (Sun 2000, 
ABET Technologies) equipped with a 550 W 
Xenon Short Art Lamp. A pyrex glass filter was 
used to cut off radiation below 300 nm. 

Results and Conclusions 

Data showed that HLS fluorescence intensity 
decrease with increasing of iron concentration (Fig. 
1 and 2). This trends is the same for the three pH 
values studied. Results of the degradation of HLS 
in absence of H2O2 show that at pH 3 fluorescence 
intensity decreases with increasing the irradiation 
time, while at pH 5 and 7 it increases with 
increasing irradiation time. This effect is higher at 
pH 7. In the presence of H2O2 at pH 3 fluorescence 
intensity slowly decreases with irradiation time, 
while at pH 5 and 7 it increases until an irradiation 
time of ca. 120 min and then decreases. This effect 
also is higher at pH 7. 
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Figure 1. EEMs for experiments a pH 3 without Fe(III) 

 

 

Figure 2. EEMs for experiments a pH 3 with 10mg/L 
Fe(III) 
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In the present study, the degradation of two artificial sweeteners, 
acesulfame_K (ACE) and sucralose (SUC) was investigated by 
direct UV-C photolysis and H2O2/UV-C photochemical oxidation. 
Several parameters as pH, H2O2 dosage, ACE and SUC 
concentrations and water matrix were studied. According to the 
experimental results, it was obvious that H2O2/UV-C process not 
only decomposes the artificial sweeteners but at the same time the 
TOC concentration of the solutions was substantially decreased. 
 
 

Recently, Artificial Sweeteners (ASs) have 
received the attention of scientists due to their 
ubiquitous presence in the aquatic environment. 
They are used as sugar substitutes in foods, 
beverages, personal care products and 
pharmaceuticals products. Among the ASs used, 
acesulfame, cyclamate, saccharin and sucralose 
have been identified in wastewater effluents [1]. 
These compounds show substantial resistance to 
common wastewater treatment. The mechanical 
and secondary microbial digestion can partially 
mineralize and remove sweetener pollutants. From 
the above ASs, acesulfame and sucralose have 
been reported as the most persistent sweeteners 
with removal rates 40% and 20%, respectively [2]. 
Actually, the occurrence of acesulfame and 
sucralose in waste water treatment plant effluents 
has been reported up to 2.5mg/L and 0.119mg/L 
respectively [3,4]. Due to their incomplete 
removal from the waste water treatment plants and 
their presence to the water bodies, the ASs were 
identified as emerging contaminants. Over the past 
decades, several advanced oxidation processes 
(AOPs) have been successfully employed for the 
degradation of a wide range of micro-pollutants in 
the aqueous phase. In particular, photolysis under 
UV-C irradiation, either alone or in the presence of 
H2O2, has been found very effective for the 
oxidative degradation of organic micro-pollutants 
in the aqueous phase [1-4]. In the UV-H2O2 
process, hydrogen peroxide absorbs UV light and 
undergoes rapid decomposition to form hydroxyl 
radicals.                    
The aim of the present work was to study the 
degradation of two artificial sweeteners namely 
acesulfame_K (its chemical formula is given in 
Figure 1) and sucralose (its chemical formula is 
given in Figure 2), under UV-C (i.e. λ = 254 nm) 

irradiation, either alone or in the presence of H2O2, 
in aqueous matrices. Several experimental 
parameters were investigated such as initial 
artificial sweetener concentration, initial H2O2 
concentration, solution pH, and water matrix (i.e. 
ultrapure water (UPW), bottled water (BW) and 
waste water (WW)).  

Photolysis experiments were performed in an 
immersion well, batch type, laboratory scale 
photochemical reactor, consisting of an inner 
cylindrical quartz glass vessel housing the lamp 
and an external double-walled, cylindrical, 
borosilicate glass, reaction vessel, while UV-C 
radiation was provided by an 11 W, low pressure 
mercury lamp, emitting predominately at 254 nm. 
Samples were periodically taken from the 
photochemical reaction vessel and were analyzed 
for residual acesulfame-K and sucralose 
concentration by LC-MS/MS and LC coupled with 
a diode array detector (Waters Alliance), while 
total organic carbon (TOC) concentration was 
measured with a TOC analyzer (Shimadzu 
5000A). 

 In an initial set of photolysis experiments, the 
direct photolysis, under UV-C irradiation, of 
Acesulfame_K and Sucralose was studied in 
ultrapure water and at inherent solution pH (which 
was approximately 6 in both cases), and the results 
are shown in Figures 1 and 2, respectively. As can 
been seen in Figure 1, UV-C irradiation was able 
to degrade acesulfame in a very short time (almost 
in few minutes). However, the total organic carbon 
concentration was stable, indicating that there 
were by-products which cannot be further 
degraded. Instead, 85% removal of TOC was 
achieved with the addition of H2O2 after 240 
minutes irradiation.  
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On the other hand, according to Figure 2, UV-C 

irradiation alone seems to be ineffective for the 

degradation of sucralose. However, the addition of 

the H2O2 enhances the treatment of sucralose, 

resulting in complete degradation of sucralose in 

15 minutes. In addition the removal of total 

organic carbon was 80% in 120 minutes. 
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Figure 1. Direct UV-C photolysis and H2O2/UV-C 

photochemical oxidation of Acesulfame_K (ACE) 

(Experimental Conditions: [ACE] =10mg/L, 

ultrapure water, inherent pH~6, H2O2 dosage: 

20mg/L) 
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Figure 2. Direct UV-C photolysis and H2O2/UV-C 

photochemical oxidation of Sucralose (SUC) 

(Experimental Conditions: [SUC] =10mg/L, 

ultrapure water, inherent pH~6, H2O2 dosage: 

20mg/L) 

The effect of initial H2O2 concentration on the 

degradation of Acesulfame_K was investigated 

with the addition of various H2O2 concentrations. 

The results of these set of experiments are shown 

in Figures 3 (for Sucralose) and Figure 5 (for 

Acesulfame). Pseudo-first-order kinetics were 

observed for the degradation of the artificial 

sweeteners, as indicated by the linear relationship 

between -LN([ASs]/[ASso]) versus UV irradiation 

time (Inserted pictures of Figures 3 and 5). As can 

been seen in Figure 3, the addition of H2O2 

resulted on the totally removal of sucralose 

(irrespective of its dosage). Actually, the pseudo-

first order constant, k (Figure 4 and Table 1) 

increased with the increase of H2O2 concentration 

(from 4.5mg/L to 57mg/L) and decreased when 

the H2O2 exceeded the concentration of 57mg/L. 

During the photochemical degradation in the 

presence of H2O2, hydroxyl radicals were 

generated according to Equation (1).  

 

 

At a constant UV intensity, higher dose of H2O2 

produced more hydroxyl radicals which enhanced 

the degradation of sucralose. However, as shown 

by Equation (2) in the excess of H2O2, the formed 

hydroxyl radicals were consumed to form 

hydroperoxyl radical which have lower oxidation 

capability [5]. 
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 Figure 3. Effect of initial H2O2 concentration on 

Sucralose degradation (Experimental Conditions: 

[SUC] =10mg/L, ultrapure water, inherent pH), 

Inset picture: -ln(C/Co) vs time irradiation 
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Figure 4. Pseudo-first order constants, k, versus 

initial H2O2 dosage on Sucralose degradation 

(Experimental Conditions: [SUC]=10mg/L, 

ultrapure water, inherent pH) 
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Table 1. Pseudo-first order rate constants for 

degradation of Sucralose by UV-C irradiation in 

the presence of various H2O2 concentrations 

H2O2 (mg/L) k1 (min-1) r2 

4.5 0.062 0.975 

15 0.245 0.971 

30 0.356 0.980 

57 0.552 0.970 

104 0.412 0.986 
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Figure 5. Effect of initial H2O2 concentration on 

Acesulfame-K degradation (Experimental 

Conditions: [ACE] =10mg/L, ultrapure water, 

inherent pH), Inset picture: -ln(C/Co) vs time 

irradiation 
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Figure 6. Pseudo-first order constants, k, versus 

initial H2O2 dosage on Acesulfame_K degradation 

(Experimental Conditions: [ACE]=10mg/L, 

ultrapure water, inherent pH) 

In contrast, as can been seen in Figures 5 and 6 

and Table 2, in the case of acesulfame, the 

continuous increase of the initial dosage of H2O2 

(in the range of 8-95mg/L) improved the 

degradation of the acesulfame. 

 

Table 2.  Pseudo-first order rate constants for 

degradation of Acesulfame_K by UV-C irradiation 

in the presence of various H2O2 concentrations 

H2O2 (mg/L) k1 (min-1) r2 

0 0.966 0.992 

8 1.512 0.997 

19 1.662 0.963 

54 1.770 0.985 

95 2.580 0.991 

 

Further experiments were performed to study the 

effect of several experimental parameters, the 

initial concentration of ASs, the effect of water 

matrix, the addition of O2 and N2. Also 

experiments were carried out for the determination 

of the second-order constant, kOH, by the method of 

competitive kinetic. In addition, further 

experiments are in progress to identify major 

reaction intermediates formed under UV-C 

irradiation and under UV-C/H2O2.  

 The above results indicated that UV-C 

irradiation in the presence of H2O2 was very 

efficient for the degradation of both acesulfame-k 

and sucralose and at the same time the TOC 

concentration of the solutions were substantially 

decreased, showing that photochemical 

degradation resulted in mineral end-products. It is 

well known that under UV-C irradiation, H2O2 is 

photolyzed giving hydroxyl radicals, HO•, which 

further react with the organic pollutants found in 

the aqueous phase resulting in mineral end-

products. The above results indicate that UV-

C/H2O2 is a very effective process for the almost 

complete degradation and the substantial 

mineralization of the artificial sweeteners 

compounds studied in the present work. 
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Fig.1. Chitosan beans with immobilized 
different photosensitizers. 

  
The scientific goal of the studies was to investigate the 
photosensitized oxidation of xenobiotics in aqueous solutions 
using photosensitizers immobilized on chitosan carrier particles 
and to determine process parameters of degradation through 
photosensitized oxidation in heterogeneous system. The 
presented work was focused on determination the dependencies 
between degradation efficiency of selected compounds and 
reaction parameters such as: pH, temperature of reaction 
solution, substrate and oxygen concentration, quantity of 
immobilized photosensitizer, irradiation intensity and multiple 
re-use of chitosan beans with immobilized photosensitizer. 
Moreover the possibility of solar irradiation was investigated.  
 

 
The contamination by xenobiotics of aqueous 
resources have become a global problem. These 
substances often in an unchanged form, are 
discharged into the wastewater treatment plant, 
where due to the low efficiency of used 
degradation methods they get into the surface 
water. Photochemical oxidation, particularly this 
using molecular oxygen, is undoubtedly one of the 
most important photochemical method, since it 
does not liberate any additional chemical oxidant. 
Singlet oxygen is a particularly good candidate for 
photodegradation of water contaminants 
applications since it is a very reactive species. 
From all methods of generation of singlet oxygen, 
photosensitized oxidation is the most successful, 
as it uses the reaction of readily available oxygen 
and visible light. Immobilized sensitizers are 
easily recovered and used for multiple 
recirculation thereby significantly reduce the cost 
of photodegradation. 

Benzylparaben (BeP) and 2,4dichlorophenol 
(2,4DCP) were used as model xenobiotics. 
Photoreactor with external sources of light was 
employed. Simulated (xenon lamp) and natural 
sunlight were used to excite the photosensitizers. 
Experiments were carried out in buffered water 
solutions as well as Milli-Q water. During the 
irradiation the reaction mixture was mixed and 
aerated by air bubbling. The chitosan carrier of 
photosensitizer was prepared in the form of beads. 

Hydrogel beads were produced by the phase 
inversion method from an aqueous solution of 
chitosan in acetic acid. The chitosan solution was 
dropped by needle to NaOH where coagulation 
was carried out. As a sensitizer phthalocyanines, 
porphyrin as well as rose bengal were used. The 
presented work was focused on determination the 
dependencies between degradation efficiency of 
the selected compounds and the reaction 
parameters such as: pH and temperature of 
reaction solution, substrate and oxygen 
concentration, quantity of immobilized 
photosensitizer, irradiation intensity and multiple 
re-use of the same carrier with immobilized 
photosensitizer. 

Immobilization of zinc phthalocyanine and 
Al(III) phthalocyanine gave the best 
photodegradation results in heterogeneous system 
for BeP and 2,4DCP, respectively. The 
degradation occurs via the reaction of xenobiotics 
with 1O2. Photoactive chitosan beans can be used 
several times without losing photosensitizing 
properties. For economic reasons, the possibility 
of multiple use of this carrier loaded with 
photosensitizer is promising in the case of an 
application of this process. Furthermore, 
experiments with natural sunlight proved 
applicability of photosensitive chitosan for visible-
light water pollutant degradation. 
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Figure	  2.	  Current	  (up)	  and	  voltage	  (down)	  of	  mini-‐GA	  

discharge.	  
	  

Power	  consumption	  of	  the	  gliding	  arc	  discharge	  
plasma	  rector	  and	  its	  stable	  operation	  depends	  on	  
many	   factors,	   among	   which	   the	   most	   important	  
are:	   reactor	   geometry,	   power	   supply	   system	  
configuration,	  processing	  gas	  flow	  rate,	  processing	  
gas	  chemical	  composition.	  Argon	  admixture	  to	  the	  
processing	  gas	  stabilizes	  the	  discharge	  and	  makes	  
possible	  to	  transfer	   larger	  power	  from	  the	  power	  
supply	  system	  to	  the	  discharge.	  
Correctly	  selected	  power	  supply	  system	  decides	  

about	   plasma	   chemistry	   and	   technological	  
application	   of	   this	   kind	   of	   nonthermal	   plasma.	  	  
Mini-‐GA	  plasma	  reactor	  requests	  high-‐voltage	  and	  
high-‐frequency	  power	  supply	  system.	  Mini-‐GA	  can	  
be	  used	  in	  many	  bio-‐medical	  applications.	  
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This project studied the removal of persistent organic pollutants 
from water with novel Sulfate Radical-based Advanced 
Oxidation Processes (SR-AOPs). The model contaminants 
included caffeine (stimulant), ibuprofen (analgesic), and diuron 
(herbicide) and were chosen because of structural 
differentiations and susceptibility of their functional groups to 
the radical species formed. Chemical oxidation was achieved 
through electron transfer activation of peroxymonosulfate 
(PMS), from different iron sources including the ferrous ion 
(Fe2+), the ferric ion (Fe3+) and zero-valent iron (ZVI). In general 
ZVI/PMS oxidation system was found to be the most efficient 
oxidation system for all the different contaminants due to the 
continuous and slow release of aqueous iron species.  
 
 

 
Introduction 
 

The increasing use of pesticides, pharmaceuticals 
and personal care products in modern societies has 
resulted in the need for application of additional 
treatment of water and wastewater mainly due to 
the recalcitrant nature of these compounds. Since, 
conventional treatment processes are found to be 
inefficient in removing these contaminants or 
produce additional hazardous waste [1-2], current 
research activities are focusing on their complete 
destruction through advanced chemical oxidation 
processes (AOPs) [3-5].  
 In general, AOPs utilize oxidants, catalysts, heat 
and/or radiation for the formation of reactive 
species, known as free radicals. Fenton Reagent is 
one of the most known AOPs that utilizes iron for 
the activation of hydrogen peroxide through 
electron transfer mechanisms. FR results in the 
formation of many different ROS including 
hydroxyl radicals (HO� ) which are highly selective 
species with high second order rate constants for 
most of the contaminants [5].  
 Though FR has been applied for the removal of 
a wide range of contaminants from water and 
wastewater, its wide-spread application is limited 
due to the short application pH range and limited 
iron solubility. To overcome these, researchers 
have focused on utilizing various iron sources 
(iron in different oxidation states and zero-valent 
iron-ZVI) and chelating agents (such as citric acid) 
to increase iron solubility. In addition, Fenton like 
processes have been also tested, where hydrogen 
peroxide is substituted by the sulfate radicals 
(SRs) generating oxidants persulfate (PS) and 

peroxymonosulfate (PMS) [6-7]. The in-
situ generated radical species from SR-AOPs 
mainly include sulfate radicals (SO4

� -), which 
have high redox potential for electron abstraction 
(2.5-3.1 V). Side reactions can cause the formation 
of additional radical species such hydroxyl 
radicals (HO� ) and peroxymonosulfate radicals 
(SO5

� -). 
 In this study, the sulfate radical generating 
oxidant peroxymonosulfate (HSO5

-, PMS) was 
chosen to be activated by various iron sources 
(Fe+2, Fe+3, and ZVI), since sulfate radicals have 
higher redox potential for electron abstraction than 
hydroxyl radicals and can cause selective 
oxidation. The above-mentioned oxidizing species 
where used for the removal of a mixture of 
emerging contaminants with varying chemical 
structures. To the best of our knowledge, this is the 
first study that compared the efficiency of the 
iron/PMS oxidation system activated by different 
iron sources for the removal of a mixture of 
persistent organic compounds under the same 
experimental conditions 
 

Materials and Methods 
Stock solutions of the model contaminants were 
initially prepared in Milli-Q water. All the 
experiments were conducted in open reactor 
vessels (treated volume 500 mL) under continues 
stirring conditions at T= 20 οC, initial contaminant 
concentration of 0.1 mM, and treated solution 
pH=3.5. The added oxidant and iron concentration 
was based on the stoichiometric reactions listed 
below (Eq. 1-3). The remaining contaminant 
concentration was quantified in an Agilent 1100 
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HPLC equipped with PDA. The column used was 

an Agilent ZORBAX Eclipse Plus-C18 (4.6 x 100 

mm, 3,5μm) and the mobile phase consisted of 

92.5 % of 0.02% v/v Η2SO4 and 7.5 % acetonitrile 

(ACN). The remaining PMS concentration was 

quantified with KI and Na2S2O3 titration. 

 

                         
         

          
                (Eq. 1) 

                          
         

           
            (Eq. 2) 

                        
         

          
                 (Eq. 3) 

 

Resutls and Discussion 

The obtained results of this study were 

compared with a previous study by Rodríguez et 

al. (2012), where all the above mentioned iron 

sources where used for PS activation. To enable 

comparison between the two studies, all the 

experimental conditions were kept the same as in 

Rodríguez et al. (2012), including initial 

contaminant concentration (0,1mM), temperature 

(T= 20ºC), initial solution pH (pH= 3.5), and 

estimation of the added oxidant concentrations for 

each model contaminant.  Initially, the objective 

was to find the optimum molar ratio 

between Fe2+ /PMS (1:100, 1:10, 1:5 and 1:1) that 

results in the highest contaminant removal. Among 

the tested molar ratios (Fe2+/PMS=1:100, 1:10, 1:5 

and 1:1), Fe2+/PMS=1:5 was found to be the 

optimum one and was further tested for the 

remaining iron sources.  Between the iron sources 

tested, ZVI was the most efficient and reactive 

form because of the slow and continuous release 

of Fe(II) and electrons that favor the production of 

a greater percentage SO4
●-. The reaction between 

ZVI and PMS takes place on the outer surface of 

the ZVI particles, where the diameter of each ZVI 

particle used, determines the release of Fe(II). 

Controlled Fe(II) release, is believed to have 

minimized undesirable quenching (consumption) 

of SO4
●- by the Fe(II), making ZVI the preferred 

method for PMS activation. Overall, the 

contaminant with the highest removal percentage, 

irrespectively of the oxidizing system used, was 

ibuprofen because of its aromatic ring and lack of 

electron withdrawal groups in its structure. The 

least degradable was caffeine, due to heteroatoms 

(N) in its structure that has reduced second order 

kinetic constants with radical species compared to 

carbon groups. Diuron appeared to have a 

significant decrease in its concentration due to 

dechloronization caused by radical attack (Figure 

1).  
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Figure 1. Activation of PMS with different iron 
sources for the degradation of the algecide diuron 
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 In this work, BPA was chosen as a representative 
model compound of the EDCs family to investigate its 
degradation by heat-activated persulfate oxidation. The main 
scope was to evaluate the effect of various operating conditions 
such as initial BPA and SPS concentrations, reaction time, pH, 
temperature and water matrix on kinetics. 

Completed degradation of BPA was observed in 120, 
30, 7 and 3 min when the reaction was carried out at 40 °C, 
50 °C, 60 °C and 70 °C, respectively. The process appears to be 
favored at neutral pH. For the range of concentrations studied, 
the reaction order with respect to BPA shifts from first to zeroth 
as initial concentration increases from 110 μg/L to 440  μg/L. 
The role of water matrix is critical and has a negative effect on 
process efficiency, i.e. it decreases with increasing matrix 
complexity. 
 
 

 

The presence of endocrine disrupting 
compounds (EDCs) at the ng/L-μg/L level in 
waters and treated wastewaters has been well-
documented. EDCs are designed to be bioresistant 
and, therefore, they are only partially removed by 
biological processes. As a consequence, they are 
released in the water cycle and may pose a 
potential danger to fish and other aquatic 
organisms, even at trace concentrations of 0.1-10 
ng/L [1]. Bisphenol A (BPA) is predominantly 
used in plastics manufacturing (epoxy and 
polycarbonate resins) as binder, plasticizer and 
hardener, while it may also be employed as 
additive in flame retardants, brake fluids and 
thermal papers. BPA is known to have estrogenic 
activity at concentrations as low as 1 ng/L [1,2]. In 
recent years, various efforts are being made to 
eliminate or effectively remove xenobiotics in the 
environment; among them, advanced oxidation 
processes (AOPs) are a viable alternative option 
for water/wastewater treatment [2]. The sulfate 
radical-AOP has recently been discussed in the 
literature as an efficient and affordable process. 
Sodium persulfate (SPS) (Na2S2O8) has attracted 
the attention of the scientific community as a 
promising source of sulfate radicals because of  its 
moderate cost (i.e. the wholesale price is in the 
order of 1000 USD/tn) and its high redox potential 
of 2.01 V [3].Other advantages of persulfate over 
other oxidants include the fact that it is solid at 
ambient temperature, thus facilitating its storage 
and transport, as well as its high stability and 
aqueous solubility. 

In this work, BPA was chosen as a 
representative model compound of the EDCs 
family to investigate its degradation by heat-
activated persulfate oxidation. The main scope was 
to evaluate the effect of various operating 
conditions such as initial BPA and SPS 
concentrations, reaction time, pH, temperature and 
water matrix on kinetics. 

