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1.1. INTRODUCTION TO HPLC

What is Chromatography?

The term chromatography designates several
similar techniques that allow the separation of
different molecular species from a mixture.
Applications of chromatography are numerous
and can be related to laboratory or industrial
practices. The molecular species subjected to
separation exist in a sample that is made of
analytes and matrix. The analytes are the molec-
ular species of interest, and the matrix is the rest
of the components in the sample. For chromato-
graphic separation, the sample is introduced in
a flowing mobile phase that passes a stationary
phase. The stationary phase retains stronger or
weaker different passing molecular species
and releases them separately in time, back into
the mobile phase. When the mobile phase is
a gas, the chromatography is indicated as gas
chromatography (GC), and when it is a liquid,
it is indicated as liquid chromatography (LC).
Other types of chromatography include super-
critical fluid, countercurrent, and electrochro-
matography. When the sample is present as
a solution, its components are indicated as
solutes. Sample dissolution and/or preliminary
modifications are frequently necessary to have
the analytes amenable for a chromatographic
separation (see, e.g., [1]). In high performance
(or pressure) liquid chromatography (HPLC),
the stationary phase is typically in the form of
Mixed molecular species
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FIGURE 1.1.1 Simplified illustration of the separation proce
different molecular species).
a column packed with very small porous parti-
cles (1e5 mm in diameter), and the liquid mobile
phase (or eluent) is moved through the column
by a pump (at elevated pressure). Solutes are
injected in the mobile phase as a small volume
at the head of the chromatographic column.
A schematic diagram of the separation process
is shown in Figure 1.1.1.

As the mobile phase flows, the eluted mole-
cules that are exiting the column can be detected
by various procedures. The eluted molecules
differ from the mobile phase components
by certain physicochemical properties (UV-
absorption, refractive index, fluorescence,
molecular mass and fragmentation in a mass
spectrometer, or others), which make them
detectable. Finally, an electrical signal is typi-
cally associated with molecular detection, and
the graphic output of this signal is known as
a chromatogram. The separated components of
a mixture eluting at different times (known as
retention times tR) are displayed as peaks in the
chromatogram. Different peaks (or patterns)
on the chromatogram belong to different
components of the separated mixture. An
example of a chromatogram with the retention
times written above the peaks is shown in
Figure 1.1.2. As shown in this figure, the separa-
tion of the peaks can be very good or only
partial. Also, some compounds may not be
separated at all. Separated peaks may indicate
individual compounds only when each peak
corresponds to a single molecular species.
Separated
molecular species
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FIGURE 1.1.2 Picture of a chromatogram indicating the retention time for some of the peaks.

1.1. INTRODUCTION TO HPLC 3
In HPLC the analytes are separated from each
other and from the matrix as well as possible.
The zones occupied by a specific analyte when
it is eluted from the chromatographic column
(peak width in a chromatogram) can be nar-
rower or wider. The width of these zones affects
the separation, and for two analytes with
different retention times, the separation is better
when the elution zones are narrower.

The peaks in the chromatogram may have
different heights (and peak areas) depending
on a number of factors such as the amount of
compound in the mixture, amount of sample
injected, and sensitivity of the detection proce-
dure. Since peak areas are dependent on the
amount of the compound, HPLC can be used
for quantitation after a proper calibration. In
this way, HPLC became an excellent technique
for separation and quantitation of compounds
even in very complex mixtures and is currently
the most widely used analytical technique ever
practiced.

As the previous short description of HPLC
shows, the technique has two distinct parts:
(1) separation of the analytes and of the matrix,
(2) detection and measurement of the analytes.
The discussion about the separation is the main
subject of this book. Based on the nature of the
analytes, the separation process is achieved
depending on the choice of a chromatographic
column and a specific mobile phase. The detec-
tion step is achieved using one or more detec-
tors, and the sensitivity, selectivity, and stability
of these detectors is essential for the success of
the HPLC analysis. The present text does not
include a detailed discussion of detection and
measurement of the analytes, and focuses
mainly on their separation.

Separation by HPLC can also be used for
semipreparative or preparative purposes, some
with industrial applications. In this case, the
separated compounds of interest are collected
for further utilization. However, the main focus
of the present volume is analytical HPLC, and
semipreparative and preparative HPLC are
beyond the scope of this work.
Types of Equilibria in HPLC

The separation process in HPLC is based on
an equilibrium established between the mole-
cules present in the mobile phase and those
retained in the stationary phase. The difference
in the concentration of a molecular species in
one phase and in another determines whether
the species is retained or eluted with the mobile
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FIGURE 1.1.3 Schematic description of partition
equilibrium.
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phase. When the concentration of the solute
(analyte) is higher in the mobile phase than in
the stationary phase, the solute is eluted faster
from the chromatographic column. The oppo-
site happens when the concentration of the
solute is higher in the stationary phase. In this
case, the solute is more strongly retained and
the elution takes place after a longer period of
time.