Oxidation reactions were conducted in a 
120 mL thermostated reactor made of pyrex glass. 
The vessel was open to the atmosphere without 
gas sparging since preliminary runs showed that 
the effect of aeration on degradation was 
negligible. Certain volumes of  BPA and  SPS 
stock solutions were mixed to a predefined volume 
of ultrapure water in order to get the desired 
concentration of each reactant (i.e. [BPA]0=110–
440 µg/L; [SPS]0=10–650 mg/L). SPS was added 
after the working BPA solution had reached the 
desired temperature  ( i .e .  up to  70ºC).  All  
experiments were performed un-buffered at their 
inherent pH. Samples periodically drawn from the 
reactor were immediately cooled down at 4ºC in 
an ice bath for about 5 min to quench the reaction 
and then analyzed to assess the degradation of 
BPA by means of  high performance liquid 
chromatography (Waters Alliance 2695). 
In order to demonstrate the effect of  temperature 
on BPA (200 μg/L) degradation, a series of 
experiments were conducted at an initial persulfate 
concentration of 625 mg/L  and an initial pH of 6 
in the temperature range of 40–70 °C. Increasing 
the reaction temperature from 40 °C to 70 °C 
enhanced BPA conversion significantly. Complete 
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degradation of BPA was observed in 120, 30, 7 

and 3 min when the reaction was carried out at 

40 °C, 50 °C, 60 °C and 70 °C, respectively The 

process appears to be favored at neutral pH; for 

example, the removal of 220 μg/L of BPA after 45 

min and [SPS]=167  mg/L, T=50 °C was 100%, 

74% and 51% at pH 6, 3 and 9, respectively. For 

the range of concentrations studied, the reaction 

order with respect to BPA shifts from first to 

zeroth as initial concentration increases from 110 

μg/L to 440 μg/L. Moreover the role of water 

matrix is critical and has a negative effect on 

process efficiency, i.e. it decreases with increasing 

matrix complexity from ultrapure water (UPW) to 

secondary treated wastewater (WW). This can be 

explained taking into account that (i) the radicals 

are competitively consumed in reactions involving 

the organic fraction inherently present in WW but 

not in UPW, and (ii) sulfate and hydroxyl radicals 

may be scavenged by bicarbonates and chlorides 

present in WW. 
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 In this work, BPA was chosen as a 
representative model compound of the EDCs 
family to investigate its degradation by 
Ag3PO4/TiO2 as a catalyst under simulated 
solar irradiation. It was found that Ag3PO4/TiO2 
solar photocatalysis is an efficient method for 
the fast destruction of BPA in aqueous solutions. 
Process performance was affected by several 
factors, such as irradiation time and type, 
catalyst concentration, BPA concentration, and 
water matrix. The optimum ratio of 
Ag3PO4/TiO2 was found to be 3:1. In addition 
after five sequential runs the silver leaching as 
determined by flame atomic absorption 
spectrometry.was below 10%. 
  

Endocrine disrupting compounds (EDCs) 
constitute an important class of such contaminants, 
which pose an increasing threat to aquatic 
organisms, as well as to human health. EDCs 
include naturally occurring estrogens, synthetic 
estrogens, phyto-estrogens and xeno-estrogens (i.e. 
pesticides, plasticizers, persistent organochlorines, 
organohalogens, alkyl phenols, heavy metal. 
Bisphneol A (BPA) was chosen as a representative 
xeno-estrogen typically used in the manufacturing 
of numerous chemical products [1,2]. 

 Semiconductor photocatalysis using solar 
irradiation as the source of photons for the 
activation of the catalyst has received considerable 
attention over the past few years. However, due to 
its wide band gap, TiO2 can only be excited by UV 
light (less than 400 nm). Thus the construction of 
TiO2-based composite materials with improved 
lower band gap is crucial for the increase of the 
solar energy harvest. Most recently, silver 
orthophosphate (Ag3PO4) has attracted increasing 
attention owing to its great potential in water 
splitting and photodegradation of organic 
pollutants [3,4]. 

Unfortunately Ag3PO4 suffers from photo 
corrosion, Thus many efforts were made to 
overcome the above disadvantages and a variety of 
Ag3PO4-based composite photocatalysts were 
suggested [3,4]. 

In this work, the photocatalytic degradation of 
Bisphenol A under simulated solar irradiation on 
Ag3PO4/TiO2 was investigated with emphasis on 
the effect of operating variables. 

Photocatalytic experiments were conducted in a 
cylindrical pyrex glass reactor (V=120 mL). Solar 
irradiation was emitted by an Oriel LCS - 100 
Watt solar simulator system. Changes in BPA 
concentration were followed by high performance 
liquid chromatography (HPLC).  

The optimum ratio of Ag3PO4/TiO2 was found to 
be 3:1 (Figure 1). BPA removal follows a pseudo-
first order reaction kinetics with respect to initial 
concentration, whereas the kinetic constant 
decreases as the initial concentration increases. 
Degradation increases considerably with 
increasing catalyst concentration from 100 to 500 
mg/L. In addition after five sequential runs, the 
Ag3PO4/TiO2 silver leaching as determined by 
flame atomic absorption spectrometry.was below 
10%. 

 
Figure 1 Firsτ order kinetic constant, [BPA]ο=240  

μg/L, [Ag3PO4/TiO2] =250 mg/L, pH=6. 
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 The efficiency of tungsten modified TiO2 as a catalyst for the 
photocatalytic degradation of sulfamethoxazole under 
simulated solar irradiation in environmentally relevant matrices 
was investigated. It was found that solar photocatalysis is an 
efficient method for the degradation of SMX in aqueous 
solutions. Process performance was affected by several factors, 
such as irradiation time and type, catalyst concentration, SMX 
concentration, pH and water matrix. The optimum catalyst was 
found to be 4% tungsten modified TiO2 calcined at 700 °C . 
SMX removal efficiency was slightly higher at alkaline pH. 
The presence of bicarbonates and humic acid resulted in 
decrease process, while the presence of electron acceptors 
promotes the decomposition of SMX. The removal of SMX 
was significantly lower in secondary treated wastewater.  

 
 
 
 

 
The occurrence of pharmaceuticals and their 

metabolites and transformation products in the 
environment is becoming a matter of concern 
because these compounds, which may have 
adverse effects on living organisms, are 
extensively and increasingly used in human and 
veterinary medicine and are released continuously 
into the environment [1]. 

 Sulfamethoxazole (SMX) is a synthetic 
antibiotic and belongs to the group of sulfonamide 
antibiotics. It is the most commonly employed 
antibiotic of this group and it is extensively used in 
both human and veterinary medicine [1]. 
Semiconductor photocatalysis using solar 
irradiation as the source of photons for the 
activation of the catalyst has received considerable 
attention over the past few years. However, the 
widespread technological use of a TiO2 
photocatalyst has been hampered by its wide band 
gap and the fast recombination of electrons and 
holes.  

Mostly studied TiO2 photocatalyst is Degussa 
P25 (Aeroxide), which contains adjoining anatase 
and rutile microcrystalline regions. This extended 
functionality is due in large part to the extended 
near-visible absorption of the rutile phase, 
followed by rapid electron transfer between the 
phases, leading to enhanced charge separation and 
reduced energy wastage by electron–hole 
recombination [2,3]. One approach to enhance 
activity  is to building multi-component catalysts 
to increase physical charge separation and/or 
visible light absorption include nanodeposits of 
noble metal pools on the exterior of TiO2 particles. 

Another is the overt use of additional 
semiconductors, such as CdS or WO3, coupled to 
TiO2 [2.3]. 

The aim of this work was to study, in a 
systematic way, the efficiency of tungsten 
modified TiO2 catalyst and the effect of various 
process parameters such as catalyst loading, initial 
SMX concentration, solution pH, the presence of 
electron acceptors or radicals scavengers and the 
water matrix (i.e. ultrapure water, bottled and 
treated wastewater) on the kinetics of SMX 
degradation under simulated  solar irradiation . In 
addition antibiotic inactivation was studied 
determining the Minimum Inhibitory 
Concentration (MIC) of residual antibiotic with 
microtiter broth dilution method, regarding 
microbial growth of specific bacterial strains 
susceptible to the selected antibiotic. MIC is 
defined as the lowest concentration of an 
antimicrobial that inhibits the growth of at least 
50% of a microbial population. 

Photocatalytic experiments were conducted in a 
cylindrical pyrex glass reactor (V=150 ml). Solar 
irradiation was emitted by an Oriel LCS - 100 W 
solar simulator system. Changes in SMX 
concentration were followed by high performance 
liquid chromatography (HPLC).  

Figure 1shows the first order kinetic constant for 
the degradation of 350 g/L SMX. As seen 4% 
WO3-TiO2 shows a significant improvement solar 
photocatalytic activity comparing to commercial  
Degusssa (Aeroxide) P25. 

SMX removal follows a pseudo-first order 
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In this work, the use of iron oxides existing in natural waters 
and iron citrate complex was investigated, on their contribution 
in the solar-assisted photo-Fenton in drinking water. The anti-
microbial activity of hematite, goethite, wüstite and magnetite, 
with or without H2O2 as electron acceptor was studied, yielding 
a heterogeneous photo-Fenton or a semiconductor action mode 
action mode, respectively. The use of iron citrate in neutral (or 
higher) pH was explored, with a demonstration of prevailing 
homogeneous photo-Fenton pathways. Hydroxyl radicals (� OH) 
and superoxide radicals (O2� -) were the main reactive oxygen 
species responsible for bacterial inactivation. The presence of 
NOM and DOM did not hinder the disinfection process, and 
bacterial regrowth was never observed. 
  

 
The problem of drinking water scarcity is without 
doubt one of the greatest challenges of the present 
times, especially for developing countries [1]. The 
development of cheap and sustainable solutions 
for bacterial inactivation and the subsequent 
elimination of related diseases is a necessity in 
countries with inexistent or inadequate treatment 
facilities. Solar-aided Advanced Oxidation 
Processes (AOPs) are a potential solution, since 
the aforementioned regions coincide with the areas 
with the highest solar illumination periods around 
the globe. The photo-Fenton reaction, although it 
has been considered efficient only at acidic pH, 
during the last decade has gained interest, since its 
efficacy at near-neutral pH has been proven [2].  
 
The addition of iron salts has been studied [3], and 
lately, possible substitutes are considered, such as 
iron oxides [4], iron-immobilized materials [5] and 
iron-organic complexes such as (EDTA) [6]. The 
participants in the so-called heterogeneous process 
can act as photo-catalysts or semiconductors, and 
the organic complexes can maintain the iron in 
solution more efficiently also in higher than the 
neutral pH. In this work, the use of commercially 
available iron (hydr)oxides (hematite, goethite, 
wüstite and magnetite) and iron citrate complex 
was investigated, and their contribution to the 
photo-Fenton action in drinking water was 
elucidated. 
 
Escherichia coli K-12, a common fecal 
contamination indicator was used to estimate the 

efficiency of the heterogeneous or homogeneous 
action mode, initiated by the different forms of 
iron. The heterogeneous photocatalytic or 
semiconductor efficiency of the iron (hydr)oxides 
was studied with the addition of 0.6 mg/L iron, 
without or with the addition of 10 mg/L of 
hydrogen peroxide, to act as electron acceptor. The 
iron citrate was assayed in a 0.1-2.0 mg/L range in 
presence of H2O2 and its efficiency was compared 
with goethite and FeSO4. Irradiation experiments 
took place under a solar simulator emitting > 290 
nm wavelengths, at a moderate intensity. Electron 
spin resonance (ESR) spectroscopy was used to 
monitor the formation of ROS, namely hydroxyl 
(OH� ) and superoxide (O2�� ) radicals, generated 
by photocatalytic semiconductor and 
heterogeneous photo-Fenton processes in the 
presence of iron (hydr)oxides or iron citrate.  
 
The investigation of the iron oxides efficiency 
yielded interesting observation towards the 
decryption of their two possible action modes 
during illumination. In the dark, the studied iron 
(hydr)oxides did not yield inactivation in the 
absence or presence of H2O2, excluding the 
possibility of a heterogeneous -Fenton implication. 
However, 3 out of the 4 iron oxides used 
demonstrated semiconductor action mode 
(hematite, goethite, wüstite) using oxygen from air 
as electron acceptor. Magnetite always 
demonstrated the smallest disinfecting capabilities, 
since its band gap was 0.1 eV, compared to 2.2 eV 
for hematite, 2.1 eV for goethite, and 2.4 for 
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wüstite. However, when H2O2 was added, bacterial 

inactivation enhancement was observed. As the 

dissolved iron in this case was very low, 

significant contribution of a heterogeneous photo-

Fenton action is to be considered. NOM and DOM 

did not hinder inactivation; on the contrary, higher 

inactivation rates were found for hematite when 

the solvent was lake water. Finally, no regrowth 

and a continuous disinfection action in the dark 

(by wüstite) were observed. 

 

Iron citrate was found to efficiently participate in 

homogeneous photo-Fenton, at neutral and 

alkaline pH values as high as 8.5. The inactivation 

efficiency of goethite and freshly added ferrous 

sulphate, under light and with the addition of 

H2O2, was compared with the inactivation 

constants of Fe–citrate complexes being 

0.736±0.001 min-1, compared with cationic iron 

(FeSO4) (kobs = 0.241±0.00 min-1) or goethite (kobs 

= 0.137±0.007 min-1). Also, positive effects by the 

increase of its initial concentration were observed, 

and the dissolution of iron affected the H2O2 

consumption, and consequently, bacterial 

inactivation. In natural water (Lake Geneva 

water), which engulfs highly scavenging potentials 

(pH 8.5 and 108 mg/L of HCO3
–), NOM and 

DOM, total inactivation was achieved (60 min); 

inactivation was also permanent, since no 

regrowth was observed in the samples. 

 

In conclusion, iron (hydr)oxides revealed a 

relatively small difference of required time to 

inactivate bacteria by photo-assisted hematite and 

goethite, in the presence or absence of H2O2. This 

suggests that small concentrations (0.6 mg/L) of 

these iron (hydr)oxides can act as semiconductors, 

and efficiently disinfect drinking water. Omitting 

H2O2 can significantly reduce the cost of the 

treatment by photo-Fenton processes. If the iron 

source is replaced by iron citrate complex acquired 

by food wastes, solubility of iron can be 

maintained in high levels for elevated pH values, 

and contribute to surface water and groundwater 

remediation. 
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Micropollutants (ng L-1 - μg L-1) can be persistent even after 
wastewater treatment, becoming a risk to aquatic and terrestrial 
biota. In this work, different ecotoxicity tests were used to 
evaluate the secondary effluent toxicity before and after 
treatment by solar photo-Fenton at neutral pH in a raceway 
pond reactor. Preliminary analysis detected the presence of 39 
micropollutants in the effluent, especially pharmaceuticals, with 
a total concentration of 80 μg L-1. After 90 min of treatment, a 
toxicity reduction was observed as well as a contaminant 
degradation rate about 99%. The organisms showed different 
sensitivity levels: T. themophyla > D. magna > L. sativa > S. 
polyrhiza  V. fischeri. 
 

 

Background 

Some organic compounds may resist 
conventional treatments, remaining in the WWTP 
secondary effluents. Even at low concentrations, 
these microcontaminants, usually pharmaceuticals, 
pesticides, personal care products, among others, 
represent a major environmental risk especially to 
aquatic biota [1]. Therefore, it is strongly 
recommended both the development of more 
efficient tertiary treatments and the 
ecotoxicological monitoring of these compounds 
in the environment [2]. Regarding alternative 
treatment options, advanced oxidation processes 
(AOPs) have been investigated for the removal of 
emerging contaminants from urban wastewater 
effluents. Among AOPs, the solar photo-Fenton 
process has been proven to be efficient in the 
removal of microcontaminants [2]. Recently, 
raceway pond reactors have been proposed for 
solar photo-Fenton due to their low cost, capability 
of changing the liquid depth to take advantage of 
most of photons reaching the reactor surface and 
their high treatment capacity [3, 4]. They are 
extensive non-concentrating photoreactors and 
consist of channels where water is set in motion by 
a paddlewheel system. Regarding the toxicity of 
wastewater containing micropollutants, there are 
few studies evaluating sublethal and chronic 
effects. Acute toxicity assays in organisms 
belonging to different trophic levels predominate 
relatively to chronic ones [5]. Moreover, AOPs not 
always reach the total mineralization of pollutants, 
and can generate more toxic intermediates [2]. 
Thus, the toxicity evaluation at different stages of 
advanced oxidation treatment using bioassays of 

toxicity with various organisms is an important 
way to monitor processes and reduce operating 
costs, especially when dealing with 
micropollutants [6]. The objective of this work 
was to evaluate the acute and chronic ecotoxicity 
of a secondary effluent before and after tertiary 
treatment by solar photo-Fenton at neutral pH in a 
raceway pond reactor. 

Methods 

Effluent sample was collected after secondary 
treatment in a municipal wastewater treatment 
plant located in Almería (south-east of Spain). The 
sample was stored at 4oC in the dark until use. The 
photo-Fenton process was performed in a PVC 
raceway pond reactor, with 18 L capacity and 5 
cm liquid depth. A paddlewheel attached to an 
engine allows the solution remained homogeneous 
and mixed. Before the treatment, pH was set at 6.5 
to partially remove bicarbonates. Reagents 
concentration used were: 50 mg L-1 H2O2 and 3 x 
20 mg L-1 Fe2+, at 0, 5 and 15 min. Temperature, 
pH, solar irradiation, turbidity, dissolved organic 
carbon as well as total iron and H2O2 consumption 
were monitored throughout the treatment. 
Micropollutant analyses and ecotoxicity tests were 
performed before and after treatment. Chemical 
analysis was performed by liquid chromatography 
coupled to hybrid quadrupole-linear ion trap 
tandem mass spectrometry (LC-QqLIT-MS/MS). 
Wastewater samples were previously enriched by 
solid phase extraction using OasisTM HLB 
cartridges (200 mg, 6 cc). For ecotoxicity 
measurements, the samples were collected at 
initial (0 min), intermediate (20 min) and final 
time (90 min) in previously washed glass flasks. 
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The pH was adjusted to 6–7 and catalase was then 
added for residual H2O2 removal. Samples were 
kept frozen at -20 oC until the tests were 
performed, for a maximum of 30 days. Five 
standardized tests were selected: Daphnia magna 
and Vibrio fischeri (acute toxicity), Tetrahymena 
thermophila (chronic toxicity), and Spirodela 
polyrhiza and Lactuca sativa seeds 
(phytotoxicity). The 48 h immobilization test with 
D. magna, the 24 h growth inhibition test with T. 
thermophila and the 72 h growth inhibition test 
with S. polyrhiza were performed according to the 
standard operational procedure of the Daphtoxkit 
FTM magna [7], Protoxkit F [8] and Spirodela 
duckweed Toxkit [9], respectively. The 30 min 
luminescence inhibition with V. fischeri was 
performed following the standard ISO 11348-
3:2007 method [10], using the commercial kit 
BioFix® Lumi-10 of freeze-dried bacteria 
(Macherey-Nagel GmbH & Co. KG, Duren, 
Germany). For all assays described above, the 
initial (0 min) and final (90 min) samples were 
tested at the following concentrations (% effluent): 
100, 50, 25, 12.5 and 6.25%. Samples of 
intermediate time (20 min) were tested without 
dilution (100%). All samples, including the 
negative and positive controls, were tested at least 
in triplicate. The results were expressed in terms of 
the toxicity factor (TF), which corresponds to the 
lowest sample dilution where the minimum toxic 
effect is not observed in a given period of 
exposure [11]. The seed germination/root 
elongation phytoxicity test was conducted 
according to standardized protocols [12] using L. 
sativa (lettuce) seeds (cv. Boston branca) acquired 
in local market. Tests were carried out in Petri 
dishes lined filter paper with 15 seeds each, 
containing 4 mL of sample dilution or negative 
control (distilled water). The assay was done in 
triplicate. Seeds were incubated at  
22±2 oC, in the dark, for 120 h. At the end, the 
germinated seeds number and the root elongation 
data were used to calculate the germination index 
(GI) and the relative growth index (RGI), 
respectively [13]. The sensitivity of all organisms 
was monitored using compounds of known 
toxicity (positive control).  

Results 

The chemical analysis of the raw wastewater 
effluent revealed the presence of at least 39 
microcontaminants. Concentration values ranged 
from 0.1 to 31,089 ng L-1 and represented a total 
charge of 81,202 ng L-1. Analyses performed after 
photo-Fenton treatment demonstrated high 
removal efficiency, providing almost total 
elimination of the contaminants in most of the 

cases. A 99% removal of the total charge of 
contaminants was obtained after 90 min of 
treatment. However some compounds still showed 
resistance to oxidation, such as diuron and 
salicylic acid. After iron additions, pH turned 
acidic and water neutralisation was the final stage 
of the process, giving rise to quantitative 
precipitation of iron hydroxides. Final turbidity 
was 0.32 NTU. Additionally, complete bacterial 
inactivation was reached, the total coliform 
concentration dropped from 1 104 CFU/mL to the 
limit of detection in 90 min. The high contaminant 
degradation rate showed a correlation with the 
ecotoxicological tests, except for V. fischeri. In all 
other tests, a reduction in toxic effect or in growth 
stimulation was observed when the organisms 
were exposed to the treated effluent by the photo-
Fenton process (Table 1). Usually, the toxicity 
results are expressed in terms of EC50, which is the 
concentration that causes 50% of the effect in 
organisms, calculated statistically. However, the 
EC50 calculation was not possible since none test 
organism showed toxic effect at least 50% after 
exposing the samples. In such cases, one can set 
out the results in terms of toxicity factor (TF), 
which corresponds to the lowest sample dilution in 
which a minimum toxic effect is not observed. TF 
is expressed in whole numbers and is equal to the 
dilution factor of the test solution, i.e., the higher 
the TF, the more toxic is the sample (Table 1) 
[11]. The protozoan T. thermophila was the 
organism that showed a higher sensitivity to the 
sample analysed, followed by the microcrustacean 
D. magna, L. sativa seeds and the macrophyte S. 
polyrhiza. Initially, the effluent showed an 
inhibitory effect of almost 40% for T. thermophila 
and 20% for D magna. After 20 min of treatment, 
no effect was observed for T. thermophila and had 
dropped to 5% of the effect observed in D. magna. 
These results were confirmed when the final time 
(90 min) was analyzed. The luminescent marine 
bacterium V. fischeri showed no sensitivity to the 
sample tested, either before or after treatment by 
photo-Fenton process. These results showed an 
important observation. In general, micropollutants 
usually do not cause acute effects in most known 
test organisms. This is because their low 
concentrations are often not able to sensitize the 
organisms in short exposure times. Furthermore, 
most of the endpoints in acute toxicity tests are 
immobilization or death of exposed organisms, 
which require higher concentrations of pollutants 
[5]. Despite the short time duration of the test (24 
h), the T. thermophila assay is considered a 
chronic toxicity test, since in this period 5-6 
protozoan generations are produced [8]. Therefore, 
it is extremely important to evaluate not only acute 
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toxicity, but particularly chronic toxicity in 
relation to microcontaminants. The 
ecotoxicological assessment is an important 
monitoring tool for both effluent quality and 
efficiency of the treatments [6]. Other interesting 
results were obtained with the phytotoxicity tests. 
The macrophyte S. polyrhiza showed growth 
inhibition when exposed to the effluent before and 
after treatment. However, in both conditions 
(treated and untreated samples), the growth of 
leaves was stimulated, i.e., they increased more 
than the negative control. Furthermore, the growth 
stimulation rate was higher with the effluent prior 
photo-Fenton, allowing a direct correlation with 
the amount of starting organic load. After 90 min 
of treatment, the effluent also allowed an increase 
in larger leaves than the control, but lower than in 
the untreated effluent. L. sativa seeds were tested 
using effluent samples before and after the photo-
Fenton process, but without dilution (100%). 
Comparing the relative growth index (RGI), it was 
observed that before treatment (0 min), the 
effluent stimulated the root elongation average (37 

mm, RGI = 1.9) compared to the negative control 
average (20 mm, RGI = 0.7). After 20 min of 
treatment, there was an inhibition of root 
elongation average (14 mm). At the end of 
treatment (90 min), the root elongation average 
(16 mm, RGI = 0.85) had no effect, i.e. was 
statistically equal to that observed in negative 
control medium (Table 1).  

Conclusions 

The solar photo-Fenton process at neutral pH 
was effective in removal of almost 100% of the 
initial load of microcontaminants in a secondary 
effluent. Among the different organisms and 
endpoints tested, chronic assay with T. 
thermophila showed more sensitivity, following 
by D. magna, L. sativa and S. polyrhiza. The 
results observed in ecotoxicity testing showed a 
correlation with the high removal of 
microcontaminants after tertiary treatment. 

 

 
Table 1. Toxicity factor, germination (%) and root elongation values observed after effluent exposure. 

 T. thermophila D. magna V. fischeri S. polyrhiza L. sativa 

 TFa GIb (%) REc (mm) RGId  

0 
min 4 2 0 (NT) 0 (NT) 100 37 1.9  

20 
min 0 (NT) 1 0 (NT) 0 (NT) 97.7 14 0.7  

90 
min 0 (NT) 1 0 (NT) 0 (NT) 100 16 0.85  

NT nontoxic; a TF toxicity factor; b germination index; c root elongation average; d relative growth index 
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The present study deals with the simultaneous Escherichia Coli 
inactivation and degradation of organics such as antipyrine in 
drinking water by means of a new solar photocatalytic and 
pasteurization combined system. This installation has not 
associated electricity and maintenance costs. On one hand, 
different reactive oxygen species (mainly HO� ) produced by 
TiO2 irradiation not only destroy antipyrine but also cause 
damage to E. Coli. On the other hand, the High-Temperature-
Short-Time treatment kills bacteria. The system has achieved a 
peak flow rate of 16 L h-1 of treated water at an incident UV-A 
solar power of 37.1 W/m2. The effects of the antipyrine 
concentration, solar irradiance and catalyst on the treatment 
efficiency were determined. 
  

 

Background and Objectives: 

One of the most important problems affecting 
people in developing countries is the inadequate 
access to disinfected drinking water, resulting in a 
higher risk of waterborne disease transmision 
[1,2]. On the other hand, emerging micropollutants 
such as pharmaceuticals have been identified in 
drinking water [3]. Therefore, new technologies 
are required to eliminate both kinds of 
contamination in drinking water and, in addition,  
at lower cost and with less energy and reducing the 
use of chemicals and impact on the environment 
and public health. 

It is well known that Advanced Oxidation 
Processes (AOPs) generate highly reactive 
oxidative species (mainly hydroxyl radical, HO� ) 
to degrade organic pollutants [4]. Among them, 
TiO2 heterogeneous photocatalysis presents 
advantages compared with other AOPs: high 
stability, non-toxicity and low cost of catalyst, no 
addition of chemicals and neutral pH and ambient 
temperature conditions. On the other hand, solar 
light can be used to catalyst activation.  

Among available alternatives to drinking water 
disinfection, solar pasteurization is one of the most 
promising approaches. 

The aim of this work is to report the efficiency 
of an installation designed by our investigation 
group to simultaneous bacterial inactivation and 
organic pollutants degradation by a solar 
pasteurization and Compound Parabolic Collector 
(CPC) combined system. 

Experimental: 

Photocatalytic and Pasteurization experiments 
have been carried out in an experimental setup 
(Figure 1) consisting of a tank of 50 litres, a solar 
CPC (area= 0.25 m2), a heat exchanger, and a solar 
pasteurization system (area= 0.5 m2). The 
installation is a continuous flow system where 
water flows through CPC formed by four pipes 
filled with immobilized TiO2, and then it flows 
through the pasteurizer that heats the water. 
Temperature and water flow are controlled by a 
thermostatic valve sets to open at 80ºC. A heat 
exchanger is used to preheating the water before 
entering the pasteurization system.  

 

 
Figure 1. Experimental set-up 

The water level indicator in the tank is 
measurement from the difference of heights 
between the outlet valve of the tank (V-1) and the 
venting of the heat exchanger. Water has two 
circuits of step: 1) water can directly pass over the 
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heat exchanger carcass (V-4) and then through the 

pasteurization system. Again, water goes through 

the heat exchanger pipes and the disinfected water 

exits into the treated water bottle. 2) Water is 

directed to the bottom to the solar CPC (V-3) filled 

with TiO2. After CPC, water crosses the carcass of 

the heat exchanger and back to making the same 

route explained above. 

The installation does not use pumps and has not 

electricity costs. Water circulates in siphoning 

through the pipes. For the acquisition of data, the 

equipment includes a software, a digital input 

model RS485, a card RS485/USB and three 

temperature indicators. The installation is designed 

to prevent the water overheating and boiling. 

Boiling may cause untreated water to be pushing 

through the system and contaminate the treated 

water bottle. 

Escherichia coli K12 (CECT 4624, Colección 

Española de Cultivos Tipo) was chosen as model 

microorganism because of its widespread use as an 

indicator of faecal pollution of water. The 

lyophilised strain was inoculated in liquid nutrient 

medium (Luria-Bertani) and incubated at 37 ºC 

and 2000 rpm for 24 h in a mini-bioreactor 

(Biosan, Model BS-RTS-1). The measurement of 

the concentration of bacterial cells in the 

suspension was determined by measuring its 

optical density at 850 nm in the bioreactor itself. 

Chromocult Agar Plate counts was also used for 

accurate bacterial count. The cell suspension was 

used to inoculate the reactor containing 50 L 

synthetic urban water to give an initial 

concentration of E. coli ranging from 103 to 105 

CFU/ml. The synthetic water was constituted by 

peptone: 32 mg L-1; meat extract: 25 mg L-1; Urea: 

6 mg L-1; CaCl.2 H2O: 3 mg L-1; MgSO4.7 H2O: 2 

mg L-1 and it was diluted with deionised water to a 

TOC value of 5 mg L-1. Antipyrine was also added 

to the water. The mixture provided a TOC value of 

10 mg L-1.  

The antipyrine concentration was determined 

using high-performance liquid chromatography 

with UV detection (Agilent Technologies 1100 

HPLC-UV) in the isocratic mode immediately 

after sampling. An Eclipse XDB-C18 column (5 

m, 4.6 × 250 mm) was used, and a 60:40 (v/v) 

methanol/(water with 0.1% acetic acid) mixture 

with an acidic pH was used as the mobile phase 

(detection wavelength,  = 286 nm; flow rate of 

0.6 ml min-1).  

The mineralization grade of the treated 

wastewater was determined using a TOC analyzer 

(TOC-5050 Shimadzu, standard deviation < 0.2 

mg L-1). 

Results and Discussion: 

Prior to photocatalytic and pasteurization 

experiments, the effect of antipyrine on E. coli 

growth was studied. Figure 2 shows the growth 

kinetics of bacteria in synthetic urban water 

(optical density, DO, versus time) in the absence 

and in the presence of antipyrine. As can be seen, 

the bacterial inactivation does not take place when 

antipyrine was added to the water.  

 

Figure 2. E. coli growth kinetics in synthetic urban 

water in the presence or absence of 5 mg L-1 antipyrine. 

Figure 3 shows the relation between UV-A solar 

power and thermostatic valve temperature. 25 

Wm2are necessary to open the valve and produce 

disinfected treated water. Temperature next to 

valve was always below 95 ºC. Boiling didn´t take 

place.  

 

Figure 3. Relation between UV-A solar power and 

thermostatic valve temperature.  

As it is shown in Figure 4, the UV-A solar 

power has a positive effect on the obtained treated 

water flow. At the beginning of the day, the valve 

is closed. As sunlight hits the pasteurization 

system, the water is heated.  

When the water surrounding the valve reaches 

the set-point temperature, the valve opens.  2 L h-1 

is the minimal production reached in the morning 

but between 25 and 30 W m-2 are required. The 

system achieved a peak flow rate of 16 L h-1 of 
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treated water at an incident UV-A solar power of 

37.1 W m-2 (irradiation maximum value in that 

day). 

 

Figure 4. Treated water flow as a function of UV-A 

solar power range. 

 

E. coli has been completely inactivated and 

antipyrine removal was also attained under the 

studied conditions. Reactivation and regrowth of 

bacteria after combined treatment will be studied, 

and the installation optimization will depend on 

parameters such as residence time, thermostatic 

valve temperature, initial bacterial concentration, 

and catalyst preparation mode.  
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An economic assessment of photo-Fenton process applied 
to wastewater disinfection is presented. Different 
strategies were analyzed and compared with other studies. 
The lowest estimated cost to treat 4200 m3/year, 0.21 

/m3, was obtained in a 30 m2 CPC plant dosing 50 mg/L 
of H2O2 and 20 mg/L of Fe. This operation condition 
allowed achieving the inactivation of total coliform 
required in the Spanish Royal Decree 1620/2007 to 
reclaimed wastewater used for agriculture irrigation.  

 
 

1. Introduction 

The global fresh water shortage is currently one 
of the main environmental problems because of 
the increasing demand for different uses in the last 
decades. One option to avoid this problem is 
wastewater reclaiming. 

Agriculture produces 60 % of global food and 
consumes 70% of fresh water and there is a need 
of new water sources such as reclaimed 
wastewater with high quality standards.  

For use in irrigation of crops, different 
legislative frameworks have been developed in 
order to regulate the content of microorganism in 
water. In Spain, the Royal Decree 1620/2007 
includes regulations for this use, limiting the 
occurrence of microorganism. For example, limits 
for Escherichia coli are 100 CFU/ 100 mL for the 
Spanish regulation and 1 CFU/ 100 mL for the 
WHO. 

As an alternative to traditional treatments in 
water disinfection, Advanced Oxidation Processes 
(AOPs) were studied. One of the new approaches 
for wastewater disinfection is the photo-Fenton 
process, which produces hydroxyl radicals via a 
series of catalytic cycle reactions with iron, H2O2 
and UV-vis radiation.  

In this work, a cost assessment for the photo-
Fenton process applied to real wastewater 
disinfection is presented considering the 
inactivation of total coliform bacteria as an 
indicator of fecal contamination of reclaimed 
wastewater to be used for irrigation in agriculture.  

2. Materials and methods 

2.1. Experimental procedure  

For carrying out this study we have analyzed a 
previous work of the group dealing with real 
wastewater [1] where the experimental procedure 
of the optimized disinfection process by photo-
Fenton was described. Three different reactant 
dosages for CPC disinfection plant were proposed: 

1. [H2O2] = 50 mg/L and [Fe2+] = 20 mg/L 

2. [H2O2] = 50 mg/L and sequential 
additions of [Fe2+] = 20 mg/L, 10 mg/L 
and 10 mg/L 

3. [H2O2] = 100 mg/L and [Fe2+] = 20 
mg/L 

For comparison purposes between the different 
reactant dosages, the accumulated solar energy 
was used and calculated according to Eq. (1): 

[1] 

where QUV,n and QUV,n 1 are the UV energy 
accumulated per unit volume (kJ/L) at times n and 
n  1, respectively, UVG,n is the average incident 
irradiation on the irradiated area, tn is the 
experimental time of sample n, Ar is the 
illuminated collector area (m2) and Vt is the total 
volume of treated water (L). 
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2.2. Economic assessment 

In order to evaluate the economic feasibility of 
the process, the referenced experimental results 
were scaled up to achieve an annual volume of 
treated water of 4200 m3, an estimation to cover 
the average consumption per hectare for tomato 
production in greenhouses located in the South of 
Spain [2]. We propose a hypothetical plant 
consisting of a compound parabolic collector 
reactor. Total costs were estimated following 
previous studies [3]. 

Table 1. Environmental mean yearly conditions for the 
CPC plant design from Cabrera et al.,  [4].  
UV (W/m2) tw (h) 
29,3 3055 

With the purpose of studying the amortization 
cost, the surface of the compound parabolic 
collectors (CPCs) must be known. In this regard, 
the accumulated energy necessary to achieve the 
inactivation of the microorganism has to be known 
(Eq. 1). Equation (2) describes how to estimate the 
surface needed.  

 

[2] 
 

where ACPC is the estimated surface in m2, QUV 
is the necessary accumulated energy in kJ/L to 
achieve a particular treatment goal, Vt is the 
capacity of the plant in m3/day, UV is the mean 
yearly UV radiation at the plant location in W/m2 
and tw is the number of working hours in a year. 
Average yearly radiation, 29,3 W/m2 [4] (Table 
1).  

The amortization costs were calculated 
considering an unitary investment cost of 1000 
€/m2 [5] with Eq. (3). 

 

[3] 
 

where ACPC is the photoreactor surface, (m2); L 
is the life cycle of the plant, 20 years; and CCPC is 
the cost of the treatment plant per solar collector 
area (€/m2).  

Regarding the operating costs, OC in €/m3, 
maintenance, reactant costs and energy were 
included (Eq. (4)). Maintenance costs were 
considered as 2% of the amortization costs. The 
reactant costs, Creactant, consider the mass of 
hydrogen peroxide and iron needed to achieve the 
necessary inactivation. The hydrogen peroxide 
cost in €/m3 of treated water varies depending on 
the operating strategy and the degree of 
inactivation. The unitary reactant costs used are: 

0.5 €/kg H2O2, and 0.25 €/kg iron salt. CE is the 
energy cost (€/m3). The energy cost is estimated 
by calculating the power required to pump water 
in the system estimated through an energy balance 
(Eq. (5)); the considered power cost was 0.1 €/kW 
h. Staff cost was not included since it is not 
directly related to the operation strategy and it is 
strongly dependent on the plant location and labor 
regulation. This fact also relates to terrain and 
taxes. Total process costs were calculated by 
adding amortization and operating costs. 

 

 

[4] 
 

[5] 

3. Results and discussion 

For each treatment different CPC surfaces were 
estimated depending on. Figure 1 shows that the 
treatment with highest hydrogen peroxide dose 
required a lower area giving the lowest investment 
costs and although operating cost were somewhat 
higher (Figure 2).   

 

Figure 1. Surface of CPC  

 
Figure 2. Operating costs  

  

Figure 3. Total costs in each treatment with different 
reactant dosage  
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Figure 2 shows that the lowest operating cost 
was obtained with Treatment 1. Notice that with 
Treatment 3, treatment time was lower, but high 
amount of hydrogen peroxide was used increasing 
reactant cost. Additionally there was a large excess 
hydrogen peroxide [1], another treatment to 
remove it is needed making Treatment 3 more 
expensive. For the second treatment, even if the 
operating costs are similar to the first (Figure 2), 
the total cost is triggered (Figure 3) by increasing 
the time needed to obtain the desired inactivation, 
which means that the area required for this 
disinfection goal in higher (Figure 1), increasing 
the costs of construction. 

Four operation conditions published in 
bibliography were also analyzed following the 
same methodology [3]. The results are 
summarized in Table 2 where the increase in TC 
with QUV is clearly shown. In these processes we 
can see different types of water treated for 
different microorganisms (Grafical abstract), 
obtaining different times of treatment, CPC 
surfaces and cost of the process.  

Conclusions 

Among the treatments evaluated, the strategy of 
adding 20 mg/L Fe and 50 mg/L H2O2 gave the 
lowest costs pointing out the significance of 
lowering QUV although increasing reactant dose.  

 The comparative with different microorganisms 
means that disinfection by photo-Fenton can be 
used for the treatment of many types of biological 
pollution. These results promote new economic 
studies in order to optimize this process in 
wastewater reclaiming for irrigation in agriculture. 
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Table 2. Economic evaluation of different disinfection 
processes by photo-Fenton 
mg/L QUV 

(kJ/L) 
ACPC 
(m2) 

OC 
(€/m3) 

TC 
(€/m3) 

10 Fe, 50 
H₂O₂    
E.  faecalis  
[6] 

22,2 289,34 0,1316 3,5762 

5 Fe, 10 + 
50 H₂O₂  
Fusarium  
sp  [7] 

25,41 331,23 0,1228 4,0661 

10 Fe, 20 
H₂O₂                  
E.  coli  [8] 

13,33 173,73 0,0865 2,1549 

0,6 Fe, 20 
H₂O₂                  
E.  coli  [9] 

11 143,37 0,0770 1,7838 
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Summary 
 
This study presents a TiO2-based paint for the consolidation of 
crowded places like hospitals, schools, companies, etc., where dirt 
and microbes are at high rates. The titania used in this paint was 
made by the sol-gel technique. The catalyst characterized using the 
BET model, UV-Vis, DRS spectroscopy, XRD and SEM 
techniques. The photocatalytic activity of the TiO2-based paint was 
investigated with  antibacterial tests of the bacteria Staphylococcus 
Aureus (Newman Strain). 

Introduction  

The influence of indoor air quality on human 
health is increasingly considered, since people 
spend their majority of time indoors. 
Photocatalysis is now seen as a valuable option for 
de-polluting purposes.  

Materials and Methods 

The reagents used for the fabrication of the 
catalyst were ethanol (EthOH) and methanol 
(MetOH), docusate sodium (AOT), titanium 
isopropoxide Ti(iPrO)4 and acetic acid (AA). In 
200ml solution of methanol and ethanol of equal 
volumes an amount of docusate sodium was 
added. The system is stirred for 24h and then 8.8 
ml of titanium isopropoxide is added. After 24h of 
ageing, an amount of acetic acid 1M was added 
and Ti(iPrO)4 is hydrolyzed. The suspension is 
filtrated, dried and then calcined in 450 oC for 3h. 
The prepared catalyst was characterised using the 
adsorption-desorption isotherms of nitrogen (BET 
model), scanning electron microscopy (SEM), X-
ray diffractometry (XRD) and UV-Vis, DRS 
spectroscopy. The paint is made from a domestic 
industry by mixing and blending three main 
components: (a) the pigments, which are finely 
ground TiO2 and CaCO3 powders, (b) the binder, 
which is PS, and (c) the solvents, which meanly is 
water. An amount of 5-10% w/w of the catalyst is 
added as filler and stirred for some hours to 
become homogeneous. The bactericidal properties 
of TiO2 combined with visible light on  
Staphylococcus Aureus (Newman Strain) are 
examined. After reaching the growth phase, the 
bacteria strain culture was diluted in PBS sterile 
solution prior to mixture with the prepared  

 

catalyst, in a 24-well cell culture plate. The cell 
culture plate was placed under a light emitting 
diode (LED) array at 400nm for photocatalytic 
reaction, while illumination took place for 24 
hours. The colonies of survival bacteria were 
determined by standard plating method, 
immediately after appropriate dilution on agar 
plates and overnight incubation, so that the 
number of viable colony forming units (CFUs) can 
be calculated. 

Results and Discussion 

SEM images of the preapared catalyst showed a 
cheesy structure. XRD patterns showed that the 
obtained titania consists of 100% anatase phase 
with a crystallite size of 13nm. The BET analysis 
showed that the specific surface area was 133 
m2/g. The UV-Vis, DRS spectroscopy showed that 
the catalyst absorb in the visible region and has a 
band gap of 3.08 eV. The TiO2-paint in suspension 
exhibited excellent photocatalytic and antibacterial 
activity, with bacteria tested highlighting the 
sufficiency to assess antibacterial activity in 
indoor and outdoor surface paint coat. Hence, this 
technology could potentially provide a powerful 
tool for the protection of coated surfaces placed in 
microbiologically sensitive environments, such as 
hospitals, food industry etc.  
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 The enhancement in the effectiveness of the photocatalytic TiO2 
disinfection against Cryptosporidium parvum by the addition of 
low concentrations of H2O2 was evaluated. Distilled water 
containing 100 mg l-1 of TiO2 and 50 mg l-1 of H2O2 was spiked 
with C. parvum oocysts and exposed to simulated and natural 
solar radiation. The oocyst global viability was determined by 
inclusion/exclusion of the fluorogenic vital dye propidium 
iodide and spontaneous excystation. The results prove the 
enhancement in the effectiveness of solar disinfection 
procedures against C. parvum when TiO2 is incorporated, 
decreasing the time needed to reach the oocyst inactivation. 
However, the addition of H2O2 at low concentrations did not 
improve the photocatalytic TiO2 disinfection. 

 
 

Background 

Cryptosporidium is a genus of enteric protozoan 
parasites of medical and veterinary importance 
that infects a wide range of human and animal 
worldwide. Disease severity ranges from 
asymptomatic or mild to severe, intractable 
diarrhoea with wasting depending on immune 
status, nutrition, and age. In developing countries, 
cryptosporidiosis is estimated to be responsible for 
30-50% of the deaths in children under five years 
of age and is considered the second agent causing 
diarrhoeal disease and dead in children after 
rotavirus [1].  

Transmission occurs by the faecal-oral route 
either by person to person or animal to human or 
by ingestion of contaminated water or food. In 
developed countries, waterborne transmission is 
considered the main mode of transmission and 
Cryptosporidium was the main aetiological agent 
in 60.3% of the waterborne protozoan parasitic 
outbreaks reported worldwide between 2004 and 
2010 [2].  

Due to therapy options of cryptosporidiosis are 
limited, appropriate hygiene and proper water 
management and treatment are the main measures 
of prevention. However, Cryptosporidium is an 
emerging waterborne enteropathogen which 
particular resistant nature of the infectious forms 
(second after the prion infectious agent in the 

pyramid of resistance to disinfectants) makes that 
conventional methods of treatment for drinking or 
regenerated waters are not sufficient to eliminate 
their presence [3]. Thus, an outbreak of 
Cryptosporidium hominis infection transmitted 
through the public water supply affecting 
approximately to 27000 inhabitants of Östersund 
(Sweden) in November 2010 was reported 
recently, being the largest outbreak of waterborne 
cryptosporidiosis in Europe [4]. 

Advanced oxidation processes (AOPs) are a 
group of related processes or technologies that 
lead to the generation of radical oxygen species 
which result in the oxidative degradation of 
pollutants and inactivation of several waterborne 
pathogens. Heterogeneous photocatalysis with 
TiO2 is one of these processes which has received 
most research attention in recent years for 
wastewater treatment purposes [5]. Moreover, it is 
known that the addition of low concentrations of 
H2O2 can enhance the efficacy of photocatalytic 
TiO2 disinfection [6].  

Objective 

The aim of this work is to study the 
enhancement of the photocatalytic TiO2 
disinfection against the resistance forms of 
Cryptosporidium parvum (oocysts) by the addition 
of low concentrations of H2O2 under simulated and 
natural solar radiation. 
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Methods 

Cryptosporidium parvum oocysts 

Cryptosporidium oocysts were collected from 
naturally infected neonatal Friesian-Holstein 
calves by rectal sampling. Concentration 
[phosphate-buffered saline (PBS, pH 7.2)/diethyl 
ether], purification (discontinuous caesium 
chloride gradients), quantification (Neubauer 
haemocytometer) and molecular identification 
were performed as previously reported [7]. 