Common types of equilibria for a molecular
species between twophases include, forexample,
the distribution of a compound between two
immiscible solvents.Another common type takes
place during the retention of a compound from
afluid on an adsorbingmaterial such as charcoal.
Chemical equilibrium in a solution, for example,
between two ionic compounds, is also a known
type. The main types of equilibria encountered
in chromatography can be summarized as
follows:

1) Partition equilibrium. This type of equilibrium
takes place when the molecules of the solute
are distributed between two liquid phases. In
HPLC, one liquid phase is kept immobile on
a solid material, and the other is mobile (the
eluent). The immobilization of the liquid to
becomeastationaryphase inpartitionchroma-
tography is achieved, for example, when the
liquid is highly polar and can establish
hydrogen bonds with the solid support. One
such example is water on a silica surface. In
this case, the mobile phase should consist of
a liquid less polar than water. However, the
partition equilibrium can also be applied for
a nonpolar stationary phase and a more polar
mobile phase. The theory of separation in
partition chromatography is based on liquid/
liquid extraction principles. The different
molecular species, being in continuous equi-
librium between the mobile and stationary
phase, will be separated based on their
tendency to exist in higher concentration in
the mobile liquid or in the stationary liquid,
in accordance with their affinity for these
phases. A schematic description of the parti-
tion chromatography process is shown in
Figure 1.1.3. In partition chromatography, the
concept of “immobile liquid” is commonly
approached in a “loose”manner. For example,
a layer of adsorbed water on the surface of
a silica solid support, or a layer of bonded
organic chains on a silica surface (such as in
the common C18 chromatographic columns),
or a layer of mechanically held polymer on
an inert core are all considered liquid station-
ary phases for partition chromatography. The
possibility of performing chromatography
using two liquid phases without having one
liquid phase immobilized is exploited in coun-
tercurrent chromatography. However, this
subject is beyond the purpose of the present
book (for details see, e.g., [2]).

2) Adsorption equilibrium. This typeof equilibrium
takes place when molecules are exchanged
between a solid surface and a liquid mobile
phase. Assuming that the stationary phase is
very polar compared to the mobile phase, the
polar molecules from the mobile phase are
adsorbedon the solid stationaryphase surface,
while the less polar molecules are kept mainly
in the mobile phase. Being in equilibrium
between the solid and the liquid, the more
polar molecules also elute from the chromato-
graphic column, but later than the less polar
compounds. A schematic description of the
adsorption chromatography process is shown
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in Figure 1.1.4. The partition and the adsorp-
tion are utilized basically as models for
describing the typeof equilibrium,but adiffer-
ence between the two processes is not com-
monly apparent from a thermodynamic point
of view [3].Also, inmany instances the separa-
tion can be viewed either as a partition or as an
adsorption, the differentiation being made
onlywith the purposeof estimatingdifferently
the separationparameters,while the classifica-
tion has no effect on the real process.

3) Equilibria involving ions. Equilibria between
ions in solutions take place in numerous
chemical reactions. For applications in
HPLC, one ionic species must be immobi-
lized, for example, by being connected
through a covalent bond to a solid matrix.
One example of this type of ion can be
a sulfonic group connected to polystyrene.
The ions in solution can be bound by ionic
interactions to the immobilized counterion
or may remain in solution. The equilibrium
between solid phase and mobile phase,
depending on the strength of the bond
to the stationary phase, may provide
a means for separation. A schematic
description of the interactions in the ion-
exchange chromatography process is shown
in Figure 1.1.5.

4) Equilibria based on size exclusion. Size exclu-
sion uses a stationary phase that consists of
a porous structure in which small molecules
can penetrate and spend time passing
through the long channels of the solid mate-
rial, while large molecules cannot penetrate
the pore system of the stationary phase and
are not retained. Applied in HPLC, the large
molecules elute earlier, while the small mole-
cules are retained longer. An equilibrium can
be envisioned between molecules in the
mobile phase and those partly trapped in
the solid matrix. A schematic description of
the size exclusion process is shown in
Figure 1.1.6.

5) Affinity interactions. This type of interaction is
typical for protein binding and leads to equi-
libria that allow very specific separations.
Examples of such interactions are protein-
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antibody and avidin-biotin. Affinity chroma-
tography is widely used at low pressure for
protein purification.
Criteria for the Classification of HPLC
Procedures

HPLC comprises several similar techniques,
all of which use a liquid mobile phase passing
a stationary phase with the result of a “high-
performance” separation of a mixture of
compounds. Various versions of HPLC have
specific differences and different applications.
For this reason, the HPLC techniques are
classified in various types; the classification is
based on a number of criteria, such as the sepa-
ration principle (in some separations more than
one principle of separation may have a contribu-
tion) or the scale of the utilization. Additional
differences have been used to distinguish more
types of HPLC (see Section 1.2). This may
include the nature of the stationary phase and
mobile phase and/or the type of interactions
(mechanism) that describe the energetics of
the process. It should be noted that the classifi-
cation based on the separation mechanism
indirectly includes differences in the stationary
and mobile phase. For example, ion-exchange
chromatography is practiced specifically on an
ion-exchange stationary phase and not on
a reversed or a bioaffinity phase. However, the
mechanism alone was not viewed as sufficient
for differentiation of some types of HPLC.
Based on the nature of the stationary phase
and mobile phase, several types of HPLC can
be differentiated and are discussed further in
Section 1.2.

Other HPLC characteristics are also used for
differentiating the HPLC types. One such char-
acteristic is related to the composition of the
mobile phase, which can be kept constant
during the separation or can be modified. The
HPLC performed at a constant composition of
the mobile phase is known as isocratic HPLC,
while that performed with a mobile phase
that changes in composition during the separa-
tion is known as gradient HPLC. Gradient
HPLC allows a change in the polarity and/or
in the pH of the mobile phase during the sepa-
ration and significantly increases the versatility
of HPLC. When a sample contains solutes with
very different properties and when a constant
composition of the mobile phase (isocratic
conditions) is used, the solutes may leave the
chromatographic column at very different
times. This may be seen as an advantage for
the separation, but when the retention time of
some of the solutes becomes unacceptably
long, the change in the solvent composition
(by using gradients) is necessary to speed up
the separation.

The differences in the size of the particles
used in the chromatographic column offer one
more criterion for HPLC classification. The
size of the particles that fill the chromato-
graphic column affect the peak width and
therefore the separation. In common HPLC
the size of the particles in the chromatographic
column is usually 3 to 10 mm. The HPLC tech-
niques that use very small particles (e.g., with
a diameter below 2.5 mm) in the chromato-
graphic column (or cartridge) are usually
referred to as ultra performance liquid chromatog-
raphy or UPLC. The very small particles require
additional modifications in the UPLC tech-
nique, such as significantly higher operation
pressure for the mobile phase. The use of small
particles in the columns can lead not only to
better separations, but also to faster ones, and
is one of the modern developments of HPLC.
Another development in HPLC is the use of
monolithic columns made of a single piece of
a solid porous material.

Temperature can be another criterion to
differentiate HPLC processes. Based on this
parameter, the HPLC types are classified as:
(1) low temperature (below freezing point
of water, down to�10 �C), (2) usual range temper-
ature (20e60 �C), and (3) high temperature (up to
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250 �C). Most separations are performed at
usual temperatures. Low-temperature tech-
niques are applied, especially for certain chiral
separations. High temperature separations can
be used for a number of applications, taking
advantage of the modification of solvents prop-
erties as temperature increases. Water, for
example, shows a decrease in polarity at
temperatures between 100 and 250 �C and can
be used as solvent in RP-HPLC. This particular
mode of separation has been denoted as super-
heated water, pressurized water, or subcritical
water chromatography (as the temperatures
used are lower than the critical temperature of
water at 374 �C) [4]. The use of water as a mobile
phase can provide an environmentally friendly
“green” method of chromatographic analysis.

A different classification, important for prac-
tical purposes, is based on the scale of the
HPLC equipment. Three general types of chro-
matography can be distinguished in this way:
(1) analytical HPLC, (2) semipreparative HPLC,
and (3) preparative (large scale) HPLC. Each of
these types covers in fact a range of dimensions.
For example, analytical HPLC can be further
differentiated based on the dimensions of the
HPLC column in the following subtypes:
conventional, narrowbore, microbore, micro
LC-capillary, and nano LC-capillary. In the
present book, most discussions will refer to
conventional, narrowbore, and microbore
analytical HPLC. Analytical HPLC performed
using microcapillary and nanoscale columns
(still filled with a bed of particles) are less used
in practice and require specialized equipment.
Role of Polarity in HPLC

One common concept related to HPLC sepa-
rations is that of polarity. Polarity refers to an
asymmetrical charge distribution in amolecule,
which causes the molecule to act as an electric
dipole. However, charge distribution is a very
complex concept, and calculation of the values
for charge density, used to characterize charge
distribution in a molecule, is usually a difficult
task. Also, polarity can refer to the analytes, to
the mobile phase or to the stationary phase. The
compounds are typically indicated as polar
when opposite partial charges are known to
be present in the molecule, when specific phys-
ical properties such as water solubility or solu-
bility on solvents miscible with water are
known, or when specific functional groups
known to be “polar” such as eCOOH, or
eNH2 are present in the molecule. In addition,
during molecular interactions the charge distri-
bution of the molecules suffers changes
(expressed by polarizability). In any interaction,
the polarizability affects the charge distribution
of the molecules. For these reasons, comparing
molecules or phases as “more polar” or “less
polar” is not a quantitative assessment. The
opposite to the polar character is the hydro-
phobic character (lipophilic character). Nonpolar
compounds that do not have polar groups
and are not water soluble, or materials on
which surface the water does not adhere are
commonly indicated as hydrophobic. Both the
polar and the hydrophobic character of
a compound are reasonably described by the
partition constant (also indicated as partition
coefficient) between octanol and water Kow (or
Pow). This parameter represents the ratio of
concentrations of a (not ionized) compound
between two phases, one being octanol and
the other water, and is described by the formula
(square brackets indicate molar concentra-
tions):

Kow ¼ ½solute�octanol
½solute�water

(1.1.1)

Positive values for log Kow indicate some
hydrophobic character, and larger values show
more hydrophobicity. Molecules with low or
negative values for log Kow are frequently indi-
cated as polar, although there is not a direct
relation between Kow and the charge distribution
in the molecule.
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The experimental values for Kow are known
for many compounds, and several computer
programs are available for their evaluation
(e.g., MarvinSketch 5.4.0.1, ChemAxon Ltd. [5],
EPI Suite [6]) as well as extensive tables [7, 8].

In the present text, some of these concepts
will be further discussed and clarified.
However, the concept of polar and nonpolar
(hydrophobic) compounds or materials will be
frequently used in an “imprecise” manner. For
mobile phases, the extension of the concept of
polarity is immediate, being based on the
polarity of the molecules of the phase. For
stationary phases, the polarity refers to the
nature of the stationary phase surface or of
phase active moiety.