Reagents 

Aeroxide P25 TiO2 (Evonik Industries AG, 
Essen, Germany) was used as slurry to conduct 
heterogeneous photocatalytic experiments. The 
catalyst concentration employed was 100 mg l-1 
according to previous studies (unpublished data).  

H2O2 solution at 35% w/v (Sigma-Aldrich, Co., 
St. Louis, MO, USA) was added directly into the 
samples and measured through the solar 
experiments by a spectrometric method with 
titanium (IV) oxysulphate (Analitycal Fluka, 
Sigma-Aldrich, Co.). The H2O2 concentration used 
was 50 mg l-1, the lowest concentration needed to 
enhancement the efficacy of solar disinfection [8]. 

Solar experiments 

Simulated solar experiments were carried out 
using a 1100 W air-cooled xenon arc lamp solar 
simulator (SUNTEST CPS+, ATLAS Material 
Testing Technology GmbH, Lisengericht, 
Germany) fitted with a UV filter (barrier, 290 nm) 
(Suprax, ATLAS Material Testing Technology 
GmbH). The global radiation intensity was 
adjusted to 500 W m-2 (300 nm to 800 nm) using 
the irradiance sensor and the microprocessor 
incorporated in the simulator. This global radiation 
intensity was equivalent ≈33 W m-2 of UV 
radiation (from 290 to 390 nm) as it was measured 
using a UV radiometer UV34 (PCE Ibérica, S.L., 
Tobarra, Spain).  

Natural solar experiments were performed at the 
Plataforma Solar de Almería (PSA), located in the 
Tabernas Desert (Almería, Southern Spain: 
latitude, 37º05’54’’N; longitude, 2º21’32’’W; 
altitude, 500 m) in February 2014. Global solar 
exposure was measured with a pyranometer 
(model CMP 21, Kipp & Zonen, Delft, The 
Netherlands) for shortwave global solar radiation 
measurements in the spectral range from 310 nm 
to 2800 nm. Incoming UV radiation (direct plus 
diffuse radiation from all directions) was measured 
at between 295 nm and 385 nm (part of UV-A and 
UV-B) with a horizontally placed global UV 

radiometer (model CUV 3, Kipp & Zonen). 

Borosilicate glass 3.3 low form beakers of  
35 mm of diameter (Fisherbrand®, Thermo Fisher 
Scientific Inc., Waltham, MA, USA) containing  
30 ml of distilled water with 0 and 100 mg l-1 of 
TiO2 and/or 0 and 50 mg l-1 of H2O2 were spiked 
with 10×106 purified oocysts of C. parvum and 
exposed to solar radiation for a maximum of 5 h. 
Dark control samples were prepared in the same 
manner and wrapped in aluminium foil to prevent 
light falling on the suspension. During the 
experiments, the samples were covered with 
borosilicate glass 3.3 watch glass of 49 mm of 
diameter and stirred with magnetic stirrers at  
300 rpm on a horizontal platform (Cimarec i 
Scientific Multipoint 6, Thermo Fisher Scientific 
Inc.) as shown in the Graphical Illustration. The 
water temperature was monitored every 30 min 
with a thermometer Temp 3JKT (Eutech 
Instruments Pte Ltd., Singapore). 

At intervals of 2.5 h of exposure, 5 ml of the 
samples were removed and centrifuged at 2000×g 
for 15 min. The sediment thus obtained was 
resuspended in 500 µl of 15 mM PBS pH 8.0 and 
used to evaluate the oocyst viability. All tests were 
performed in duplicate. 

Viability assays 

The potential viability of C. parvum oocysts was 
determined by inclusion/exclusion of the 
fluorogenic vital dye propidium iodide (Sigma, 
Madrid, Spain) and a further modification that 
includes an immunofluorescence antibody test to 
verify oocyst identification, as described 
previously [7].  

Statistical analyses 

Differences in the global viability were 
compared by pair-wise multiple comparison 
procedures (Student-Newman-Keuls method) and 
one-way ANOVA, with GraphPad Prism® v.5.00 
Statistical Software (Copyright©1992-2007 
GraphPad Software, La Jolla, CA, USA). 
Differences were considered significant at P<0.05. 

Results 

A strong decrease in the percentage of oocyst 
global viability was observed in samples 
containing TiO2 and TiO2/H2O2 and exposed to 
simulated solar radiation during 2.5 h (≈297 kJ m-2 
of UV dose) (22.09±10.83% and 24.64±14.95%, 
respectively). Significant differences were not 
observed between these values, but yes with the 
corresponding values obtained in other samples 
(P<0.001). At the end of the assay (5 h, ≈594 kJ 



3 

m-2 of UV dose), the percentages of oocyst global 
viability determined in the samples with TiO2 and 
TiO2/H2O2 were 4.16±2.35% and 3.82±4.26%, 
respectively (P>0.05) (Figure 1). 

In the experiments carried out under natural 
conditions of solar radiation, it was also observed 
a sharp decrease in the oocyst global viability 
when C. parvum oocysts were exposed in distilled 
water containing TiO2 and TiO2/H2O2 during 2.5 h 
of exposure and UV dose of 200.81±6.49 kJ m-2 
[4.45±3.55% and 1.58±0.48%, respectively 
(P>0.05)] (Figure 2), proving the existence of 
statistically significant differences with the 
corresponding values obtained in other samples 
(P<0.001), as well as with respect the same type of 
samples under simulated solar radiation (P<0.001) 
(See Figure 1). At 5 h of exposure to natural 
sunlight, the oocyst global viabilities were 
4.16±2.35% and 0.92±0.71% for TiO2 and 
TiO2/H2O2 samples, respectively, showing 
statistically significant differences with the values 
observed in the remaining samples (P<0.001) 
(Figure 2). Moreover, it was observed an 
important decrease in the global viability in 
samples exposed to natural solar radiation in 
presence/absence of H2O2 at 5 h of exposure time, 
showing statistically significant differences with 
the corresponding values obtained under simulated 
conditions (P<0.001) (see Figures 1 and 2). 

The temperature values registered inside the 
samples ranged from 17.4°C to 34.2°C and 14.6°C 
to 36.5°C under simulated and natural conditions 
of solar radiation, respectively, no showing 
statistically significant differences for both types 
of experiments. 

 
Figure 1. Kinetics of inactivation of C. parvum 
oocysts in distilled water exposed to simulated 
solar radiation in presence of TiO2 and H2O2. 

 
Figure 2. Kinetics of inactivation of C. parvum 
oocysts in distilled water exposed to natural solar 
radiation in presence of TiO2 and H2O2. 

Conclusions 

The results obtained in the present study show 
the enhancement in the effectiveness of solar 
disinfection procedures against C. parvum when 
TiO2 is incorporated, decreasing the time needed 
to reach the oocyst inactivation. However, the 
addition of H2O2 at low concentrations did not 
improve the photocatalytic TiO2 disinfection. 
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The antibacterial properties of concretes supplemented with titanium 
photocatalyst under visible irradiation
M. Janus1,2, P. Rokicka1,O. Stelmach1 , E. Kusiak-Nejman1, A. Markowska-Szczupak1,  K. Zaj c1, J. Zatorska1,
A. Czy ewski1, A.W. Morawski1. (1) Institute of Chemical and Environment Engineering, West Pomeranian 
University of Technology, Szczecin, ul. Pu askiego 10, 70-322 Szczecin, Poland, mjanus@zut.edu.pl (2) 
Department of Sanitary Engineering, West Pomeranian University of Technology, Szczecin, al. Piastów 50, 70-310 
Szczecin, Poland.

The antimicrobial properties of concrete plasters, containing co–
modified TiO2/N,C photocatalysts were evaluated against 
Escherichia coli under UV-Vis irradiation. The impact of treatment 
temperature, as well as non-metals presence in the TiO2/N,C 
additives on the antimicrobial abilities of concrete plasters was 
discussed. 

Introduction  

Outdoor and indoor pollutions caused by 
road traffic and industry are considered as two of 
the world’s worst problems in metropolitan and 
urban  areas.  The  use  of  TiO2 photocatalyst in 
combination with construction materials has 
shown a favourable synergetic effect in the 
removal of air pollutants. Driven by the need to 
use solar light more completely, many 
investigations have been performed to make TiO2
photocatalytically active beyond its absorption 
threshold of 400 nm. Although there are outdoor 
applications of TiO2 photocatalysis, in the 
literature there is lack of information on the 
interaction between concretes supplemented with 
modified titania and bacteria. The aim of this 
studies was antibacterial properties of concretes 
supplemented with commercial titania (P25 from 
Evonik Company), nitrogen and carbon co-
modified TiO2-N,C photocatalysts. 

Experimental 

The commercial titanium dioxide (Grupa 
Azoty Zak ady Chemiczne „Police” S.A., Poland) 
used as a crude material, was modified by nitrogen 
and carbon. The source of nitrogen was ammonia 
gas and the source of carbon was methanol, 
ethanol or isopropanol. Modifications of 
commercial TiO2 were carried out at temperature 
100ºC, 300ºC and 600ºC. The main objective of 
doping was obtaining photocatalysts active under 
visible light. The concrete plates were prepared 
using BetonFix M-15 (Kreisel, Poland). 
Commercial amorphous TiO2 (Azoty Group 
Photocatalysts constituted 10% of concretes 
materials weight. The antimicrobial activity of 
materials was evaluated against Escherichia coli 
(ATCC 25922). The loss of viability was 
examined by the viable count of the colony 

forming units on the plates. In all the experiments, 
negative control tests in darkness conditions and 
positive control under UV-Vis irradiation (one 
bulb 300W OSRAM Ultra Vitalux) were carried 
out simultaneously.  

Results and discussion 

It has been clearly demonstrated that 
mixing concrete powder with TiO2 contributed to 
developing additive selling points of the final 
product. All examined concretes (16 samples) 
supplemented with commercial titania (P25), 
nitrogen and carbon co-modified TiO2-N,C
exhibited antimicrobial properties. What 
important, to activation of photocatalyst, visible 
light was used. The higher bacteria inactivation 
rate was achieved for concrete containing 10% of 
100ºC (unmodified catalyst from Azoty Group 
Chemical Factory Police S.A, calcined at 100ºC ).
Under UV-Vis irradiation, 33.6% of Escherichia 
coli were killed after 40 min, whereas inactivation 
of total bacteria number was achieved after 60 
min. Another interesting aspect of the presented 
results was the importance of calcinations 
temperature used for preparation N-doped and 
N,C-co doped catalyst. It has been shown that the 
time necessary to inactivation of bacteria under 
visible irradiation increases with increasing the 
annealing temperature. It has been widely accepted 
that the microorganism inactivation by TiO2 are 
based on the same photoacatalytic oxidation 
mechanism like in case organic compound. 
Considering that the Escheriachia coli do not 
normally occurred in air, further studies with other 
microorganism are desirable. 

Acknowledgements 
This work was supported by The National 

Centre for Research and Development, LIDER III 
program (Lider/14/30/L-3/11/NCBIR/202). 

Petri dish

suspension of E. coli

concrete plate

UV-Vis

PP3- 32



1 

Solar Photocatalysis as Disinfection Technique: Inactivation of  
Klebsiella pneumoniae in Sewage and Investigation of Changes in 
Antibiotic Resistance Profile  
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 The objectives of the present work were (i) to investigate the 
efficiency of cobalt- and manganese-doped titania materials to 
inactivate K. pneumoniae in real wastewater under solar radiation 
and (ii) under natural sunlight, (iii) to compare inactivation rates 
among solar photocatalysis, UV-C irradiation and chlorination 
and (iv) to study possible changes in bacterial antibiotic resistance 
profile through treatment. Dopants significantly enhanced the 
photocatalytic activity of TiO2 under solar irradiation, in terms of 
K. pneumoniae inactivation, while the process was retarded under 
natural solar light. Catalysts with the binary dopant exhibited the 
best photocatalytic activity in all cases. Chlorine concentrations of 
1 and 5 mg/L proved to be satisfactory for an overall 7-Log 
reduction of K. pneumoniae population after 30 min of treatment. 
The effect of disinfection on bacterial antibiotic resistance profile 
and on MICs varied, depending on the tested antibiotic and on the 
applied treatment method.  
  

1. Introduction 
In recent years considerable attention has been 

drawn towards many opportunistic pathogens 
contained in raw and treated wastewater, among 
which Klebsiella pneumoniae is prominently 
included [1]. The frequency of reports concerns 
mainly the multi-drug resistance of this specific 
strain, while equally significant is the resistance of 
K. pneumoniae isolates to environmental stressed 
conditions and deleterious agents, such as 
disinfectants. Conventional wastewater 
disinfection involves chlorination, which is widely 
used to remove effectively an extended variety of 
microorganisms [2]. Another approach towards 
seems to be the application of photocatalysis with 
metal doped TiO2 [3]. Complete bacterial 
inactivation, which is mostly desired, is highly 
dependent upon operating parameters of each 
sewage disinfection process that uses natural or 
simulated solar irradiation. However, even in the 
case of residual cells post treatment, the extent of 
DNA damage and the induced oxidative stress 
may have various consequences, among which is 
the alteration of the microbial antibiotic resistance 
profile. The conditions in wastewater treatment 
plants (WWTPs) are favourable for the 
proliferation of antibiotic resistant bacteria (ARB). 
A significant proportion of these pathogens, 
carried in water/wastewater, develop resistance 
mechanisms and remain present either in water 
supplies, or in treated effluents [4]. In this 

perspective, the objectives of the current study 
were (i) to investigate the efficiency of cobalt- and 
manganese-doped titania materials which were 
prepared in previous work [5], to inactivate K. 
pneumoniae in real wastewater under solar 
radiation and (ii) under natural sunlight, (iii) to 
compare inactivation rates among solar 
photocatalysis, UV-C irradiation and chlorination 
and (iv) to study possible changes in bacterial 
antibiotic resistance profile through treatment. 

 
2. Materials and methods 

The bacterial strain used in the present study was 
K. pneumoniae NCTC 5056. Solar irradiation 
experiments were carried out in a solar radiation 
simulator system (Newport, model 96000) 
equipped with a 150 W xenon ozone-free lamp 
and an Air Mass 1.5 Global Filter (Newport, 
model 81094), simulating solar radiation reaching 
the surface of the earth at a zenith angle of 48.2o. 
UV-C irradiation was provided by a 11 W lamp 
(Philips, TUV, 11 W, PL-S). Air was continuously 
sparged into the liquid, the reaction mixture was 
continuously stirred and the temperature was 
maintained at 25±1 oC with a temperature control 
unit. Photocatalytic experiments were also carried 
out under natural sunlight within the period of 
June - July 2014 at the Technical University of 
Crete campus located at 38o31΄ N and 24o04΄ E, in 
clear sunny days. During those runs the recorded 
ranges of solar irradiance and temperature were 
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12.7-13.4 W/m2 and 29-32.7oC, respectively. 

Chlorination was performed with the use of 

NaOCl testing three different concentrations, 

namely 0.3, 1 and 5 mg/L. Antibiotic resistance 

was studied with Minimum Inhibitory 

Concentration (MIC) technique, using Ampicillin, 

Cefaclor, Sulfamethoxazole and Tetracycline. 

Minimum inhibitory concentrations (MICs) are 

defined as the lowest concentration of an 

antimicrobial that will inhibit the visible growth of 

a microorganism after overnight incubation. The 

broth microdilution method was performed using 

microplate wells of broth containing dilutions of 

an antimicrobial agent. Resistance profile was 

studied in intact cells of K. pneumoniae and in 

residual cells after each treatment.   
 

3. Results and Discussion 

Bacterial inactivation in wastewater samples was 

recorded under solar irradiation in the presence of 

the prepared doped catalysts. Metal-doped 

catalysts showed satisfactory inactivation, as may 

be observed in Figure 1. It is clearly shown that 

the catalyst contained the binary (0.04%wt 

Mn/Co:TiO2) and the Co-dopant demonstrated 

high inactivation rates, as there was an overall 7-

Log reduction in microbial population within 60 

min of irradiation. Regarding the two Mn- 

catalysts, they exhibited different behaviour, 

which could be attributed to their structural 

features. Higher performance was recorded with 

composite sponge based titania (0.04%wt 

Mn:TiO2 – sponge) synthesized by alkali solution 

treatment. 

 
Figure 1. K. pneumoniae inactivation in the 

presence of different Mn, Co and binary Mn/Co-

doped TiO2 catalysts in wastewater under solar 

irradiation. Catalyst concentration is 250 mg/L. 

 

Despite that this specific emerging pathogen is 

considered persistent during various treatments 

and disinfection techniques, photocatalysis with 

metal-doped catalysts seems quite promising, 

since it may demonstrate complete inactivation in 

short periods with initial cell densities as high as 

107 CFU/mL in “complex” matrices, like 

wastewater. 

Additional disinfection experiments were 

performed in natural sunlight in order to compare 

inactivation results with those obtained with 

simulated solar irradiation. Under perfectly sunny 

conditions wastewater samples, inoculated with K. 

pneumoniae, were exposed outdoors in sunlight 

for 1 h and results are shown in Figure 2.  

 
Figure 2. K. pneumoniae inactivation in the 

presence of different Mn, Co and binary Mn/Co-

doped TiO2 catalysts in wastewater under natural 

sunlight. Catalyst concentration is 250 mg/L. 

 

Comparing rates between simulated (Figure 1) 

and natural solar radiation (Figure 2), it may be 

observed that there is an overall retardation of the 

process. Under the operational conditions of the 

current study bacterial decay was delayed when 

disinfection was performed outdoors, resulting in 1 

or 2-Log reduction after 60 min of exposure.  

Apart from the light intensity dependence, there 

are other factors that may differentiate the course 

of the process, of which the composition is 

enlisted among the most determinants. 

Photocatalytic activity may be outweighed by 

other effects, reducing or varying the observed 

microbial inactivation rates. In our case 

experimental matrix was wastewater, which is 

considered as a “complex” sample that affects 

photocatalytic process to a considerable extent [6]. 

In the present study chlorination with the use of 

NaOCl at concentrations of 0.3, 1 and 5 mg/L and 

UV-C irradiation exhibited high inactivation rates 

of K. pneumoniae in sewage samples. An almost 

7-Log reduction was observed in all cases within 

90 min of treatment. However, the complex 

composition of wastewater samples raises certain 

concerns regarding chlorination and its overall 

effect in terms of public health protection.   

According to many studies, disinfection 

processes seem to influence the proportion of ARB 

in wastewater. In the current study antibiotic 

resistance and MIC of the selected antibiotics were 

tested in intact cells of K. pneumoniae and in 

residual cells after each treatment (Figure 3). 
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Figure 3. Minimum Inhibitory Concentration (MIC) of the selected antibiotics before (K. pneumoniae – 

intact cells) and after each treatment. 

 

All tested bacteria remained resistant in β-

lactams (cefaclor & ampicillin), according to 

EUCAST (European Committee on Antimicrobial 

Susceptibility Standards) standards, but the 

corresponding inhibitory concentration of those 

antibiotics changed through treatment. For 

example MIC of cefaclor decreased from 512 

μg/mL in intact cells to 256 μg/mL after 

chlorination. On the contrary, when ampicillin was 

tested, in most cases MIC was higher after 

disinfection, resulting in higher tolerance 

compared to that exhibited in untreated cells. In 

the case of sulfamethoxazole the pattern of 

resistance remained almost the same, while MIC 

of tetracycline was highly less after all processes 

(from 32 to 2 μg/mL). Generally, disinfection was 

not selective towards ARB, but instead it induced 

the development of either antibiotic resistance or 

sensitivity. 

Up to date, there is insufficient information 

available to reach a definite conclusion on the 

presence and fate of ARB in the WWTPs. It is 

clear that bacteria will continue to develop 

resistance during wastewater treatment by either 

new mutations or the exchange of genetic 

information, which is, putting old resistance genes 

into new hosts. There is still lack of fundamental 

data on their fate in WWTPs during disinfection 

and on their effects in the environment and 

consequently in public health. What is important is 

that any treatment process has the potential to alter 

antibiotic resistance profile of the bacteria causing 

adverse effects towards the environment and 

human.
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 The aim of the present study was to investigate inactivation rates 
of Staphylococcus aureus in water by means of heterogeneous 
photocatalytic treatment under simulated and natural solar 
irradiation. For this purpose Fe-, Al- and Cr-doped TiO2 catalysts 
were prepared and assessed in terms of their disinfection 
efficiency. The effect of various operating conditions such as 
metal-doping concentration, bacterial concentration, treatment 
time and toxic effects on bacteria were examined. S. aureus 
proved to be readily inactivated during photocatalytic treatment of 
the aquatic samples, since disinfection occurred rapidly (i.e. after 
20 min of treatment). Moreover, it was observed that inactivation 
of the bacteria is attributed to solar photocatalytic oxidation of 
their cells and not to potential metal-doped catalyst toxicity of the 
semiconductors. The overall process was retarded under natural 
solar light. Chemical doping may act as a satisfactory means for 
sensitization of TiO2 in the visible light region.   
 
 

 
1. Introduction 
Water may serve as the passive carrier of diverse 
bacterial groups and species, which have the 
potential to act as infectious agents of waterborne 
diseases. In recent years considerable attention has 
been drawn towards many highly resistant 
pathogens contained in water, among which 
Staphylococcus aureus is prominently included. 
This Gram-positive bacterium is a well-known 
pathogen in humans and animals, which produces 
various heat-stable secretory protein toxins and 
surface virulence factors [1]. Given the persistence 
of this bacterium in the environment and the fact 
that it may be transmitted through water 
consumption, it is imperative to explore effective 
and reliable disinfection techniques, which would 
eventually inactivate it, providing appropriate 
control measures of such pathogens. Recent 
applications are based on the exploitation of total 
solar light spectrum and the use of metal dopants, 
which have been explored for visible light-induced 
photocatalysis [2]. The exploitation of total solar 
light spectrum expands practical applications of 
TiO2 photocatalysis, which has been successfully 
adopted as a disinfection technique [3-5].  

Therefore, the aim of this work was to prepare 
novel Fe-, Al- and Cr- doped titania materials and 
to investigate their efficiency to purify aqueous 
environmental samples in terms of Staphylococcus 
aureus removal. For this purpose, several 
operating parameters were investigated, namely 

catalyst loading, catalyst type and initial bacterial 
concentration, which typically influence 
disinfection effectiveness. Disinfection 
experiments were performed under simulated and 
natural solar irradiation. 
 
2. Materials and methods 

A co-precipitation method was used to prepare 
Fe-, Al- and Cr-doped TiO2 nanoparticles with 
molar ratio in different concentrations with ranges 
0.04 - 2 wt%. The crystal structure, particle size, 
and morphology were examined with an XRD-
powder system, SEM, and TEM respectfully. 
Surface morphology and elemental analysis of the 
samples were carried out using scanning electron 
microscopy (SEM) and an energy dispersive 
spectrometer (EDS). The microscopic 
nanostructures were observed by TEM. 