As a conclusion, HPLC techniques can be
differentiated based on a number of criteria.
Each selected criterion has advantages and
disadvantages. For example, the mechanism
for a particular separation is not always well
understood, and the “polar” or “nonpolar”
nature of the stationary and mobile phase is
sometimes difficult to quantify. The physical
criteria such as particle dimension in the chro-
matographic column or the scale of the HPLC
equipment are available in a range and the
limits used for the classification are subjective.
For this reason, the HPLC classifications should
be viewed mainly as an attempt to have models,
and sometimes a particular HPLC type can be
classified in more than one way.
Qualitative Analysis and HPLC Main
Use as a Quantitative Analytical
Technique

HPLC analysis starts with a separation of
components of interest from a sample. The sepa-
rated analytes are represented by the peaks in
the chromatogram. The analyte detection can
be performed using a variety of instrumental
devices (detectors), some of which provide
qualitative information for the compound
generating the peak. Some detectors are
“universal,” and either they provide no qualita-
tive information (such as refractive index detec-
tors) or they provide only partial information
that is not in itself sufficient for positive identi-
fication of an analyte (e.g., UV absorption). In
such cases, the chemical nature of the analyte
must be known, and its peak in the chromato-
gram is identified based on its retention time
established using standards that were previ-
ously analyzed. For this reason, the stability
(reproducibility) of the retention time in a chro-
matogram (obtained in identical conditions) is
very important.

Other detectors such as mass spectrometers
(MS) or MS/MS offer more detailed insight
into qualitative peak identification. However,
the dependence on operational conditions of
the mass spectra obtained using LC/MS or
LC/MS/MS instrumentation makes the process
of compound identification quite difficult even
when using these techniques. Progress in MS
identification of unknown compounds has
been done, for example, by using very high
accuracy in mass measurement for the parent
ion of the analyte and for its fragments (e.g.,
using Orbitrap or cyclotron technologies).
Also, specific computer programs (Mass Fron-
tier, SmileMS) provide help in identifying
unknown compounds. However, in most cases,
the compound identification capability, even
using MS or MS/MS detection, is not used for
discovery of the composition of an unknown
compound, but for positive identification of
a known analyte, corroborated with the reten-
tion time of its standard, previously analyzed.
The confirmation of the peak for a specific ana-
lyte in a chromatogram (typically using MS
and three confirmation ions) is an important
and common element in HPLC practice. The
use of standards with labeled isotopes for the
analytes (e.g., deuterated analyte) spiked in
the sample is also a common practice for peak
identification in LC/MS and LC/MS/MS.
Although the retention time of the isotope



1.2. MAIN TYPES OF HPLC 9
labeled standards may vary slightly from that of
the analyte itself, peak identification is signifi-
cantly facilitated using this technique.

Quantitave analysis is the main use of HPLC.
Once separated, the concentration of the analy-
tes in the sample can be obtained from the chro-
matographic peak area (or height).

Peak areas (or peak heights) in the chromato-
gram are proportional to the concentration of
the analytes, and quantitation is done using cali-
bration curves with standards, or other proce-
dures. Depending on the detection technique
and the analyte properties, someHPLC analyses
can provide results even for ultra-low traces of
a compound (below ng/mL level). The versa-
tility and high sensitivity of HPLC have contrib-
uted to its success and widespread use.

An exceptionally large number of methods
using HPLC quantitation procedures has
been published. These methods can be found
in a variety of sources, including papers in
scientific journals, books, web articles, and
proceedings of conferences. The goal of this
book is to describe the principles used for
developing HPLC methods and to provide
information for potential improvements
regarding these techniques; detailed descrip-
tions of analytical methods are beyond its
purpose.
1.2. MAIN TYPES OF HPLC

A Classification of HPLC Types

A variety of HPLC types have been differen-
tiated in the literature; some of these types are
similar, and others exhibit significant differ-
ences. The differentiation was based not only
on various criteria such as the nature of the
stationary and mobile phases and the type of
interactions assumed to lead to the separation,
but also on the range of concentration of specific
solvents in the mobile phase (e.g., of water)
and so on. This section presents a common
classification of the main types of HPLC.
Because different HPLC types have different
characteristics and applications, it is important
to understand these differences and select the
appropriate HPLC type for solving a specific
separation/analysis problem.

1) Reversed-phase HPLC (or RP-HPLC) is the
most common HPLC technique, and
a very large number of compounds can be
separated by RP-HPLC. This type of chro-
matography is performed on a nonpolar
stationary phase with a polar mobile phase.
A wide variety of nonpolar stationary
phases is available, and RP-HPLC is very
likely the most common type of chromatog-
raphy used in practice. The stationary
phase for RP-HPLC can be obtained, for
example, by chemically bonding long
hydrocarbon chains on a solid surface
such as silica. The most common chain
bound to silica is C18 (it contains 18 carbon
atoms), which has a high hydrophobic
character. The bonded phase hydropho-
bicity may vary depending on the nature
of the substituent. For example, C18
bonded phase has a higher hydrophobicity
than C8 bonded phases. Polymeric mate-
rials are also used as the RP-HPLC
stationary phase. The mobile phase in RP-
HPLC is typically a mixture of an organic
solvent (CH3CN, CH3OH, isopropanol,
etc.) and water, with a range of content in
the organic solvent. Small amounts of
buffers can also be added to the mobile
phase in RP-HPLC. The interactions in
RP-HPLC are considered to be the hydro-
phobic forces. These forces are caused by
the energies resulting from the disturbance
of the dipolar structure of the solvent. The
so called solvophobic effect is caused by
the force of “cavity-reduction” in water
around the analyte and the nonpolar
stationary phase when the two are interact-
ing. The retention of the analyte on the
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stationary phase is dependent on the
contact surface area between the nonpolar
moiety of the analyte molecule and the
stationary phase, both immersed in the
aqueous eluent. For this reason an analyte
with a larger hydrophobic surface area
(and usually with a large log Kow; see rel.
1.1.1) is more retained on the stationary
phase, resulting in longer retention time
compared with an analyte with a smaller
hydrophobic surface (and low Kow). In
RP-HPLC the separation is typically
considered to be based on the partition
of the analyte between the stationary
phase (viewed as an immobilized liquid)
and the mobile phase, although some
experiments can be explained by adsorp-
tion equilibrium. The exceptional utility of
RP-HPLC is based on the fact that most
compounds have at least some hydro-
phobic moiety in their structure.

2) Ion-pair chromatography (IPC) is applied in
particular to ionic or strongly polar
compounds. This type of chromatography
is very similar to RP-HPLC, with the differ-
ence of having a special mobile phase (ion-
pair RP). In the mobile phase of ion-pair
chromatography, a reagent is added, which
interacts with the ions of the analytes and
forms less polar compounds that can be
separated based on hydrophobic interac-
tions with the stationary phase. For
example, acids that are ionized (or very
polar) can be coupled with a reagent that
produces ”ion pairs” amenable to separa-
tion by RP-HPLC.

3) Hydrophobic interaction chromatography (HIC)
is a type of RP-HPLC, sometimes indicated
as a milder RP-HPLC, applied to the separa-
tions of proteins and other biopolymers. The
technique is based on interactions between
nonpolar moieties of a protein with
solvent-accessible nonpolar groups (hydro-
phobic patches) on the surface of a hydro-
philic stationary phase (e.g., hydrophobic
ligands coupled on cross-linked agarose).
The promotion of the hydrophobic effect
by the addition of salts (such as ammonium
sulfate) in the mobile phase drives the
adsorption of hydrophobic areas from
the protein to the hydrophobic areas on the
stationary phase. The reduction of the
salting out effect by decreasing the concen-
tration of salts in solution leads to the
desorption of the protein from the solid
support.

4) Nonaqueous reversed-phase chromatography
(NARP) is a RP-HPLC type utilized for the
separation of very hydrophobic molecules
such as triglycerides. In this type of chroma-
tography, the stationary phase is nonpolar
(similar to RP), while the mobile phase,
though less nonpolar than the stationary
phase, is nonaqueous (usually a mixture of
less polar and more polar organic solvents)
and capable of dissolving the hydrophobic
molecules.

5) Hydrophilic Interaction Liquid Chromatography
(HILIC) is a type of HPLC applied for polar,
weakly acidic, or basic samples. In this type
of HPLC the stationary phase is polar, and
the mobile phase is less polar than the
stationary phase. HILIC is the “reverse” of
RP-HPLC. For HILIC, the polar stationary
phase is typically made by chemically
bonding on a solid support molecular frag-
ments with a polar end group (diol, amino,
special zwitterionic, etc.). The chromatog-
raphy performed on bare silica support
with free silanol (^Si-OH) groups can also
be considered as HILIC, depending on the
mobile phase. The mobile phase in HILIC
is typically a less polar but water-soluble
solvent such as CH3OH or CH3CN, which
also contains a certain proportion of water.
The separation is based on the difference
in polarity between the molecules. Ion-polar
interactions may also play a role in separa-
tion. Viewed as having the separation equi-
librium based on the interaction of a solid
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surface with the molecules from a liquid,
HILIC is a type of adsorption chromatog-
raphy. However, a (polar) bonded phase
may be seen as a stationary liquid phase,
and in this case HILIC is a type of partition
chromatography. When the separation is
done on zwitterionic phases, HILIC chroma-
tography is sometimes indicated as ZIC
(from zwitterionic chromatography).

HILIC separations can also be per-
formed on an ion-exchange stationary
phase, with the mobile phase containing
a high proportion of an organic solvent.
This type of separation is sometimes indi-
cated as eHILIC or ERLIC (from electro-
static repulsion hydrophilic interaction
chromatography). This technique can be
cationic eHILIC or anionic eHILIC,
depending on the nature of the ion-
exchange stationary phase. In this type
of chromatography, the ionic stationary
phase repels the similar ionic groups of
the analyte and allows HILIC type interac-
tions with the neutral polar molecules of
the analyte.

6) Normal-phase chromatography (NPC) is a
chromatographic type that uses a polar
stationary phase and a nonpolar mobile
phase for the separation of polar
compounds. The nonpolar mobile phases
used in this type of chromatography are
solvents such as hexane, CH2Cl2, and tetra-
hydrofuran that are not water soluble. In
normal-phase chromatography, the most
nonpolar compounds elute first and the
most polar compounds elute last. Normal-
phase chromatography does not have
a major difference from HILIC. Because
NPC was identified as a separate type for
a much longer time than HILIC, it is
common in the literature to identify HILIC
as a subtype of normal-phase chromatog-
raphy and not the other way around. The
difference consists in the use in HILIC of
a mobile phase that contains some
proportion of water. A polar organic normal
phase is sometimes mentioned as a type of
chromatography when the nonaqueous
solvent contains polar additives such as tri-
fluoroacetic acid.