The bacterium used in the present study was an 
environmental strain of S. aureus isolated from 
poultry and biochemically identified with the 
system API (Biomerieux). Solar irradiation 
experiments were carried out in a solar radiation 
simulator system (Newport, model 96000) 
equipped with a 150 W xenon ozone-free lamp 
and an Air Mass 1.5 Global Filter (Newport, 
model 81094), simulating solar radiation reaching 
the surface of the earth at a zenith angle of 48.2o. 
Air was continuously sparged into the liquid, the 
reaction mixture was continuously stirred and the 
temperature was maintained at 25±1 oC with a 

Simulated & natural solar 
irradiation

Satisfactory disinfection 
rates in aquatic samples

Metal doped TiO2 materials as 
photocatalytic

semiconductors

Staphylococcus aureus
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temperature control unit. Photocatalytic 

experiments were also carried out under natural 

sunlight within July 2015 at the Technical 

University of Crete campus located at 38o31΄ N 

and 24o04΄ E, in clear sunny days.   
 

3. Results and Discussion 

Figure 1 shows the UV-VIS absorption as a 

function of wavelength for metal-doped catalysts. 

Dopants at different concentrations caused 

absorption shifts towards the visible range (400-

800 nm) in comparison to the absorption threshold 

of P25 at 400 nm.  

 
Figure 1. UV-Vis absorption of a) Fe-doped TiO2, 

b) Al-doped TiO2 and c) Cr-doped TiO2. 

 

An important issue for heterogeneous 

photocatalysis is the potential toxicity of the 

catalysts to cells and microorganisms since traces 

of the catalytic powder will be disposed of at 

aquatic bodies after treatment. To assess the 

instantaneous toxicity of the doped catalysts to 

microorganisms during their treatment, a set of 

experiments was performed in the dark. The 

catalyst concentration in the aqueous solution was 

50 mg/L and initial bacterial was 107 CFU/mL.  

Bacterial density of S. aureus remained stable 

within the period of the treatment, which lasted 

almost 24 h. It is clearly shown that the metal-

doped catalysts were not toxic to the selected 

bacterial strain regarding their short-term toxic 

effects.  

Bacterial inactivation in aqueous samples was 

recorded only under solar irradiation in the 

presence of the prepared doped catalysts, as may 

be observed in Figure 2.  

 
Figure 2. S. aureus inactivation in the presence of 

different a) Fe-, b) Al- and c) Cr-doped TiO2 

catalysts and the commercially available TiO2 

(P25, Evonik). Catalyst concentration is 50 mg/L. 

 

It is observed that metal-doped catalysts showed 
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better photocatalytic effectiveness than the 

commercially available P25. Although P25 TiO2 is 

well known for its high photoreactivity due to the 

slow recombination of the electron-hole pair and 

large surface area, metal dopants improved the 

activity of catalysts considerably, as bacteria 

killing took place in almost 20 min of treatment. 

Catalysts with Fe- and Al-dopants showed better 

disinfection efficiency than those with Cr- under 

the current experimental conditions. Also, 

disinfection occurred in lower catalysts 

concentrations (20 & 5 mg/L)  within 

shorter periods of time. Generally, increasing the 

photocatalyst concentration leads in lower 

penetration of light into the slurry, deteriorating 

disinfection efficiency [4].  

Additional disinfection experiments were 

performed in natural sunlight in order to compare 

inactivation results with those obtained with 

simulated solar irradiation. Under perfectly sunny 

conditions aqueous samples, inoculated with S. 

aureus, were exposed outdoors in sunlight for 1 h 

and results are shown in Figure 3. Comparing rates 

between simulated (Figure 2) and natural solar 

radiation (Figure 3), it may be observed that there 

is an overall retardation of the process. Under the 

operational conditions of the current study 

bacterial decay was delayed when disinfection was 

performed outdoors, resulting in almost 3-Log 

reduction after 60 min of exposure with Fe- and 

Al-doped catalysts. Even in this case, the overall 

reduction of bacterial population, implies 

satisfactory disinfection rates.   

 

 
Figure 3. S. aureus inactivation in the presence of 

different Fe-, Cr, and Al- doped TiO2 catalysts in 

aqueous samples under natural sunlight. Catalyst 

concentration is 50 mg/L. 

 

These findings verify the fact that chemical 

doping may act as a satisfactory means for 

sensitization of TiO2 in the visible light region, 

which is responsible for the enhanced 

photocatalytic activity recorded in this work. 

Moreover, dopants on the surface of TiO2 may act 

as an electron trap, thus promoting interfacial 

charge transfer and delaying the recombination of 

the light-induced electron-hole pair [6], which also 

leads to enhanced activity. 
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This study focused on the removal of the hepatotoxic 
cyanotoxins microcystin-LR and nodularin with enhanced 
photocatalytic oxidation (PCO) by the addition of the sulfate-
radical producing oxidants persulfate (PS) and 
peroxymonosulfate (PMS). Initially the optimum experimental 
conditions were established. The average photon flux at λ=365 
nm of the UVA lamp used was determined at 35.58 ± 3.06 W. 
Oxidant addition showed great enhancement in the PCO rates for 
both toxins and reduced the treatment times by 1/20 and 3/10, for 
PS and PMS, respectively. Quenching studies with methanol and 
tetra-butyl alcohol asserted the role of sulfate radicals during 
treatment. Toxicity studies based on the inhibition of the PP1 
enzyme showed reduction of toxicity in the treated samples. 
 
 

 
Introduction 
 
Cyanobacteria(blue-green algae)  are 

phototrophic microorganisms and represent an 
essential component of the food web in all aquatic 
ecosystems. However, certain strains form 
Cyanobacteria harmful algal blooms (Cyano-
HABs) directly affect water quality by producing 
undesirable color, taste, odor and by releasing 
harmful cyanotoxins into the water. Human 
activities (i.e., sewer runoffs, overuse of 
fertilizers) and global warming have resulted in an 
increasing prevalence and persistence of Cyano-
HABs globally [1-2]. Cyano-HABs in Lake Taihu 
in China, (2007) and Lake Erie in USA (2014) 
have forced restrictions on water availability for 
more than 2 million people combined.  

Cyanotoxins are categorized based their 
chemical structure and the way they affect 
mammalian health. Cyclic polypeptides consisting 
sually of hepta- and pepta- amino acids can cause 
hepatotoxicity. Two very characteristic examples 
of these groups are microcystin-LR (MC-LR) and 
nodularin (NOD), respectively.     

Based on the above, current research efforts are 
focusing on establishing appropriate treatment 
strategies to deal with persistent blooms. In this 
study, light activated advanced oxidation 
processes (AOPs) based the activation of oxidants, 
catalysts, and their combination were tested for the 
removal of MC-LR and NOD. Photocatalytic 
oxidation (PCO) with titanium dioxide (TiO2) was 
chosen because it is a “green technology” with 
high efficiencies for water detoxification. To 
enhance PCO degradation most studies use 
hydrogen peroxide (HP) because it does not leave 

any harmful residuals. In this study the sulfate 
radical generating oxidants persulfate (S2O8

2-, PS), 
peroxymonosulfate (HSO5

-, PMS) were chosen 
instead, since sulfate radicals have higher redox 
potential for electron abstraction than hydroxyl 
radicals and can cause selective oxidation. To the 
best of our knowledge, this is the first study 
investigating the coupling of TiO2/UVA with these 
oxidants for the removal of cyanotoxins. 

Materials and Methods 
Reagent grade cyanotoxins were ontained from 

Enzo Life Sciences (Lausen, 
Switzerland).Analysis was performed using 
reversed-phase HPLC with photodiode array 
detection [3]. The PCO experimental set up 
consisted of  a UVA lamp at a set distance of 20 
cm, a continously stirred 30 mL brosilicated glass 
reactor vessel, and a cooling fan to keep the 
solution temperature below T=35 οC. During PCO 
the treated solution (V=10 mL) was also aerated. 
The toxicity removal of the treated samples was 
measured based on the inhibition of the protein 
phosphatases enzymes (PP1). 

Results and Discussion 
Preliminary experiments indicated that the best 

treatment conditions were toxin initial 
concentration ~5 mg/L, TiO2 10 mg/L, and 
distance of reactor vessel from UVA lamp at 20 
cm, which resulted into an average photon flux at 
λ= 365 nm of 35.58 ± 3.06 W. Our data also 
indicated that the susceptibility of the two 
hepatotoxins towards PCO treatment did not 
significantly differ even at changing catalyst 
loadings. Though the molecular mass of MC-LR 
(heptapeptide) is ~170 amu higher than NOD 
(pentapeptide) both toxins contain similar 
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functional groups which are highly susceptible to 

radical attack [4-5]. To be specific these groups 

are found in the ADDA chain and are the 

conjugated double carbon bonds and aromatic 

ring. 

 To enhance degradation efficiency the oxidants 

persulfate and peroxymonosulfate were added at a 

concentration of 10 mg/L (equivalents of PS). The 

toxins MC-LR and NOD where treated 

individually with each oxidant alone and in the 

presence of sulfate and hydroxyl radical quenchers 

to account for the percentage of degradation for 

each type of radical. Photolysis with UVA 

radiation and the two oxidants indicated that both 

oxidants can completely remove the toxins at the 

end of treatment time (t=60min), however PS 

degradation occurred faster than PMS. This is 

because of the extinction co-efficient (ε) of PS at 

λ= 365 is twice as much as the εPMS. Nevertheless, 

the presence of both oxidants greatly enhanced the 

PCO degradation of the cyanotoxins with PS being 

more efficient than PMS for both toxins (Figure 

1). In order to compare the efficiency of each 

process the electrical energy per order EEO was 

estimated [6]. It is a measure of the electrical 

energy (kWh) needed to reduce the concentration 

of a contaminant by one order of magnitude in 1 

m3 of contaminated water or air. The faster the 

degradation, the smaller the energy requirements 

of a treatment (Figure 1). 

Finally, in order to prove that sulfate radicals 

also contributed in the removal of cyanotoxins 

quenching studies were performed. The presence 

of MeOH that reacts with both types of radicals at 

molar ratio to the oxidant = [1000/1] caused 

greater reduction to the reaction rate compared to 

tetra-butyl alcohol at equivalent concentration that 

can only react with hydroxyl radicals. This serves 

asproof that even though the oxidants have low 

light adsorption at λ= 365 nm (ABS365 below 0.04 

for 1.23 mM oxidant concentration), their 

activation was achieved and the generated sulfate 

radicals contributed to the  degradation of the 

toxins.  

Finally, the toxicity studies performed in the 

treated samples indicated that PCO degradation 

coupled with sulfate radicals generating oxidants 

resulted in loss of  toxicity as confirmed by lack of 

PP1A inhibition. 
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Figure 1. Estimation of the electrical energy per order 

for the removal of MC-LR with various treatment 

processes. 
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 This work presents the use of photoelectrocatalysis 
to convert CO2 into added value products. The 
Ti/TiO2/CuO n-p heterojunction semiconductor 
shown curves of photocurrent vs potential with a 
good response in presence of CO2. Ti/TiO2/CuO 
semiconductor was used as working electrode under 
UV-Vis light and bias potential of +0.2V for the 
CO2 reduction presenting a good performance. The 
effect of supporting electrolyte was crucial to 
generate different quantities of methanol, ethanol 
and acetone, confirming the electrode is a promising 
material for photoelectrochemical CO2 reduction. 
  

Introduction 
    The interest in the CO2 conversion is crescent [1] 
and the most promisor technique for this propose is 
the photoelectrocatalysis [2]. Copper and copper 
oxides are the most known p-type semiconductor 
used for CO2 reduction, however had demonstrated 
lack of stability [2]. In order to improve the copper 
oxides stability, a p-n TiO2/CuO heterojunction 
semiconductor was evaluated in this work.     
 
Experimental methods 
     The p-n Ti/TiO2/CuO semiconductor was made 
with 6 thin films deposited by dip-coating in 
solution with 3:1 proportion of TiO2:CuO and 
calcined at 600°C during 90 min [3].   
     Morphological and structural characterization 
was carried out by XRD, EDS and FEG-SEM 
analysis. The photocurrent response was evaluated 
by LSV in NaHCO3 0.1 mol L-1 with and without 
CO2. The photoelectrochemical experiments were 
performed in two-compartments (500 mL) reactor. 
The Ti/TiO2/CuO electrode (6.25 cm2) was 
submitted to UV-Vis light (125 W) and controlled-
potential electrolysis. Pt gauze was used as counter 
electrode and an Ag/AgCl (KCl sat) as reference. 
The products formation were identified and 
quantified by CG-FID (CP-3800 Varian). 
 
Results and Discussion  
     Morphological and structural characterization 
has been conducted and anatase TiO2 phase 
formation and CuO presence were confirmed by X-
ray diffraction and EDS analysis. FEG-SEM image 
demonstrated high porosity and uniformity of TiO2 
and CuO deposits. 
     The photocurrent response presented a good 
response for cathodic and anodic region. It occurs 

because when the semiconductor is activated by 
light, electrons and holes pairs (e-/h+) are created 
inside both TiO2 and CuO surface. Cu2+ traps the 
electron generated in the TiO2 surface and, 
consequently, the Cu2+ specie is reduced to Cu+ 
specie. The CO2 reduction occurs on the Cu+ site 
reoxidizing the Cu+ specie to Cu2+ holding a 
TiO2/CuO high stability, as shown in  the Graphical 
Illustration. 
     The photoelectrocatalytic CO2 reduction was 
carried out in different supporting electrolyte. The 
results show that supporting electrolyte with K+ 
promotes ethanol formation while supporting 
electrolyte with Na+ promotes a higher methanol 
formation after 2h of reaction.  
 
Conclusion 
     Photocurrent vs potential curves of n-p 
Ti/TiO2/CuO semiconductor proved its own a 
highly efficient electron/hole separation. The 
Ti/TiO2/CuO electrode was applied in the 
photoelectrocatalytic CO2 reduction studying 
different types of supporting electrolyte, 
confirming the electrode is a promising material for 
photoelectrochemical reduction purposes. 
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INTRODUCTION  
 
The most studied processes at the present for the 
hydrogen production are electrochemical, steam 
reforming of alcohols or hydrocarbons and water 
splitting. Thus, the water splitting using 
semiconductors materials had recently acquired 
great relevance because of the low cost for the 
hydrogen production. The principle of this 
technique is based on the photoexcitation of the 
semiconductor using a UV or visible light sources. 
The electrons-hole pairs formed are capable to 
split water molecules into gaseous oxygen and 
hydrogen[1].  
The alternative method of photocatalytic water 
splitting is promising since it involves the 
absorption of light to produce hydrogen by 
irradiating oxide semiconductors. Photocatalytic  
systems for water splitting may contain sacrificial 
reagents, as methanol, commonly used in the 
photocatalytic evolution of H2 from water, since 
its hydroxyl group captures photogenerated holes 
and minimizes the probability of e-/h+ [2]. The 
incorporation of metals or metal oxide 
nanoparticles on the surface of semiconductors as 
co-catalysts has proved to enhance the 
photoactivity for the water splitting reaction [3,4]. 
These photocatalysts must be efficient, stable, 
harmless, abundant and   inexpensive. In that way, 

metal oxide have been recently reported as 
efficient catalysts for photoreforming of alcohol 
solutions [5]. 
 
 
EXPERIMENTAL  
 
The nanomaterials of TiO 2 and TiO2-FexOy (metal 
load: 1.0, 3.0, 5.0, 10.0 wt. % Fe) samples were 
prepared by the sol -gel method using titanium 
alkoxide and Iron nitrate,  fol lowed by the 
annea l ing  o f  t he  samples  a t  500°C.  The 
semiconductors were characterized by nitrogen 
adsorption, UV-Vis spectrophotometry and X-Ray 
diffraction techniques. 
The photoactivity was evaluated for the generation 
of hydrogen using a made home Pyrex reactor of 
200 ml containing an aqueous solution methanol-
water (1:1 molar ratio) and 0.1 g of catalysts. The 
photoirradiation was made using a high pressure 
Hg lamp (with a radiation of 254 nm and intensity 
of 4.4 mW) encapsulated in a quartz tube 
immersed in the water solution. 
 
MAIN RESULTS AND DISCUSSION  
 
The textural properties of the prepared materials 
are pr esented in Table 1. It can be seen that the 
metal content as mixed oxide has a significant 
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TiO2-FexOy (metal load: 1.0, 3.0, 5.0, 10.0 wt. % Fe) samples 
were prepared by the sol-gel method and were evaluated for the 
photocatalytic water splitting reaction for hydrogen production, 
using a mixture of methanol-water (1:1). The mixed oxide 
combination effectively increased the hydrogen production 
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A.Pérez-Larios1,2,3,4, R. Gomez3, R. Zanella4, J. Bedia5

1Universidad de Guadalajara, Centro Universitario de los Altos, Depto. Ciencias Biologicas, 
Carretera a Yahualica km. 7.5, Tepatitlán de Morelos, Jalisco, México. 47600.
2Instituto Tecnológico Superior de Arandas, Depto. Ing. Ambiental, Libramiento Sur km 2.7 
carretera Arandas-León, Arandas, Jalisco, México. 47180.
3Universidad Autónoma Metropolitana-Iztapalapa, Depto. de Química, Área de Catálisis, 
Grupo ECOCATAL, Av. San Rafael Atlixco No 189, D.F., México 09340.
4Centro de Ciencias Aplicadas y Desarrollo Tecnológico, Universidad Nacional Autónoma de 
México (UNAM), 04510, Ciudad Universitaria, D.F. México.
5Seccion de Ingenieria Quimica, Facultad de Ciencias, Universidad Autonoma de Madrid, 
Campus Cantoblanco, E-28049 Madrid, Spain.
alarios@cualtos.udg.mx

Mixed oxide as photocatalyst: TiO2-FexOy for H2 production
by water splitting method

mailto:alarios@cualtos.udg.mx


2 

effect on the textural properties of TiO2 increasing 

in high proportion of BET specific surface areas 

from 64 to 136 m2/g for all the samples.   

 

The powder XRD patterns show the formation of 

anatase as the unique titania phase formed.  The 

anatase (101) peak intensity at 2Ө=25.4° and 

hence the crystallite size diminishes when the 

amount of Fe increases. The diffractograms do not 

show peaks denoting the presence of Fe or FexOy. 

This result suggest that  Fe was incorporated to the 

titania network or that it is present  as nano FexOy 

conglomerates highly dispersed on the titania 

surface.  

 

The energy band gap for the different samples was 

calculated from the DRS spectra obtained in the 

UV-Vis region by extrapolating to the X axis the 

absorbance to Y axis equal zero.  The results 

showed a small shift to the red region (2.09 – 2.60 

eV) for the mixed oxide samples while for the 

TiO2 reference the Eg is 3.2 eV and corresponds to 

the reported value for the anatase phase. Thus the 

mixed oxide with Fe and TiO2 only exerts small 

variations in the Eg energy band gap.  

 

In Table 1 the hydrogen production from the water 

splitting method for the various photocatalysts is 

reported. The results show that the formation of 

hydrogen with TiO2- FexOy  is more of ten  times 

(~5586 mol/h) higher than that obtained with the 

TiO2 bare sample (190 mol/h).  

 
A discussion about the role of Fe in the 

photocatalytic decomposition of methanol:water  

will be made in the extended version. For instance 

the results showed that nanomaterials FexOy  
semiconductors are potential photocatalysts to be 

used for environment clean energy production [2].  

 
Table 1 Textural properties, Band gap Energy and H2 

production. 

Fe3+ Area 
Pore 

Distribution  
Eg 

H2 

Production 

(wt. % ) m2/g (nm) (eV) (mol/h,g) 

1.0 88 7.7 2.09 1548 
3.0 103 7.7 2.35 1703 

5.0 114 7.7 2.44 4193 
10.0 136 12.4 2.60 5586 

TiO2 64 6.5 3.2 190 
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TiO2-CoO (metal load: 1.0, 3.0, 5.0, 10.0 wt. % Co) samples 

were prepared by the sol-gel method and were evaluated for 

the photocatalytic water splitting reaction for hydrogen 

production, using a mixture of methanol-water (1:1). The 

mixed oxide combination effectively increased the hydrogen 

production (~2400 mol/h) obtained by 10.0 wt % Co. Were 

attributed to an enhancement of the electron charge transfer 

from TiO2 to the CoO. 

 

 

 
INTRODUCTION 

 

The need to develop new alternatives for 

sustainable energy has drawn the attention to 

emergent clean renewable technologies, since they 

proceed from natural and lasting source like solar 

light, wind and geothermal energy [1]. The 

alternative method of photocatalytic water splitting 

is promising since it involves the absorption of 

light to produce hydrogen by irradiating oxide 

semiconductors. Photocatalytic  systems for water 

splitting may contain sacrificial reagents, as 

methanol, commonly used in the photocatalytic 

evolution of H2 from water, since its hydroxyl 

group captures photogenerated holes and 

minimizes the probability of e-/h+ [2]. The 

incorporation of metals or metal oxide 

nanoparticles on the surface of semiconductors as 

co-catalysts has proved to enhance the 

photoactivity for the water splitting reaction [3,4]. 

These photocatalysts must be efficient, stable, 

harmless, abundant and   inexpensive. In that way, 

metal oxide have been recently reported as 

efficient catalysts for photoreforming of alcohol 

solutions [5,6]. 

 

 

 

 

EXPERIMENTAL 

 

The nanomaterials of TiO2 and TiO2-CoO (metal 

load: 1.0, 3.0, 5.0, 10.0 wt. % Co) samples were 

prepared by the sol-gel method using titanium 

alkoxide and Cobalt nitrate, followed by the 

annealing of the samples at 500°C. The 

semiconductors were characterized by nitrogen 

adsorption, UV-Vis spectrophotometry and X-Ray 

diffraction techniques. 

The photoactivity was evaluated for the hydrogen 

production using a made home Pyrex reactor of 

200 ml containing an aqueous solution methanol-

water (1:1 molar ratio) and 0.1 g of catalysts. The 

photoirradiation was made using a high pressure 

Hg lamp (with a radiation of 254 nm and intensity 

of 4.4 mW) encapsulated in a quartz tube 

immersed in the water solution. 

 

 

MAIN RESULTS AND DISCUSSION 

 

The textural properties of the prepared materials 

show that the metal content as mixed oxide has a 

significant effect on the textural properties of TiO2 

increasing in high proportion of BET specific 

surface areas from 64 to 156 m2/g for all the 

samples.   
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The powder XRD patterns show the formation of 

anatase as the unique titania phase formed.  The 

anatase (101) peak intensity at 2Ө=25.4° and 

hence the crystallite size diminishes when the 

amount of Co increases. The diffractograms  show 

peaks denoting the presence of Co or CoO. This 

result suggest that  Co was incorporated to the 

titania network or that it is present  as nano CoO 

conglomerates highly dispersed on the titania 

surface.  