7) Aqueous normal-phase chromatography (ANPC
or ANP) is a technique performed on
a special stationary phase (silica hydride),
and the mobile phase covers the range
including the types used in reversed-phase
chromatography and those used in normal-
phase chromatography. The mobile phases
for ANP are based on an organic solvent
(such as methanol or acetonitrile) with
a certain amount of water such that the
mobile phase can be both “aqueous” (water
is present) and “normal” (less polar than the
stationary phase). Polar solutes are most
strongly retained in ANP, with retention
decreasing as the amount of water in the
mobile phase increases.

8) Cation-exchange chromatography is a type of
HPLC used for the separation of cations
(inorganic or organic). In this HPLC type
the retention is based on the attraction
between ions in a solution and the oppo-
site charged sites bound to the stationary
phase. In ion-exchange chromatography
(IEC or IC) the ionic species are retained
on the column based on coulombic interac-
tions. In cation-exchange chromatography
the ionic compound consisting of the
cationic species Mþ in solution is retained
by ionic groups covalently bonded to
a stationary support of the type R e X�.
The ion-exchange material (e.g., an organic
polymer with ionic groups) is not electri-
cally charged, and therefore the initial
form of the cation exchange already has
an ionically retained cation in the form
R e X� Cþ. The separation is achieved
when different molecules in solution have
different acidic or basic strength. For
example, for a cation-exchange material,
one species (e.g., Cþ) that is bound to the



1. BASIC INFORMATION ABOUT HPLC12
R e X� substrate is replaced by a stronger
cationic species (e.g,. Mþ) such that Mþ is
retained from the solution, while Cþ passes
into the mobile phase. Two different
cations from solution, M1

þ and M2
þ, can be

separated based on their retention
strength.

9) Anion-exchange chromatography is a type of
HPLCused for the separation of anions (inor-
ganic or organic). This HPLC is similar in
principle to the cation-exchange type, but
the anionic species B� from solution are
retained by covalently bonded ionic groups
of the type R � Yþ. Similarly to cation
exchange stationary phases, an anion
exchange is initially in the form R � Yþ A�.
For an anion-exchange material the anion
A� previously bound is replaced on the resin
by the anion B�, and two different anions B1

�

and B2
� are separated based on their different

retention strengths. The mobile phase in ion-
exchange chromatography frequently con-
sists of buffer solutions.

10) Ion-exchange on amphoteric or zwitterionic
phases is a type of IEC that is very similar
in principle to the cation-exchange or
anion-exchange IEC. The stationary phase
of this type of IEC contains groups that
have an amphoteric character or, in the
case of zwitterionic phases, both anionic
and cationic groups. The mobile phase in
these types of chromatography also consists
of buffer solutions.

11) Ion-exclusion chromatography is an HPLC
technique in which an ion-exchange resin
is used for the separation of neutral species
between them and from ionic species. In
this technique, ionic compounds from the
solution are rejected by the selected resin
(through the so-called Donnan effect), and
they are eluted as nonretained compounds.
Nonionic or weakly ionic compounds pene-
trate the pores of the resin and are retained
selectively as they partition between the
liquid inside the resin and the mobile phase.
(The Donnan effect or Gibbs-Donnan effect
describes the distribution of ions in solution
in two compartments separated by a semi-
permeable membrane).

12) Ligand-exchange chromatography is a type of
chromatography in which the stationary
phase is a cation-exchange resin loaded
with a metal ion (e.g., of a transitional
metal) that is able to form coordinative
bonds with the molecules from the mobile
phase. The elution is done with a mobile
phase able to displace the analyte from
the bond with the metal, and the separa-
tion is based on the differences in the
strength of the interaction (of coordinative
type) of these solutes with the bonded
metal ion.

13) Immobilized metal affinity chromatography is
closely related to ligand-exchange chroma-
tography and uses a resin-containing
chelating groups that can form complexes
with metals such as Cu2þ, Ni2þ, and Zn2þ.
The metal ions loaded on the resin still
have coordinative capability for other elec-
tron donor molecules such as proteins. The
retained analytes can be eluted by destabi-
lizing the complex with the metal, for
example, by pH changes or addition of a dis-
placing agent such as ammonia in the
mobile phase.

14) Ion-moderated chromatography is an HPLC
technique similar to ligand-exchange chro-
matography, with the difference that the
stationary phase loaded with the metal ion
(e.g., Ca2þ, Naþ, Kþ, Agþ, or even Hþ)
does not form coordinative bonds with the
analyte, the interactions being based mainly
on polarity.