  

The energy band gap for the different samples was 

calculated from the DRS spectra obtained in the 

UV-Vis region by extrapolating to the X axis the 

absorbance to Y axis equal zero.  The results 

showed a small shift to the red region (2.06 – 2.30 

eV) for the mixed oxide samples while for the 

TiO2 reference the Eg is 3.2 eV and corresponds to 

the reported value for the anatase phase. Thus the 

mixed oxide with Co and TiO2 only exerts small 

variations in the Eg energy band gap.  

 

In Figure 1, the hydrogen production from the 

water splitting method for the various 

photocatalysts is reported. The results show that 

the formation of hydrogen with TiO2-CoO  is more 

of ten  times (~2400 mol/h) higher than that 

obtained with the TiO2 bare sample (190 mol/h).  

 
A discussion about the role of Fe in the 

photocatalytic decomposition of methanol:water  

will be made in the extended version. For instance 

the results showed that nanomaterials CoO  
semiconductors are potential photocatalysts to be 

used for environment clean energy production [3].  

 

 
Fig. 1. Profile of H2 production with TiO2-CoO as 

mixed oxides 
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As the pursuit for an environmental pollution and energy crisis 
remediation procedure becomes a more and more pressing 
topic, artificial photosyntesis seems to be a viable candidate 
solution. In this work a core/shell structured TiO2 nanomaterial 
(m-TiO2) was immobilized on the surface of glass beads and 
tested for its efficiency and selectivity towards producing useful 
hydrocarbons from CO2 using water and light. The experiments 
took place under UV and visible irradiation, in a specially 
designed and constructed photocatalytic reactor. The m-TiO2 
material was fully characterized using TEM, SEM, micro-
Raman, IR, XPS, EPS and UV –  Vis spectroscopy. Significant 
CO2 conversion rates were identified using mass spectroscopy 
(MS) and gas chromatography (GC) techniques.  
  

 

Background 

Due to the continuously growing concern of the 
world for energy safety and independence 
combined with the remediation of the global 
warming phenomenon, scientists over the last few 
decades are intensively searching for novel, clean 
and sustainable sources and methods to produce 
energy.  

Artificial photosynthesis is a sustainable 
procedure that mimicks natural photosynthesis. In 
natural photosynthesis, plants convert carbon 
dioxide (CO2), which is a major greenhouse gas, 
into glucose used to power the plant’ s vital 
functions and oxygen that gives life to the planet. 
The whole transformation process takes place into 
the chloroplasts using as inputs water, CO2 and 
solar energy. In the same way, artificial 
photosynthesis uses water, CO2 and solar energy 
to convert the otherwise valueless or harmful CO2 
into valuable hydrocarbons that can be reused as 
fuels. The role of the chloroplasts is played by 
specially synthesized semiconducting nano-
materials (photocatalysts) that have the ability to 
absorb light. The absorbed energy induces the 
formation of charge carrier pairs generating 
hydroxyl and anionic oxygen radicals from water. 
These radicals in turn facilitate the breaking of the 
very stable double covalent bonds of CO2 and the 
subsequent forming of new hydrocarbon chains 
closing the carbon cycle in the environment [1]. 
Titanium dioxide (TiO2) is a low cost, non-toxic, 
environmental friendly and abundant widely used 
photocatalyst with a variety of applications [2]. 

The main limitations lie on its wide band gap (3.2 
eV for the anatase phase) that allows absorption 
only up to 387.5nm, leaving all the visible part of 
the solar unused. As the UV part of the solar 
spectrum is limited to about 4%, many research 
groups try to modify TiO2 nanomaterials in order 
to enhance its absorption domain and shift the 
activity to longer wavelengths, deep in the visible 
part of the spectrum. In addition, to reduce 
recombination, some of the most common 
approaches also target at the efficient separation of 
the photogenerated elector –  hole pairs that 
includes: metal or anion doping; semiconductors 
coupling; and sensitization with light harvesting 
dyes [3-5]; These approaches can be efficiently 
used not only for pollutant decomposition but also 
for photocatalytic fuel generation, as discussed in 
some reviews published in the past few years 
[6,7]. 

Objectives 

For this work an inorganic / organic core /shell 
TiO2 nanomaterial (m-TiO2) [8] was employed as 
a visible light active photocatalyst (Eg=2.19 eV) 
for the conversion of CO2 into hydrocarbons. The 
material’s photocatalytic properties have been 
extensively tested in our group in various 
applications concerning treating polluted water 
either into powder form [8,9] or immobilized into 
ultrafiltration ceramic membranes [10]. The m-
TiO2 material immobilized on the surface of glass 
beads), was tested for its efficiency and selectivity 
towards hydrocarbons production from CO2, in a 
specially designed photocatalytic reactor under 
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UV and visible irradiation. Commercial TiO2 

photocatalyst (Evonic P25) was used as reference 

material. 

Materials and methods 

For the preparation of the modified TiO2, 

photocatalyst, tetrabutyl orthotitanate (TBOT) 

(15ml - Aldrich 97%) was added dropwise into 
100 ml of HNO3 acidified aquatic solution. After 4 

hours of vigorous stirring, 1-propanol (Panreak) 

was added and the translucent colloidal solution 

became completely transparent. The solution was 
left overnight under vigorous stirring to 

homogenize. Then 30g of Urea (Merck) were 

added to the solution [8].  

Ninety grams (90g) of glass beads (2 mm in 

diameter - Merck) were dipped into the solution 

for a coating to be applied on their surface. The 

beads were thermally treated to 400oC (after a 
drying step at 100oC) for 2 hours at a rate of 5oC 

min-1. The dip-coating procedure was repeated 

another two times to ensure full coverage of the 

glass surface. A similar procedure was followed to 
deposit the P25 TiO2 (Evonic) powder reference 

material, using an aqueous dispersion of 1% w/v 

(Figure 1). 
  

 

Figure 1. From left to right: Pictures of glass beads 

(2mm) uncoated, coated with Evonic P25, coated with m-
TiO2.  

 

TEM, SEM, micro-Raman, IR, XPS, EPS and 
UV – Vis methods were used to fully characterize 

the m-TiO2 material as described in [8]. The 

reaction products and their respective quantities 

were identified using an OmniStar GSD 301 O1 
Pfeiffer mass spectrophotometer (MS) and a SRI-

8610 gas chromatograph (GC) equipped with a gas 

sampling valve, purged packed injector and TCD, 

FID detectors in series. The chromatographic 
separation was achieved with a Porapak Q, 80-100 

mesh, (30mx0.53x1.5) capillary column with the 

GC furnace running isothermally at 130oC. The 

injector was maintained at the same temperature.  

Photocatalytic Reactor Design 

A specially designed photocatalytic reactor was 
constructed for the implementation of the CO2 

conversion reaction. As illustrated in Figure 2, the 

reactor comprises of two mass flow controllers 

(MFCs), each one being able to regulate the flow 

rate of CO2 gas up to 30 ml min-1. The CO2 stream 

from one of the MFCs is channelled through a 
bubbler filled with deionized water, where it 

captures humidity. By controlling the relative flow 

rates of the MFCs, it is possible to regulate the 

final humidity level in the stream. The joint 
streams from the two MFCs enter the 

photocatalytic reaction chamber. A pump is 

installed in line with the system to periodically 

circulate the gas and ensure homogeneity of the 
reaction products in the stream. Finally, the 

collecting compartment allows taking samples at 

certain experimental periods, using an Agilent 

Gastight syringe with a Luer Lok valve. This 
ensures the gas samples transfer without leaks. 

 

Figure 2. Schematic of the photocatalytic reactor: CO2 

gas tank(1), MFCs(2), bubbler(3), photocatalytic 

chamber with glass reaction tube(4), circulating 

pump(5), sample collection compartment(6). 

 

The samples are fed into a MS or GC 

spectrophotometer in order to identify the reaction 
products and determine their quantities. The total 

capacity of the reactor is around 152ml empty and 

125ml when the reaction chamber is filled with 

glass beads. The photocatalytic reaction chamber 
(48cm in length – 20cm in diemeter) is illuminated 

by 4 fluorecent lamps (Sylvania GTE F15W/T8 

350–390nm 0.5mW cm-2 for UV or Sylvania 15W 

Daylight lamps 350–750nm 3mW cm-2 for solar 
irradiation depending on the experimental 

conditions) parallel to and symmetrically 

surrounding the glass reaction tube, Figure 3.  

 

Figure 3. Photocatalytic reaction chamber with 4 lamps 

The glass tube is filled with titania coated glass 

beads from where the CO2 stream passes through. 
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The inner surface of the chamber is coated with 

Diamond Lightite Mylar reflective film (Figure 4). 

 
Figure 4. Cross-section of the reaction chamber with 4 

lamps (top) and glass tube (bottom). 

Results 

The experimental parameters (humidity, CO2 

flow rates, irradiation type and time etc.) were 

optimized in terms of maximum CO2 conversion 
to hydrocarbons.  

 

Figure 5. MS results for Evonic P25 (black line) after 

24h of UV irradiation. The red line presents the CO2 MS 

spectrum as it came from the gas tank.  

Evonic P25 TiO2 powder was used as a reference 

material, producing methane, methanol and 
acetone as seen from MS (Figure 5 and Table 1) 

and GC analysis, after 24h of UV irradiation. 

Table 1.: Key Fragments of major peaks after 24h of 

UV irradiation with Evonic P25. 

m/e Fragments m/e Fragments 

14 CH2
+, CO++ 29 C2H5

+ 

15 CH3
+ 31 C2H2OH+ 

16 O+, CH4
+ 32 O2

+ 

18 H2O+ 42 C3H6
+ 

26 C2H2
+ 43 C3H7

+ 

27 C2H3
+ 44 

C3H8
+, CO2

+, 

C2H4OH+ 

28 C2H4
+, CO+ 58 (CH3)2CO+ 

The inorganic/organic core – shell TiO2 

photocatalyst exhibited promising efficiency and 

conversion rates.  Depending on the experimental 

conditions different hydrocarbons (formic acid, 
formaldehyde, methane, methanol, etc.) were 

obtained. The analysis of the results is in progress. 
 

Conclusions 

An inorganic/organic core-shell TiO2 material was 

synthesized and employed as catalyst for the 
photocatalytic conversion of CO2 into fine 

chemicals, using an advanced photocatalytic 

reactor designed and fabricated in our lab. The 

experimental parameters were optimized and the 
tested material exhibited significant CO2 

conversion rates, under both UV and Visible 

irradiation, rendering the whole procedure fully 

sustainable.  
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H2 production from bio-alcohols via photo-reforming using Au/TiO2

and Pt/TiO2 as heterogeneous catalysts
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Lozano1

(1) Organic Chemistry Department, University of Cordoba, E-14014 Córdoba, Spain, alberto.marinas@uco.es 
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H2 production through alcohols photo-reforming was studied on 
several Au/TiO2 and Pt/TiO2 solids (metal loadings in the 0.5-3% 
range by weight). Experimental H2/CO2 ratio for glucose, 
fructose and glycerol was quite close to the theoretical value 
assuming complete decomposition into CO2 and H2, whereas in 
the case of propanols higher values were obtained. This was 
ascribed to the formation of some other by-products such as 
ethane and acetone for propan-1-ol and propan-2-ol, respectively. 
Moreover, propan-2-ol was the only substrate not leading to 
catalyst deactivation with time-on-stream. 

Background

The problem of the treatment of waste generated 
in different industries and the deficiency in raw 
materials has led to the search for ways to valorize 
waste. In this sense, biomass with an estimated 
annual production of 1011 tonnes (only 3% of which 
is cultivated, harvested and used in food and non-
food applications) has a tremendous potential. 
Therefore, the utilization of biomass for sustainable 
production of fuels and chemicals is one of the main 
challenges in 21st century. One area, within the 
mentioned topic, in which researchers have been 
working in recent years is in the production of 
hydrogen from biomass. Hydrogen is a clean 
energy carrier which can be used for transportation 
and stationary power generation.  

Hydrogen production from biomass normally 
involves two steps. In the first one, raw biomass is 
converted to alcohols, which are a great hydrogen 
substrate. In the second step, these substrates are 
catalytically converted to hydrogen. There are 
several types of alcohols which can be obtained 
from biomass, such as sugars from hydrolysis of 
lignocellulose, or glycerol which is a by-product 
from biorefinery [1]. 

Compared to other H2-production methods, 
photocatalysis has a main advantage: it does not 
require extreme conditions. The process can occur 
under atmospheric pressure and room temperature, 
and it could use solar light as activation energy.  

The most widely used heterogeneous 
photocatalyst is TiO2 modified through the 

incorporation of small amounts of metals, such Au, 
Pt, Pd, Rh, Cu, Fe or Ni. Among the different 
options, noble metals have been the most studied 
due to their high activity compared with the 
transition elements [2]. Several papers reported that 
for the same metal amount, modification with Pt or 
Pd resulted in higher hydrogen production than Au 
and much more than Rh [2-3]. However, not only 
metal content but also metal particle sizes should be 
considered.   

Regarding the metal loading, it is commonly 
accepted that there exists a content for which H2
yield is maximum [4]. Some additional points to 
take into account are the substrate of choice or the 
catalyst deactivation. Rosseler et al.[5], for 
instance, reported that Au was able to maintain 
hydrogen production for a longer period of time 
than Pt. 

The aim of his study is to compare hydrogen 
production through photo-reforming using different 
alcohols (glucose, glycerol, fructose, propan-1-ol 
and propan-2-ol), as the sacrificial agent.   

Methods 

 Several solids consisting in Au and Pt supported 
on TiO2 were synthesized (Table 1). Metal was 
incorporated at three different loadings (0.5, 1.5 or 
3% weight) through deposition-precipitation 
method using HAuCl4 or H2PtCl4 as the precursors. 
Basically, an adequate amount TiO2 was suspended 
in water, temperature was fixed (60ºC or 85ºC) and 
metal precursor solution (2 g/L of metal) was 

Biomass Alcohols

Pt/TiO2
Au/TiO2

CO2 + H2 + 
organics

hν

Study of:

-Noble metal 
-Metal loading
-Substrate
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dropwise added, followed by 1h aging. Throughout 
the process the pH was fixed at 6.8 with K2CO3 

(0.2M). Suspensions were filtered and dried 
overnight at 110ºC and then solids were calcined 
for 2h at 400ºC with a flow of synthetic air. The 
nomenclature of the solids includes the metal 
followed by the nominal metal loading. 

The catalysts were characterised by ICP-MS, 
EDAX, TEM, N2 adsorption-desorption 
isotherms, XRD, UV-Vis, XPS and DRIFT. 

 Experimental runs were performed in a Pyrex 
cylindrical doubled-walled immersion well reactor 
(23cm long×5cm internal diameter, with a total 
volume of 190cm3). A medium pressure 125W Hg 
lamp supplied by Photochemical Reactors Ltd was 
used as excitation source. 85mg of catalyst were 
added to 85 mL of alcohol solution (10% v/v for 
liquids and 0.5M for solids in water). All through 
the process, Ar was bubbled through the suspension 
(20 mLmin-1). Outlet gas composition was on-line 
analyzed by mass spectrometry, H2 and CO2 being 
calibrated with 5%H2 and 5%CO2 in Ar flows, 
respectively. 

 

Results and discussion 

 From Table 1, it is evident that metal 
incorporation was not quantitative. As regards the 
metal particles, larger particle sizes are obtained for 
gold as compared to platinum. In any case, the 
method ensured similar particle sizes irrespective of 
the content. 

Results obtained for different substrates on TiO2-
Pt0.5% are summarized in Table 2. Two Space 
velocity values (mmolH2h-1gcat

-1) are given: the 
maximum space velocity (Vmax) and the value after 
16h (Veq). The table also includes the experimental  
H2/CO2 ratio for 16h and the theoretical value 
calculated through the following equation: 

CxHyOz + (2x-z)H2O  xCO2 + (2x-y+z)/2H2 

 

H2 production after 16h followed the sequence 
propan-2-ol>>glycerol>fructose>propan-1-ol> 
>glucose.  This order was consistent with literature 
but for the unexpectedly high H2 production from 
propan-2-ol [6]. 

 Experimental H2/CO2 ratio achieved at 16 hours 
for glucose, fructose and glycerol was quite close to 
the theoretical value assuming complete 
mineralization. In the case of propan-1-ol, the 
stoichiometric ratio for complete photo-reforming 
was not achieved. Production of ethane, detected by 
MS, could account for that. In the case of propan-2-
ol, CO2 is barely produced, acetone being the main 
organic product.  

If we compare Vmax and Veq, there is a decrease in 
H2 production with time-on-stream in all cases, the 
exception being propan-2-ol.  This suggests that 
deactivation processes could be ascribed to  catalyst 
poisoning by some organics intermediates, 
evidenced by the appearance of an IR band in such 
a region (ca. 3000 cm-1).  

 

Figure 1. Veq(mmolH2/h*gcat) after 16 hours of reaction 
for the different metal loading 

Table 1.  Summary of the properties of TiO2-Metal 

Catalyst Metal loading (%) Particle 
size (nm) 

 ICP-MS XPS TEM 

Au-0.5% 0.3 0.4 3.5 

Au-1.5% 0.9 2.3 3.3 

Au-3.0% 1.7 2.5 3.3 

Pt-0.5% 0.3 2.0 1.5 

Pt-1.5% 1.7 - 1.6 

Pt-3.0% 2.1 9.9 1.6 

 

Table 2. H2 photo-reforming on Pt-0.5% 

Substrate Vmax
1 Veq

2 H2/ 
CO2

3 
H2/ 

CO2
4

 

Glucose 15.5 2.3 2.6 2.0 

Fructose 24.0 11.3 2.5 2.0 

Glycerol 25.4 12.7 2.7 2.3 

Propan-2-ol 67.8 67.8 44 3.0 

Propan-1-ol 48.0 9.7 6.5 3.0 
1 mmolH2/hgcat 
2 mmolH2/hgcat after 16h 
3 Experimental 
4 Theoretical assuming complete degradation 
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Figure 1 shows the influence of the metal loading 
on glycerol photoreforming. As can be seen, 
incorporation of Au or Pt leads to a significant 
increase in the H2 production compared with the 
pure TiO2, whose value for t=16h is 
0.28mmol/hgcat. H2 production increased with the 
increment of metal loading in the studied range.  

 

Conclusions  

Pt and Au nanoparticles were incorporated by 
deposition precipitation method onto TiO2, at 
differents metals loadings (0.5, 1.5 and 3% weight). 
Obtained particle size distributions were 
homogeneous and close to 2nm for Pt and 3.5nm 
for Au.  

The resulting solids were used as catalysts in the 
photoreforming of several alcohols for hydrogen 
production reactivity order following the sequence 
propan-2-ol >>glycerol >fructose >propan-1-ol> 
>glucose.  

The incorporation of Au or Pt led to a significant 
increase in the H2 production compared with bare 
TiO2. Furthermore, H2 production increased with 
the metal loading in the studied range. 

In most of the cases, there is a catalyst 
deactivation with time, the exception being propan-
2-ol. In this case, the substrate degradation is not 
complete and acetone is the main product. This 
suggests that the deactivation is ascribed to some 
organics deposited onto the catalyst.   
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Hydrogen has been produced by photoelectrocatalytic 
degradation of model nitrogen-containing water soluble 
wastes urea, formamide and aqueous ammonia. Hydrogen 
production was monitored in a simple reactor using a 
“Photoelectrocatalytic Leaf” as functional component, i.e. 
an FTO electrode bearing both photocatalyst and 
electrocatalyst. Np-titania was used as photocatalyst while 
a combination of commercial carbon paste with dispersed 
Pt nanoparticles was used as electrocatalyst. Urea 
produced the largest quantity of hydrogen, which could be 
accelerated by application of an external electric bias. 
Current-voltage measurements provided an indication of 
current-doubling in the case of formamide. 

 
 
Hydrogen production by photocatalytic and 

photoelectrocatalytic procedures has been one of 

the most popular subjects of research. Hydrogen 

can be produced in a photoelectrochemical cell by 

water splitting, however, hydrogen yield is higher 

when an organic or inorganic material is 

photo(electro)catalytically decomposed to yield 

hydrogen. If this sacrificial agent is a waste, then a 

double environmental benefit may be made by the 

production of a valuable solar fuel and the 

simultaneous decomposition of a harmful material. 

Most of the so far published works deal with the 

photo(electro)catalytic decomposition of ethanol, 

methanol, glycerol and other similar oxygenates. 

The reason is that these substances can be obtained 

as products of biomass and they offer the highest 

hydrogen yield of all studied materials. Another 

category of high hydrogen yield compounds is 

sulfide containing wastes. There is still a third 

category of waste materials that can be used for 

hydrogen production: nitrogen, amide and 

carbamide-based compounds, which have been 

rather neglected. However, these compounds are 

typical animal wastes, they are found in large 

quantities in both urban and agricultural wastes 

and they make an interesting target for 

photo(electro)catalytic hydrogen production. For 

this reason, in the present work, we are studying 

hydrogen production by photoelectrocatalytic 

degradation of the lowest molecular weight 

representatives of this category of wastes, namely, 

aqueous ammonia, formamide and urea. 

 

Experimental 

The configuration of a hydrogen-

producing photoelectrochemical cell comprises a 

photoanode electrode carrying a light absorbing 

oxidation photocatalyst, a cathode (counter) 

electrode carrying a reduction electrocatalyst, an 

electrolyte where the target substance is dissolved 

and possibly a reference electrode, which is useful 

for analytical studies. Typical photocatalyst, also 

used in the present work, is nanoparticulate titania 

(np-TiO2). Typical electrocatalyst is a mixture of 
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carbon nanoparticles dispersing platinum 

nanoparticles. In the present work, we have 

employed a new electrocatalyst made by 

dispersing Pt nanoparticles in a commercial carbon 

paste employed also in our recent works. Finally, 

also typical is an alkaline electrolyte, which 

provides OH- ions that interact with 

photogenerated holes giving highly reactive OH 

radicals. When photons are absorbed by the 

photocatalyst, electron-hole pairs are generated. 

Holes carry out oxidation reactions while electrons 

move through the external circuit towards the 

counter electrode, where by the help of the 

electrocatalyst they carry out reduction reactions. 

In the absence of O2, hydrogen may be produced 

by such reduction reactions. Hydrogen production 

is accelerated by applying an external electric 

forward bias, which decreases electron-hole 

recombination and facilitates electron flow. It is, 

however, possible to produce hydrogen simply by 

short-circuiting photoanode and cathode electrode. 

Furthermore, if both photocatalyst and 

electrocatalyst are deposited on the same 

electrode, forming a “Photoelectrocatalytic Leaf”, 

losses are minimized, the system is greatly 

simplified and the photoelectrocatalytic hydrogen 

production may become very simple, easy and 

inexpensive. In the present work, production of 

hydrogen has been studied both by using a 

Photoelectrocatalytic Leaf (Fig.1) and by using a 

photoelectrochemical cell under electric bias. 

 

 

 

Figure 1. A reactor producing hydrogen by 

employing a Photocatalytic Leaf  

 

Results and discussion 

The presence of urea, formamide or aqueous 

ammonia in an alkaline electrolyte affects the flow 

of current in a photoelectrochemical cell as can be 

seen by the data of Fig. 2. Thus in Fig. 2A, the 

current observed in the absence of any sacrificial 

agent progressively increased in the presence of 

urea up to 1 M. The increase of the current was 

rather small in the presence of urea but it was 

higher in the presence of the same concentration of 

formamide (Fig. 2B). This increase of current is 

apparently the result of consumption of 

photogenerated holes, which decreases electron-

hole recombination and allows higher current 

flow. Addition of aqueous ammonia is 

demonstrated in Figure 2C. An increase of current 

and voltage was again observed, as for urea and 

formamide. However, it is more interesting to 

observe the current-voltage behavior in the 

presence of increasing ammonium concentrations 

in the absence of NaOH, since the alkaline 

environment is provided by aqueous ammonia 

itself. 

The effect of aqueous ammonia is shown in Figure 

2D. As expected, both current and voltage 

increased with increasing ammonium 

concentration. 

 



 

Figure 2. J-V plots obtained with a 

photoelectrochemical cell bearing a 

nanocrystalline titania photoanode with a Pt foil as 

counter and Ag/AgCl as reference electrode. The 

electrolyte contained 0.5 M NaOH in diagrams 

(A), (B) and (C) and various concentrations of 

added urea (A), formamide (B) and NH4
+ (C). In 

diagram (D) the electrolyte contained only NH4
-. 

Curves labeled (1) correspond to plots in the dark 

and (2) to photocurrent plots in the absence of any 

additive. Curves (3), (4) and (5) correspond to 

added agents at concentrations 0.1 M, 0.5M and 

1.0 M, respectively. 

 

Hydrogen was produced by using the combined 

photoanode-cathode electrode (i.e., the 

“Photoelectrocatalytic Leaf”) under enhanced UV 

illumination, i.e., the reactor illustrated by Fig 1. 

Hydrogen production rate is presented in Fig. 3A 

for urea, formamide and aqueous ammonia. In all 

cases, the electrolyte contained 0.5 M NaOH. 

Hydrogen production rate increased with 

increasing additive concentration in all three cases. 

The results of Figure 3 are presented for additive 

concentration equal to 2 M. All curves are 

structured in three parts: the rising part, which 

corresponds to hydrogen building up into the 

tubing and the chromatograph; the top rate, which 

depends on the concentration and the nature of the 

additive; and the falling part, which corresponds to 

the consumption of the sacrificial agent. Then it is 

not a surprise that the highest production rate is 

accompanied by the fastest fall, since in that case 

the sacrificial agent is consumed faster. In this 

respect, urea gave the highest hydrogen production 

rate and the fastest rate decline for the same 

additive concentration. Ammonia gave the lowest 

rate and the slowest decline. Of course, practically 

no hydrogen was produced in the absence of any 

additive (curve 4) 

 

 

Figure 3. Hydrogen production rate using the 

reactor of Fig 1 in the presence of urea (1), 

formamide (2), aqueous ammonia (3) and in the 

absence of any additive (4). The electrolyte 

contained 0.5 M NaOH in all cases and the 

concentration of the additive, when present, was 2 

M. 

 

Conclusions 

Photoelectrocatalytic hydrogen production can be 

achieved by using a Photoelectrocatalytic Leaf 

made of np-TiO2 photocatalyst and a Pt-enriched 

conductive carbon electrocatalyst. Production rate 

can be accelerated by applying an electric forward 

bias. Hydrogen was produced by using aqueous 

ammonia, formamide and urea as sacrificial 

agents, the latter giving the highest hydrogen 

production rates. Models of photocatalytic 

degradation of these substances have been 

proposed. Urea, being the highest-percentage 

component of human urine, may be an interesting 

material for photoelectrocatalytic treatment with 

the purpose of hydrogen production. Cells 

operating under the Photoelectrocatalytic Leaf 

mode are characterized by simplicity of structure 

and operation. The spatial separation of 

photocatalyst from electrocatalyst allows the 

choice of various materials to make these two 

active components. 
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Figure 1. Schematic representation of 

the H-shaped reactor employed for 
hydrogen production. 

 

  
Abstract 
Nanocrystalline bismuth vanadate was deposited by a simple wet 
chemistry procedure on FTO electrodes in order to construct visible 
light responsive photoanodes, which were employed for 
photoelectrochemical hydrogen production by water splitting. The 
specific surface area of the films was controlled by the presence of a 
surfactant template (Triton X-100). It was, however, found that when 
the quantity of surfactant was relatively high, the stoichiometry of the 
photocatalyst as well as its activity was lost. The obtained material was 
characterized by SEM, XRD, AFM, BET and UV-Vis spectroscopy. 
Optimized photoanodes were employed in photoelectrochemical cells 
for water splitting and hydrogen production under electric and chemical 
bias. Maximum hydrogen production rate was 0.15 mmol/h under 
electric bias of 1.4 V vs Ag/AgCl plus 0.37 V chemical bias. 
 

 
 
Introduction 

BiVO4 is a promising material which has 
attracted attention as a visible light responsive 
photocatalyst for water splitting applications [1]. 
The most common and the only active polymorph 
of BiVO4 takes a monoclinic scheelite-like 
crystalline structure with a band gap of 2.4 eV [2]. 
BiVO4 has a conduction band edge located close 
to 0 V and a valence band edge close to 2.4 V vs 
NHE [3,4]. Therefore, it is well placed for 
effective water oxidation but necessitates a bias for 
water reduction.  

In the present work, nanocrystalline bismuth 
vanadate was deposited by a simple wet chemistry 
procedure on FTO electrodes in order to construct 
visible light responsive photoanodes, which were 
employed for photoelectrochemical hydrogen 
production by water splitting. The obtained 
material was characterized by SEM, XRD, AFM, 
BET and UV-Vis spectroscopy. 
 
Experimental 

Bismuth and vanadium precursor solutions were 
prepared by using bismuth nitrate pentahydrate 
dissolved in acetic acid and vanadium(III) 
acetylacetonate dissolved in acetylacetone. 
Solutions of 0.12 M were obtained for both 
precursors after sonication for 30 min and then, 1 
mL of each precursor solutions were mixed and 
sonicated until a deep green solution was obtained. 
In this mixture, Triton X-100 was added in 
different ranges (0.025 to 0.5 g/mL) and the as 

prepared sol was sonicated for 3 additional 
minutes and deposited on FTO glass by doctor 
blading. The obtained film was annealed up to 
500 °C for 10 min by using a hea ting ramp of 
20 °C/min. This deposition -annealing procedure 
was repeated six times to make a film of about 350 
nm thick. 

For the construction of the electrocatalyst, a 
commercial carbon paste (Elcocarb C/SP 
(Solaronix)) was applied on FTO by doctor 
blading (0.67 mg/cm2) and annealed at 450oC. 
Elcocarb was mixed with Pt by deposition of a 
solution of Diamminedinitritoplatinum(II) in 
ethanol. The quantity of Pt contained in Elcocarb 
was 8 wt % (0.0536 mg/cm2).  

Hydrogen was measured using a large H-shaped 
reactor made of pyrex glass either in the absence 
or under external bias, using a 0.5 M NaHCO3 as 
electrolyte. 
 
Results 

 The surface morphology and particle size of 
BiVO4 were observed by FE-SEM. The film 
consists of nanoparticles of a size roughly around 
50 nm or smaller, which are coagulated forming 
larger mostly elongated nanoparticles (Figure 2). 
Such photoanodes have been employed for 
photoelectrochemical hydrogen production.  

Hydrogen was produced at substantial rates, 
which depended on the applied bias. As expected, 
for bias below 0.5 V vs RHE no hydrogen at all 
was detected. The rate of hydrogen production
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Figure 2. FESEM image of a BiVO4/FTO film 

made by using a precursor solution containing 0.1 

g/mL Triton X-100. The scale bar is 200 nm. 

 

could be further enhanced by applying a chemical 

bias. In that case, the electrolyte in the cathode 

compartment was 0.5 M H2SO4. This provides an 

additional bias of 0.37V=0.059(8.2-2.0)V, where 

8.2 and 2.0 are the pH values for 0.5 M NaHCO3 

and 0.5 M H2SO4, respectively. The corresponding 

hydrogen production rates are shown in Figure 3.  

The maximum hydrogen production rate was 

approximately 0.15 mmol/h and is considered 

satisfactory for non-doped BiVO4. 
 

 

 
 

Figure 3. Hydrogen production rate (A) using the 

optimal BiVO4 photoanode. The label numbers 

correspond to voltages vs Ag/AgCl and in 

parentheses vs RHE. 

 

Conclusions 

Nanocrystalline bismuth vanadate makes a 

successful visible-light responsive photocatalyst 

for hydrogen production by photoelectrochemical 

water splitting. Synthesis and deposition of 

nanoparticulate BiVO4 photoanodes can be 

achieved under simple chemical procedures and at 

ambient conditions. The presence of a surfactant 

template helps increasing specific surface area of 

the photocatalyst, however, at too high surfactant 

concentrations, BiVO4 stoichiometry is lost 

together with its photocatalytic activity. 
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Abstract 
In recent years, various techniques have been developed for 
preparation of nanostructured WO3 thin films in order to be 
used for photo-electrochemical (PEC) water splitting. In the 
present study, WO3 photoelectrodes were synthesized by a 
simple sol-gel method and the structural, morphological and 
photoelectrochemical properties concerning current and 
hydrogen production were studied.  
 
 

 
 

Introduction 

In recent years, various techniques have been 
developed for the preparation of WO3 thin films in 
order to be used for photoelectrochemical water 
splitting. WO3 is an n-type semiconductor and has 
been suggested as an apropriate material for PEC 
cells because of its narrow band gap (Eg=2.7 eV), 
which enables utilization of a portion of visible 
spectrum. Moreover, it is stable against 
photocorrosion and has satisfactory photoelectron 
transport properties [1-3].  

Many methods have been reported for preparing 
nanocrystalline WO3 including hydrothermal, wet 
organic and inorganic routes, and thermal 
methods. In the present study, nanostructured WO3 
photoelectrodes were synthesized by a simple sol-
gel method. The optical, structural, and 
morphological properties of the films were 
analyzed by Diffuse Reflectance Spectroscopy 
(DRS), Scanning Electron Microscopy (SEM), and 
X-Ray Diffraction (XRD). In addition, the 
photoelectrochemical (PEC) properties of the WO3 
coatings were studied both for current and 
hydrogen production. 
 
Experimental 
 

High purity tungsten powder with average 
particle sizes up to 10 microns (0.4 g) was reacted 
with aqueous hydrogen peroxide (3 ml, 30%) [4] 

under sonication. The excess of H2O2 was 
catalytically decomposed by a Pt foil [5, 6] and 
then 3 ml ethanol and 0.3g triton were added. The 
WO3 photoanode was prepared by coating the FTO 
electrode with the above solution by doctor blade 
method and the films were annealed for 10 
minutes at 500 °C (heating rate of 20 °C/min). For 
the construction of the cathode a commercial 
carbon paste (Elcocarb C/SP (Solaronix)) was 
applied on FTO by doctor blading and was 
annealed at 450oC. On the top, Pt was deposited 
from a solution of Diamminedinitritoplatinum(II) 
in ethanol and cast on warm FTO. The film  was 
subsequently annealed at 450oC. The quantity of 
Pt was 0.1 mg/cm2. The photoelectrochemical 
measurements were conducted in a three-electrode 
configuration using 0.5M NaClO4 as electrolyte. 
Illumination was made in all cases by a Xe lamp 
providing an intensity of 100 mW�cm-2 at the 
position of the photoanode. 

The surface morphology, phase composition and 
the optical band gap of WO3 nanostructures were 
measured by SEM, XRD, and DRS respectively. 
 
Results 
 
The I–V characteristics of the WO3 films were 
studied both in the dark and under simulated solar 
illumination. The dark current doesn’t deviate 
from the zero potential until water electrolysis that 
occurs around 2.2 V vs. Ag/AgCl (Figure 1). 
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Under illumination, all the films showed a 

photoresponse. The electrolyte containing the 

sacrificial agent i. e. ethanol exhibited the best 

results where the highest current density was 7.0 

mA/cm2. Nevertheless, the value of 7.0 mA/cm2 is 

higher than the maximum theoretical current 

expected for WO3 (approximately 6.0 mA). 

Apparently, we are facing a case of current 

doubling [7]. These I-V results are crucial in 

determining the optimal conditions for hydrogen 

production.  

 
Figure 1. Linear Voltammetry curves of WO3 

photoanodes using a Pt foil as a counter electrode 

and NaClO4 as electrolyte. 

Hydrogen in the present case was produced by 

reduction of water or hydrogen ions through water 

splitting processes. Reduction takes place at the 

counter electrode by electrons arriving though the 

external circuit. Since at 0 V vs. Ag/AgCl, the 

photoresponse is almost zero, the current-voltage 

curves indicate that an electrical bias should be 

used in order to obtain an efficient photoanode for 

H2 production.  

 

Figure 2. Cumulative hydrogen production using 

WO3 photoanodes and FTO glass bearing 

Pt/Elcocarb paste as electrocatalyst.  

 

The bias which was used in all hydrogen 

measurements was 2.0 V vs Ag/AgCl. We have 

also investigated hydrogen production rates both 

in the absence and in the presence of ethanol, 

which is being used as a fuel, i.e. a sacrificial 

electron donor. The results show (Figure 2) that a 

satisfactory hydrogen production rate can be 

reached with WO3 photoanodes especially in the 

case where the sacrificial agent is used. Chemical 

bias could be also used to increase the quantity of 

H2 produced but this is a case which needs to be 

further studied.  
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 Endocrine disrupting compounds (EDCs) are an 
important class of emerging environmental 
contaminants posing an increasing threat in 
aquatic organisms and micro-organisms, as well 
as to human health. In this work, the 
electrochemical oxidation of Bisphenol A and 
Ethyl Paraben on BDD anode was investigated. 
The efficiency increases with current density 
while the effect of initial pH is almost 
insignificant. The process favoured in the 
presence of chloride due to electrogeneration of 
active chlorine species. Finally For the range of 
concentrations studied, the reaction order with 
respect to pollutant concentration shifts from 
first to zeroth as initial concentration increases. 

 
Endocrine disrupting compounds (EDCs) are an 

important class of emerging environmental 
contaminants posing an increasing threat in 
aquatic organisms and micro-organisms, as well as 
to human health. EDCs have been shown to cause 
cancer, decline in sperm counts, abnormalities in 
male reproductive tract, slow development in 
infants and increase in the rate of testicular and 
breast cancer. EDCs are released into the 
environment from the urine and feces of humans 
who take it as a medication. In light of these 
effects, there has recently been increasing attention 
paid to the efficient removal of EDCs from the 
aqueous environment. 

Parabens, esters of 4-hydroxybenzoic acid with 
an alkyl or benzyl group, have been employed for 
about a century as preservatives in foodstuff, 
cosmetics and pharmaceuticals and personal care 
products. Parabens in the aquatic environment are 
typically present at the ng/L level and are 
suspected to behave as endocrine disruptors [1,2]. 

Bisphenol A (BPA) is as a representative xeno-
estrogen typically used in the manufacturing of 
numerous chemical products   

Over past decades, electrochemical oxidation 
has been widely employed in water and 
wastewater treatment as an effective technique for 
the destruction of persistent contaminants. For this 
purpose, various conventional anodes such as Pt, 
IrO2, RuO2, SnO2 and SbO2-based electrodes have 
been employed Some of them have shown low 
mineralization ability owing to poor generation of 
hydroxyl radicals or their strong active behavior. 
Conversely, anodes such as PbO2 have shown high 
oxidation potential but, at the same time, low 

stability and durability. The development of 
boron-doped diamond (BDD) has allowed these 
drawbacks to be overcome, and electrochemical 
oxidation to be applied effectively for the 
degradation of organic contaminants 

In this work, the electrochemical oxidation of 
Bisphenol A and Ethyl paraben on BDD anode 
was investigated. 

More specifically the effect of current density, 
supporting electrolyte concentration, electrolysis 
duration, initial concentration, pH and water 
matrix on pollutant removal was critically 
evaluated. 

 

 
Figure 1. Effect of water matrix on the degradation 

of 250 μg/L, ΒPA, 0.1 M Na2SO4, I=66 mA/cm2 

 
Electrochemical experiments were conducted in 

a batch type, laboratory-scale electrochemical 
reactor. This single-compartment cell comprised a 
BDD anode (Adamant Technologies SA, 
Switzerland; B/C 1000 ppm) with an active 
working area of 18 cm2, and a stainless steel 
cathode. The liquid holdup was 150 mL, the 
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reactor contents were magnetically stirred and runs 

were conducted at ambient temperature. 

For the range of concentrations studied, the 

reaction order with respect to pollutant 

concentration shifts from first to zeroth as initial 

concentration increases. Moreover the role of 

water matrix is critical and has a significant effect 

on process efficiency, i.e. it decreases from 

ultrapure water (UPW) to humic acid  (HA) while 

the reaction rate increases in the case of 

wastewater (WW). This can be explained taking 

into account that (i) the radicals are competitively 

consumed in reactions involving the organic and 

(ii) the electrogeneration of active chlorine species 

The initial pH of the solution ranging from 3 to 9 

did not show significant effect on pollutant 

degradation. 
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 The oxidative degradation of aqueous nonionic surfactant Triton X-
45 by hydrogen peroxide (HP) and persulfate (PS) activated 
nanoscale zero-valent aluminum (nZVAl) treatment systems was 
studied. Triton X-45-spiked raw freshwater sample and domestic 
wastewater treatment plant (DWTP) effluent were also subjected to 
nZVAl/HP and nZVAl/PS treatments to study the effect of different 
water matrices on Triton X-45 removal. Triton X-45 could be 
efficiently degraded using HP and PS activated with nZVAl. Triton 
X-45 removal in pure water was complete after 90 min nZVAl/PS 
treatment in pure water whereas only 76% removal was obtained by 
nZVAl/HP treatment after 120 min (Triton X-45=2 mg/L; 
nZVAl=1g/L; HP=0.25 mM; PS=0.5 mM; pH=3). Triton X-45 
degradation was considerably retarded in the raw freshwater (TOC: 
6.5 mg/L) sample and DWTP effluent (TOC: 10.1 mg/L) for both 
treatment systems most probably due to their organic matter content. 
  

Introduction 
Alkylphenol ethoxylates (APEO’s) belong to the 

class of nonionic surfactants and are being used in 
the formulations of cleaning products, paints, ink 
dispersants, textile and leather processing 
(preparation, dyeing and finishing), pulp and paper 
manufacturing, metal processing, cosmetics and 
personal care products. Although their production 
has been restricted within the European Union due 
to concerns regarding their environmental safety 
and ecological impacts, APEO’s are still known as 
one of the most frequently used and commercially 
important surfactant groups. It has recently been 
postulated that the anaerobic and/or aerobic 
metabolites of APEO’s (namely alkyl phenols) are 
more estrogenic and/or mutagenic than the original 
APEO’s [1]. Due to their widespread use in a vast 
variety of household and industrial applications, 
their concentrations in water, soil sediments and 
sewage sludge is well documented and has 
increased to significant levels in the recent past 
[2]. The elimination of APEO’s by chemical, 
physical and biochemical (activated sludge) 
treatment systems is rather slow and inefficient; 
hence alternative, advanced abatement processes 
are currently being suggested. Among these, 
ozonation has been most extensively studied for 
the oxidation of APEO-bearing waters followed by 
the application of advanced oxidation processes 
(AOPs). These are “enhanced” chemical oxidation 
processes involving the production of highly 
reactive and hence non-selective species (such as 
hydroxyl radical; HO  and sulphate radical; SO4

-) 
reacting with organic as well as inorganic 

contaminants. Several treatability studies have 
already demonstrated that HO - and SO4

--based 
AOPs are promising options for the efficient 
treatment of aqueous APEO’s  [3, 4].  

In recent years, innovative AOPs using zero-
valent metal, such as zero-valent iron (ZVI) and 
zero-valent aluminum (ZVAl) to generate reactive 
oxygen species (ROS) such as HO  and SO4

- to 
degrade and even mineralize refractory organic 
pollutants have received increasing interest. For 
instance, Stieber and coworkers [5] have reported 
that pharmaceuticals and diagnostic agents were 
effectively degraded by ZVI in the presence of O2 
at pH 3.0. Similar to ZVI, it also has been reported 
that ZVAl possessed the capacity to oxidize 
organic pollutants in acidic condition in the 
presence of O2 [6], and ZVAl/O2 showed a higher 
oxidation capacity compared to that of ZVI/O2 due 
to the stability of aquo-complexed Al3+ over a 
wider pH range. Lin et al. [7] have studied the 
oxidation efficiency, the influencing factors, the 
degradation pathways and the reaction mechanism 
for 2,4-dichlorophenol using ZVAl/O2 in acidic 
condition.  

The choice of alternative zero-valent metals with 
higher efficiency of producing ROS depends 
crucially on the facile transfer of electrons to O2 or 
to initially added oxidants to the reaction solution 
(i.e. hydrogen peroxide; HP and persulfate; PS). In 
this regard, ZVAl can provide a far greater 
thermodynamic driving force for electron transfer 
compared to ZVI because the reduction potential 
of aluminum is -1.67 V (Al3+/Al), whereas that of 
iron is only -0.44 V (Fe2+/Fe). The mechanism of 

nZVAl 

S2O8
2- 

SO4
- +  

H2O2 

+ HO  

Oxidative degradation in the presence of HP 

Oxidative degradation in the presence of PS 
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HO  and SO4
- formation in the presence of 

oxidants (HP or PS) and nZVAl starts with the 

direct electron transfer from Al0 to oxidants 

(Equations 1 and 2), after dissolution of the 

surface oxide layer on ZVAl undr acidic pH (pH ≤ 

4) [6]; 

 

Al0 + 3H2O2 → Al3+ + 3HO  + 3OH-               (1) 

Al0 + S2O8
2- → Al3+ + 2SO4

-               (2) 

 

In the present study, nZVAl was employed in 

combination with two common oxidants, namely 

HP and PS to degrade the Triton X-45, a nonionic, 

octylphenol polyethoxylate surfactant that is an 

excellent emulsifier with good wetting properties 

from aqueous solution. To our knowledge, this is 

the first study investigating the treatability of a 

commercial grade nonionic surfactant with the 

nZVAl/HP and nZVAl/PS oxidative treatment 

processes. In the first part of the study, several 

oxidative treatment and control experiments were 

conducted in order to compare the treatment 

performances of nZVAl/HP and nZVAl/PS. 

Changes in Triton X-45, oxidant concentrations 

and pH were followed in order to comparatively 

evaluate the treatment performance of the 

nZVAl/HP and nZVAl/PS treatment systems. In 

the second part of the study, a series of nZVAl/HP 

and nZVAl/PS experiments were conducted with 

raw freshwater and treated domestic wastewater 

treatment plant (DWTP) effluent spiked with Triton 

X-45 to elucidate the treatability behavior of 

Triton X-45 in real water matrices.  