15) Gel filtration chromatography (GFC) is a type
of size-exclusion chromatography (SEC) in
which the molecules are separated based
on their size (more correctly, their
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hydrodynamic volume). In gel filtration an
aqueous (mostly aqueous) solution is used
to transport the sample through the
column and is applied to molecules that
are soluble in water and polar solvents.
Size-exclusion chromatography uses
porous particles with a variety of pore
sizes to separate molecules. Molecules
that are smaller than the pore size of the
stationary phase enter the porous particles
during the separation and flow through
the intricate channels of the stationary
phase. Small molecules have a long path
through the column and therefore a long
transit time. Some very large molecules
cannot enter the pores at all and elute
without retention (total exclusion). Mole-
cules of medium size enter only some
larger pores and not the small ones, and
are only partly retained, eluting faster
than small molecules and slower than the
very large ones. The separation of small
molecules between themselves is not typi-
cally achieved, and the technique is
utilized mainly for the separation of
macromolecules and of macromolecules
from small molecules. GFC is sometimes
indicated as aqueous SEC.

16) Gel permeation chromatography (GPC) is
another type of size-exclusion chromatog-
raphy (SEC), the only difference from
gel filtration being the mobile phase, which
in this case is an organic solvent. The tech-
nique is used mainly for the separation of
hydrophobic macromolecules (such as
solutions of certain synthetic polymers).
GPC is sometimes indicated as nonaqueous
SEC.

17) Displacement chromatography is a chromato-
graphic technique where all the molecules
of a sample are initially retained on a chro-
matographic column (loading phase).
After the sample is loaded, a “displace-
ment” reagent dissolved in the mobile
phase is passed through the column and
elutes the specific retained molecule. The
method is more frequently applied as
a preparative chromatographic technique
than as a HPLC analytical method.

18) Affinity chromatography is a liquid chro-
matographic technique typically used for
protein and other bio-molecule separation
and commonly indicated as bioaffinity chro-
matography. It can be practiced on a variety
of specifically made stationary phases that
allow selective retention of the analytes
based on affinity interactions.

19) Chiral chromatography on chiral stationary
phases is a type of HPLC used to separate
chiral compounds. Only specific applica-
tions require the separation of chiral
compounds, and regular chromatography
is much more common than chiral chroma-
tography. Chiral chromatography still has
numerous applications, particularly in the
analysis of pharmaceutical compounds.
The technique typically requires chiral
stationary phases containing chiral selector
groups.

20) Chiral chromatography on achiral stationary
phases is also possible for some chiral solutes
by using chiral modifiers in the mobile
phase, although the stationary phase is not
chiral.

21) Multimode HPLC is a type of chromatog-
raphy in which the column contains by
purpose more than one type of stationary
phase, for example, some with bonded
nonpolar groups (e.g. C18), and some with
ionic groups (e.g., SO3

- ). This type of char-
acter can be encountered unintentionally
on columns made using as a stationary
phase a silica support covered with silanol
groups, and also with hydrophobic groups
(such as C18). In most cases, the presence
of two types of interactions (e.g., polar and
hydrophobic) is not desirable, but in some



TABLE 1.2.1 Separation Principle and Main Types
of HPLC

Separation mechanism Types of HPLC

Hydrophobic forces 1) Reversed phase (RP)

2) Ion pair

3) HIC

4) Non-aqueous reversed phase
(NARP)

Difference in polarity 5) HILIC

6) Normal phase (NPC)

7) Aqueous normal phase (ANP)

Ion interaction 8) Cation exchange

9) Anion exchange

10) Ion exchange on amphoteric
and zwitterionic phases

11) Ion exclusion

12) Ligand exchange

13) Immobilized metal affinity

14) Ion moderated

Size exclusion 15) Gel filtration

16) Gel permeation

Displacement 17) Displacement

Bioaffinity 18) Bioaffinity (not always HPLC)

Chiral 19) Chiral stationary phase

20) Chiral mobile phase

Various principles
together

21) Multi-mode
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instances dual properties of a stationary
phase can be used to the advantage of the
separation.

Relation between the Type of HPLC
and Equilibrium Mechanism

The identification of equilibrium mechanism
(e.g., partition, adsorption, ionic, size exclusion,
etc.) for each type of HPLC is not a straightfor-
ward subject. It is possible that more than one
such mechanism takes place in a specific
HPLC type, and in some cases it is difficult to
decide, based on experimental data, which
equilibrium mechanism is involved in the sepa-
ration. However, an association between
different types of HPLC and different equilib-
rium mechanisms can be observed. The main
separation principles and the corresponding
HPLC types are summarized in Table 1.2.1.
The relation between the HPLC main groups
and the equilibrium mechanism should not be
viewed as rigid, and more than one type of
equilibrium may take place in a specific type
of HPLC.
1.3. PRACTICE OF HPLC

General Aspects

Viewed as a combination of information
and operations, any chemical analysis
including HPLC follows the typical scheme:
input/process/ output [1]. The input
consists of initial information about the
sample, such as origin, nature, and purpose
of analysis. A special part of the input is
related to the selection of the analytical proce-
dure (information regarding the process). For
the analysis of complex samples, chromato-
graphic analysis is ideal because it has the
advantage of combining a separation with
the measurement. The output is formed by
the results, when the purpose of the analysis
is achieved. The process consists of various
steps. In chromatographic methods of anal-
ysis, these steps usually follow the sequence:
sample collection/ sample prepara-
tion/ analytical chromatography/data pro-
cessing. The process is conducted based on
a number of decisions regarding sample
collection (procedure, quantity, number of
replicates), sample preparation (choice of
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cleanup, concentration, and/or derivatiza-
tion), type of chromatographic analysis
(HPLC, GC, etc.), as well as type of data pro-
cessing (qualitative or quantitative measure-
ments, statistical analysis, etc.). The analytical
chromatography step can be considered the
core of the process, and it includes the identi-
fication and measurement of the analytes. The
choice of HPLC as the analytical step is done
for numerous types of samples, such as small
molecules with medium and low volatility, as
well as larger molecules, including a wide
range of synthetic and biopolymers. HPLC
has the capability of separating complex
mixtures and performs accurate quantitation
with extreme sensitivity.