 

Results and Discussions 

Figure 1 depicts Triton X-45 removals observed 

during nZVAl/HP (a) and nZVAl/PS (b) 

treatments of 2 mg/L Triton X-45 at two different 

initial oxidant concentrations (0.25 mM and 0.5 

mM), initial nZVAl concentration of 1 g/L and 

initial pH of 3. Control experiments performed in 

the absence of oxidants (nZVAl) and in the 

absence of nZVAl (HP and PS) are also reported 

in Figure 1. According to Figure 1(a) 22% Triton 

X-45 degradation could be achieved by nZVAl 

treatment at pH 3 in 120 min. The above results 

implied that oxidative capacity of nZVAl at acidic 

conditions was not very effective in the removal of 

Triton X-45. The oxidation with HP and PS also 

did not cause any significant Triton X-45 

degradation at all, as expected. From Figure 1 it 

can be seen that HP and PS addition greatly 

enhanced the degradation rates of Triton X-45 as 

compared to nZVAl treatment. This observation 

speaks for the activation of HP and PS with 

nZVAl to form HO  and/or SO4
-. 

 
(a) 

 
(b) 

Figure 1. Triton X-45 removals observed during 

nZVAl/HP (a) and nZVAl/PS (b) treatment of TX-45. 

Initial conditions: Triton X-45=2 mg/L; nZVAl=1 

g/L; HP=0.25 mM; PS=0.5 mM; pH=3; T=25 C. 
 

At a concentration of 0.25 mM HP 76% Triton X-

45 removal was achieved in 120 min. However, 

increasing the initial HP concentration to 0.5 mM 

decreased the Triton X-45 removal efficiency to 

52%. HO  scavenging by HP might explain the 

reduced removal rates being observed during 

nZVAl/HP treatment as depicted in Figure 1(a). 

From Figure 1 (b) it is evident that elevating the PS 

concentration from 0.25 to 0.5 mM had a profound 

effect on the removal efficiencies of Triton X-45; 

Triton X-45 was completely degraded after 90 min 

treatment with nZVI/PS at initial PS concentration 

of 0.5 mM whereas 86% degradation was observed 

for 0.25 mM after 120 min treatment.  

The specific oxidation efficiencies (SOE values; in 

mol Triton X-45 removed/mol oxidant consumed) 

for initial HP and PS concentration of 0.25 and 0.5 

mM were calculated for a treatment time of 120 

min. The SOE values for initial HP and PS 

concentrations of 0.25 mM were found as 0.06 and 

0.08 mol Triton X-45/mol oxidant, respectively. 

Increasing the initial oxidant concentration to 0.5 

mM decreased the SOE values to 0.005 and 0.05 

mol Triton X-45/mol oxidant. 
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Normalized Triton X-45 abatements obtained for 

the application of nZVAl/HP and nZVAl/PS 

treatment systems in pure water (PW), raw 

freshwater (RW) and DWTP effluent are shown in 

Figure 2(a) and (b), respectively. From Figure 2 it 

is obvious that, as expected, Triton X-45 

degradation was appreciably slower in DWTP 

effluent than in PW and RW; when subjected to 

nZVAl/HP and nZVAl/PS treatments. 

 

 
(a) 

 
(b) 

 

Figure 2. Triton X-45 removals observed during 

nZVAl/HP (a) and nZVAl/PS (b) treatment of TX-

45 in in pure water, raw freshwater and DWTP 

effluent. Initial conditions: Triton X-45=2 mg/L; 

nZVAl=1 g/L; HP=0.25 mM; PS=0.5 mM; pH=3; 

T=25 C. 

 

In the case of nZVAl/HP, Triton X-45 removals 

carried out in PW, RW and DWTP effluent were 

obtained as 76%, 82% and 49%, respectively. For 

nZVAl/PS treatment a significant inhibition was 

observed for Triton X-45 degradation; removal 

efficiency for PW decreased from 100% to 60% 

and to 12% for RW and DWTP effluent. The 

decrease in treatment efficiencies was attributed to 

the HO  and SO4
- scavenging effect of the RW and 

DWTP effluent components as well as organic 

carbon content of the investigated water matrices. 

This effect took place in a higher extent in the 

DWTP effluent due to a higher content in organic 

matter and other radical scavengers (TOCRW=6.5 

mg/L; TOCDWTP=10.1 mg/L). In addition it should 

be mentioned that nZVAL/PS process was more 

selective and vulnerable in terms of Triton X-45 

removal than nZVAl/HP process. 

 

Conclusions and Recommendations 

In the present study, the commercially important 

nonionic surfactant Triton X-45, an octylphenol 

polyethoxylate, was being subjected to nZVAl/HP 

and nZVAl/PS treatment. Triton X-45 degradation 

efficiency was found to be depended to the type of 

oxidant (HP, PS) applied and initial oxidant 

concentration. Under the investigated reaction 

conditions it was possible to completely remove 

Triton X-45 with the nZVAl/PS treatment system 

(1 g/L ZVAl, pH 3, 0.5 mM PS). In case of 

nZVAl/HP treatment, highest surfactant removal 

was observed as 76% for initial HP concentration 

of 0.25 mM under otherwise same conditions. The 

RW and DWTP effluent matrices exhibited a 

negative effect on Triton X-45 degradation. The 

reduced Triton X-45 degradation might be 

attributable to the background water matrix 

composition (HO  and SO4
- scavenging due to 

background organic matter, alkalinity and other 

inorganic constituents). Currently, experiments are 

underway to determine the acute toxicity of Triton 

X-45 and its oxidation products by using test 

organisms from two different trophic levels, 

namely the photobacteria Vibrio fischeri (V. 

fischeri), and the freshwater microalgae 

Pseudokirchneriella subcapitata (P. subcapitata) 

in selected samples of nZVAl/HP and nZVAl/PS 

treatment systems.  
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In the present study the model reaction of hydrogen 
oxidation (in a polymer electrolyte membrane 
electrocatalytic cell) was used to demonstrate the 
functionality of a new DEMS set up which was built up at 
University of Patras (a typical set up is shown on the left, 
adapted from [1]). During anodic overpotentials, the 
increased faradaic current is followed by a decrease of the 
ion signal of m/z=2 (hydrogen) most likely due to the proton 
transfer through the Nafion membrane and an increase of the 
signal of m/z=32 (oxygen). On the other hand, a sharp 
increase of the signal of m/z=44 (CO2) was observed at 
potentials higher than 1V and attributed to the oxidation of 
the carbon cloth which is part of the anodic electrode. 

 
 
 

 
Differential Electrochemical Mass Spectrometry 
(DEMS) is a new technique which has been 
developed during the last decades [1-3] and used 
to study various electrocatalytic systems. DEMS 
allows for the on line detection of reaction 
products using mass spectrometry during 
electrochemical processes. The typical response 
times of the systems during DEMS studies are 
very short (<1 sec) giving the opportunity for safe 
conclusions on the reaction mechanistic steps. The 
term “differential” is used to emphasize the ability 
of the technique to provide kinetic information. 
DEMS has proven a highly valuable method for 
the direct, qualitative and quantitative 
measurement of dissolved gasses and volatile 
intermediates and products formed at electrode 
surfaces during potential sweep, potentiostatic and 
galvanostatic experiments [2, 4]. In a typical 
DEMS experiment the ion current of one or more 
species involved in an electrochemical reaction are 
selectively measured as a function of time or 
varying the electrode potential. Plots of intensity 
versus electrochemical potential are called mass 
spectrometric voltammograms (MSVs). Although 
today there is no commercial DEMS instrument 
available, the technique has found applicability in 
many research laboratories mainly for oxidation 
reactions occurring in fuel cells [2-8].  
 
In the present study the model reaction of 
hydrogen oxidation was used to demonstrate the 
functionality of a new DEMS set up which was 
built up at University of Patras. The catalytic 
reaction was taking place in a polymer electrolyte 
membrane (PEM) electrocatalytic cell. 

Various hydrogen-oxygen (H2:O2) mixtures 
saturated with H2O were fed at the anodic part of 
the cell (catalyst: Pt/C with loading 0.5 mg/cm-2) 
with a total flowrate between 100 and 400 
cm3/min. Pure helium saturated with water was 
used to feed the cathode. Anode and cathode was 
separated with a Nafion 117 membrane while both 
were connected to a potentiostat/galvanostat 
(Autolab, PGSTAT 302 N). A mass spectrometer 
(Extrel, MAX 300-LG) was used to analyze the 
anodic gases. The ion currents of m/z 2, 4, 18, 28, 
32 and 44 were recorded during no reaction (by-
pass), catalytic (no potential application) and 
electrocatalytic (potential application) mode. 
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Figure 1. Ion current response of m/z=32 and 
m/z=2 during hydrogen oxidation under by-pass 
and through cell mode with or without potential 
application. T= 25οC, fH2=4.6×10–6 mol/s, fO2= 
2.3×10 –6 mol/s.  
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Figure 1 shows the ion current response of m/z=2 

(hydrogen) and m/z=32 (oxygen) during by-pass 

and through cell mode with or without potential 

application. The decrease of both signals after 

introduction of the reaction mixture to the catalyst 

(anodic side) shows that the catalytic reaction of 

hydrogen oxidation takes place. The catalytic 

activity should be attributed only to the metal (Pt) 

since experiments with Pt free anode shown 

negligible conversion of the reactants. Both the 

signals of hydrogen and oxygen are affected 

during application of potentials in a cyclic mode 

(from -1.5V to +1.5V with a scan rate of 50 mV/s). 

The observed current effect on the catalytic 

reaction during the cyclic voltammetry (CV) is 

currently studying and certainly deserves further 

investigation. For H2:O2 ratio equal to 2:1 and 

flowrates lower than 100 cm3/min, the observed 

conversions of H2 were near 100%. This was 

concluded from the fact that the signal of m/z=2 

was equal to the baseline signal of hydrogen. 

Increase of the reactants flowrate resulted as 

expected in lower conversions. 
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Figure 2. Simultaneously recorded CV (bottom) 

and MSCVs of m/z =2, 32, 44.  T=25oC. 

 

Cyclic voltammograms and the corresponding 

mass spectrometer cyclic voltammograms 

(MSCVs) of CO2 at m/z=44, oxygen at m/z=32 

and hydrogen at m/z=2 are shown in figure 2. In 

the positive going scan the increase of the faradaic 

current is followed by a decrease of the ion signal 

of m/z=2 (hydrogen) most likely due to the proton 

transfer through the Nafion membrane. The 

opposite behavior is observed for the signal of 

m/z=32 (oxygen). In order to quantify the effect of 

the current on the catalytic rate of hydrogen 

oxidation a calibration of the mass spectrometer is 

necessary (currently under way). On the other 

hand, the sharp increase of the signal of m/z=44 

(CO2) can be attributed to the oxidation of the 

carbon cloth (which is part of the anodic electrode) 

at potentials higher than 1V.  
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Figure 3. Cyclic voltammograms under various 

reactant conditions. T=25oC. 

 

 

Figure 3 shows cyclic voltammograms (CVs) 

under various reaction conditions. The faradaic 

currents observed under cyclic voltammetry are 

dramatically affected both by the H2:O2 ratio and 

the flowrate of the reactants. Higher flowrates or 

higher reducing mixtures result in lower values of 

hydrogen consumption and thus higher amounts of 

available hydrogen to be transferred to the 

cathodic side through the polymeric membrane.  

 

The present system is still under investigation and 

further study is necessary to explain the observed 

behavior. 
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Benefit and risks from Electrochemical Advanced Oxidation 
Processes (EAOP) in water treatment – The (per)bromate problem
M.E.H. Bergmann1, J. Rollin1, T. Iourtchouk1, A.S. Koparal2. (1) Anhalt University, Bernburger Str. 55, 06366 
Köthen/Anh., Germany, h.bergmann@emw.hs-anhalt.de. (2) Anadolu University, Eski�ehir, Turkey.

The Graphical Illustration 
(Figure, Scheme, etc.) should 

not exceed the size of this area.
Seawater, several process waters and even drinking water may 
contain bromide ions known for their high reactivity on mixed 
metal oxide electrodes. It could be shown recently that, in addition, 
boron doped diamond (BDD) anodes excellently oxidize traces 
lower than 1 mg dm-3 or higher amounts of bromide ions to 
bromine and bromate at a current density range up to 700 A m-2. In 
case of bromine occurrence, formation of brominated organics 
(THM, AOX, HAA etc.) is highly probable. Therefore, if treatment 
processes are environmentally sensitive, bromide concentration 
must be checked prior to applying the EAOP. If bromate 
concentration is limited by law, analysis for bromate has to be 
carried out. On the other hand, new bromate and perbromate 
synthesis technologies can be easily performed using BDD anodes.

Focusing on methods of water treatment it was 
found a few years ago that BDD anodes have the 
ability to oxidize chloride to chlorate and 
perchlorate [1,2]. Later it was found that formation 
of bromate and perbromate is another option for 
applying these electrodes [3]. Especially an 
electrochemical production of perbromate has 
significant advantages compared with chemical 
methods. On the other hands, chlorine- and 
bromine-based by-products cannot be accepted at 
higher concentration in the form ClOx

-. The 
formation of halogenated organic by-product is an 
additional problem when drinking water is treated 
for disinfection as well as in other Advanced 
Oxidation Processes [4,5]. This poster opposes 
advantages and disadvantages of BDD anodes for 
waters containing bromide ions in the range 0.04-
1000 mg dm-3. 

A 0.1 dm³ thermostated cell with rotating BDD 
anode was used [1] at different temperatures (5 – 
35 °C) and constant current densities. Typically, 
the rotation rate was 300 rpm. Real and synthetic 
drinking water were used, partially with addition 
of bromide. An expanded mesh mixed oxide 
cathode served as counter electrode 4 mm below 
the rotating anode. Inorganic and organic by-
products were analysed by IC/HPLC.  

Fig. 1 shows a typical time-dependent picture of 
species concentration during electrolysis of 
sodium bromide without any supporting 
electrolyte. Bromine forms a maximum because it 
reacts to bromate. Perbromate is continuously 
formed but at relatively low current efficiency of 

Figure 1. Concentration behaviour of the four 
main species in discontinuous electrolysis (20°C). 

around 1%. Higher current density and higher 
bromide concentration accelerated bromate but not 
perbromate formation. This is an indication on 
limiting steps in the series of reactions shown as a 
possible mechanism in Eq. 1. 

                  (1)
     

Similar limitation in the last steps from chlorate to 
perchlorate was also detected in chloride oxidation
on BDD. 

Surprisingly, it was found that at the same 
molaric concentration the bromate-to-perbromate 
reaction yielded to lower perbromate 
concentrations compared with the bromide 
electrolysis, although bromate polarizes the 
electrode much higher than bromide. So, changes 
in mechanisms must be concluded. 
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   When drinking water containing chloride and 
bromide was electrolysed both perchlorate and 
perbromate were measured (Fig. 2). Last but not 
least, results depend on the interaction of chlorine 
with bromine, shown in Eqs. 2 and 3. 

2HOCl + 2Br- � 2HOBr + 2Cl-            (2) 

2HOCl + HOBr � BrO3- + 3H+ + 2 Cl-                         (3) 

 

Figure 2. Perbromate formation in drinking water 
in presence of chloride ions (20°C). 

Fig. 2 shows clearly the potential risk of 
halogenate and perhalogenate formation in 
solutions of low ionic strength. Limiting chlorate 
and perchlorate concentration values for drinking 
water will result in future from the current process 
of decision-making. Perbromate is not yet limited 
too. In drinking water, a bromate concentration not 
higher than 0. 010 mg dm-3 is permitted (usually 
controlled in ozonation processes). Because BDD 
anodes produce easily chlorate and perchlorate, 
and significantly bromate even at a bromide 
concentration of 1 mg dm-3 they cannot be allowed 
for drinking water disinfection. 

   Another problem is the high reactivity of 
bromide in forming bromine. Latter can react with 
organic matter inside water matrixes. Halogenated 
hydrocarbons are well-known from water 
chlorination and hundreds of analyzed by-products 
exist. Normally, they are summarized in 
parameters such as THM (Trihalomethanes), AOX 
(Adsorbable Halogenated Hydrocarbons), and 
others. Also, limitations for single compounds 
exist. THM concentration in drinking water is 
limited at 0. 050 mg dm-3. By regulating the added 
chlorine concentration the problem can be solved 
in drinking water treatment. However, for 
electrochemical disinfection nothing was known 
with respect to halogenated hydrocarbons. An own 
project, that was finished recently revealed that in 
disinfection electrolysis THM are mainly formed 
by brominated compounds (with predominating 

bromoform). If the bromide concentration is lower 
than 1 mg dm-3 analysis results are comparable to 
those from chemical disinfection. Fig. 3 
exemplarily shows result for a series of 
experiments. 

 

Figure 3. THM formation on BDD in drinking 
water vs. specific charge passed (20 °C). 

Bromination reactions may continue over many 
hours so that normally concentrations 0.5 h and 24 
h after the experiment is measured. 

   It can be concluded that the high synthesis 
potential of diamond electrodes has to be 
contrasted with negative effects of by-product 
formation. Many mechanistic details of the 
reaction schemes are still insufficiently explained 
and need further research work.  
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The photochemical and the TiO2-assisted photocatalytic 
degradation of two carbapenem antibiotics, namely imipenen and 
meropenen, where studied in aqueous solutions under solar 
irradiation in a pilot plant. Both compounds were degraded 
relatively fast, and these photochemical techniques were 
effective for their elimination in aqueous solutions. 
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1. Introduction 

In recent years, a large number of compounds 
have been pointed out as environmental 
contaminants of emerging concern (CEC) [1]. The 
incomplete elimination of these contaminants in 
conventional wastewater treatment plants has 
provoked their widespread distribution in the 
environment. However, scarce information is still 
available about the fate and environmental impact 
of many of these contaminants. 

An important class of CEC is pharmaceutical 
compounds, and in particular antibiotics [1-3]. 
They have been successfully employed for more 
than seven decades for the treatment of various 
infectious diseases. Besides their use in human 
medicine, antibiotics have also been used for 
therapeutic purposes, as prophylactic agents and as 
growth promoters in veterinary medicine and in 
aquaculture, as well as prophylactic agents against 
plant pathogens [1-3]. Their extensive use has led 
to the spread of millions of tons of antibiotics in 
the biosphere and into the environment. 

In particular, regarding antibiotics used in 
human medicine, they are either excreted 
(metabolized or not) by patients or dumped down 
the drain, thus reaching urban wastewater 
treatment plants (WWTPs). However, 
conventional WWTPs are designed for the 
removal of solids, organic matter and nutrients, 
and they are not intentionally designed for the 
removal of micro-pollutants, including antibiotics. 
Therefore, antibiotics are only partially eliminated 
in WWTPs and they are released into the receiving 
aquatic bodies, end they eventually end up in the 

environment, including surface waters, 
groundwater and sediments [2]. Indeed, WWTPs 
are of particular concern as potential hot spots for 
the release of antibiotics into the environment [3]. 
In recent years several studies have been 
performed on the occurrence and fate of antibiotics 
in environmental aqueous matrices and various 
classes of antibiotics have been detected in 
concentrations in the range of ng/L to μg/L [2-7]. 
Therefore, advanced treatment methods have been 
successfully applied for the removal of antibiotic 
compounds in aqueous matrices [2-7]. 

The most notorious and significant negative 
effect attributed to the occurrence of antibiotics in 
the environment is the development of both genes 
and bacteria which are resistant to antibiotics, 
thereby reducing the therapeutic capacity of 
antibiotics to prevent and treat diseases [8-9]. It 
has been recognized that the aquatic environment 
plays a very important role in the spread of 
antibiotic resistance in the environment. Several 
strategies have been proposed to tackle the above 
mentioned problems [9]. Among them, special 
emphasis has been given on the finding of 
effective methods of municipal wastewater 
treatment for the efficient removal of antibiotics, 
as well as antibiotic resistant genes and bacteria [3, 
8-9]. 

There are several classes of natural, synthetic or 
semi-synthetic antibiotic compounds [10]. A very 
important class of synthetic beta-lactam antibiotics 
is carbapenems, such as imipenem, meropenem, 
doripenem and ertrapenem [10]. Carbapenems 
possess the broadest spectrum of activity and the 

1 

PP3- 48



greatest potency against Gram-positive and Gram-
negative bacteria [10]. As a result, they are often 
used as “last-line agents” or “antibiotics of last 
resort” when patients with infections become 
gravely ill or are suspected of harboring resistant 
bacteria [10]. Unfortunately, recently it has been 
found that some Gram-negative bacteria have 
developed resistance to carbapenems [11], which 
is now spreading throughout the world and 
seriously threatens the efficiency of this very 
important class of lifesaving antibiotics [10]. 

Based on the above, the aim of the present work 
was to study the photochemical fate and the 
photocatalytic (TiO2 photocatalysis) degradation 
of two representative carbapenem antibiotics, 
namely imipenem (IPN) and meropenem (MPN), 
in aqueous solutions under solar irradiation. 
 
2. Experimental 

Experiments were performed in a compound 
parabolic concentrator (CPC) pilot plant 
photochemical reactor, which consists of two twin 
photoreactors. Each photoreactor is made of two 
Pyrex tubes (1.5-m in length, 50 mm in diameter, 
2.5 m thick) fitted onto the focus of two CPC 
mirrors, each with a 0.21 m2 illuminated surface.  
Modules are facing south and tilted at 37º from the 
horizontal (local latitude). Wastewater is driven by 
a centrifugal pump (Pan World NH-40PX model) 
and maintained in recirculation. 

In a typical photolysis run, the photoreactors 
were filled with the corresponding water matrix. 
Afterwards, the pollutants were added and all the 
system was maintained in recirculation for at least 
30 minutes. Then, the photoreactors were 
uncovered starting the photolysis experiments. 
Temperature was left uncontrolled during the 
course of the experiments. 

An analytical method based on direct injection 
on a LC-QTRAP-MS/MS system was developed 
and validated in different matrices (deionized 
water, river water and simulated WWTP effluent). 
The pH and composition of the mobile phase 
showed a significant influence on the resolution 
and quality of the chromatographic peaks and the 
instability of both compounds in the evaporation 
process limited the application of SPE protocols. 
Under these conditions, detection limits ranging 

from 10 to 100 ng/L were obtained. 
 
3. Results and discussion 

In an initial set of experiments, the direct 
photolysis of IPN and MPN was studied. Aqueous 
solutions of both antibiotics were prepared in 
ultrapure water at various initial concentrations in 
the range 0.0238 to 3.495 μmol/L (7.12 to 1046.3 
μg/L) for IPN and 0.0156 to 1.694 μmol/L (5.96 to 
649.5 μg/L) for MPN and were exposed to solar 
radiation. As can be seen in Figure 1 and 2, the 
photochemical degradation of both compounds 
follows pseudo-first order kinetics. 
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Figure 1. Photochemical degradation of Imipenem 
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Figure 2. Photochemical degradation of 
Meropenem. 
 

Further photolysis experiments were performed, 
as well as TiO2 photocatalytic experiments. It was 
found that both compounds were degraded 
relatively fast, and these photochemical techniques 
were effective for their elimination in aqueous 
solutions.  
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