Selection of the Type of HPLC
for a Particular Application

An important part of the information step in
chromatographic analysis is the choice of the
type of HPLC that should be used. This selection
is made based on the nature of the sample,
instrument availability, as well as other factors
such as cost and time of analysis. Once the
HPLC technique is selected as the core analytical
procedure, further decisions should be made
regarding the type of HPLC. The selection of an
HPLC type for analysis of a particular set of
samples is not always simple. However, some
general rules may be used as guidance. This
choice is determined primarily by the nature of
the sample with its analytes and matrix.
Reversed-phase chromatography, for example,
is commonly used for a wide range of
compounds, including various organic mole-
cules that have some hydrophobic moiety.
More polar molecules are typically analyzed
using HILIC and ion-pair chromatography. In
some instances even RP-HPLC can still be used
for the separation. Ions (inorganic or small
organic) are typically analyzed by IC. The sepa-
rations of large molecules based on their molec-
ular weight (in fact hydrodynamic volume) are
performed by size exclusion. Bioaffinity chroma-
tography is widely utilized for the separation of
biological macromolecules. (Further discussion
of the dependence of the HPLC type on the
chemical nature of the sample can be found in
Chapter 9.)

The purpose of analysis is another deter-
mining factor. In the choice of a specific type
of HPLC, it is important to know if the analysis
is performed for the separation by molecular
weight, for specific identification and quantita-
tion of components, or for separation and
quantitation of enantiomers. Other factors
also influence the choice of HPLC, such
as availability of equipment, requirements
regarding analysis time, number of samples to
be analyzed, availability of specific materials
required for the analysis (columns, solvents,
etc.), restrictions regarding safety (e.g., the
nature and volume of solvents to be disposed),
and level of training of the operator. This
section provides only general guidance
regarding the selection of the HPLC type, and
this selection is based solely on the nature of
the sample.

The selection of a particular type of chroma-
tography for a specific analysis is a complex
process, the previous discussion being only
a schematic guide that is far from being compre-
hensive. Numerous sample/analyte details may
determine the final choice of a specific chro-
matographic separation. The present book
mainly discusses aspects of separation in
conventional analytical HPLC.

Sample Collection and Sample
Preparation for HPLC

Sample collection is a very important step
for the success of any chemical analysis.
This subject is discussed in various books
and papers, but since it is outside the scope
of the present book, the reader should refer
to the dedicated literature (see e.g., [1, 9]).
After sample collection, the analysis proceeds
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with the sample preparation, in accord with
the selected analysis type. Again, numerous
procedures are described in the literature for
sample preparation [1]. Sample preparation
may target the matrix of the sample, the ana-
lytes, or both. One common operation in
sample preparation is the dissolution of the
sample if the sample is solid. Then, the matrix
is usually modified during cleanup, fraction-
ation, and concentration of the sample. Proper
processing of the sample may have consider-
able importance for the success of the HPLC
analysis. A sample that contains a “dirty”
matrix, having numerous other solutes that
can impede the separation or destroy the
chromatographic column must be avoided as
much as possible. Also, the sample prepara-
tion may have a considerable part in
increasing the analytes’ concentration. The
increase in the concentration of the analytes
is very important especially when traces of
specific compounds must be quantitated, as
is necessary in many practical applications.
This concentration can be done by a variety
of procedures such as solid-phase extraction
(SPE) and liquid-liquid extraction (LLE) [1].
The analytes can also be modified by
chemical reactions (derivatization, etc.) in
Sample
concentration

Dissolution

Modification

of the sample

matrix

Sample

collection

Initial

sample

Sample
cleanup and
fractionation

FIGURE 1.3.1 Diagram of a sample preparation involvi
derivatization.
order to obtain better properties for the chro-
matographic analysis. The process of sample
preparation is schematically shown in
Figure 1.3.1. Sample preparation is usually
described for each HPLC analytical procedure
when applied for a practical analysis and
covers a large part of the published literature
on HPLC. Several books describing the
general principles and various aspects of
sample preparation for chromatography also
have been published (see, e.g., [1, 10]).
Injection

Sample delivery for analysis in HPLC is
achieved using injection. This is done with the
purpose of introducing in the mobile phase the
sample containing the analytes and matrix that
are going to be separated and analyzed. The
sample is dissolved in a solvent, and the choice
of this solvent in connection with the volume of
sample volume may have an effect on HPLC
separation. The sample solvent must be soluble
in the mobile phase. Larger volumes of the
sample solvent may affect for a short period of
time the composition of the mobile phase, influ-
encing the separation, in particular the peak
shape. For this reason, a sample volume is
Derivatization

Preparation for
derivatization

Modification

of the analytes
HPLC

Processed

sample

ng dissolution, cleanup, fractionation, concentration, and
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usually limited to the range of 5 to 25 mL for
common HPLC techniques. Smaller injection
volumes can be used for mini or micro HPLC,
and larger volumes than typical are sometimes
used in order to obtain better sensitivity for
the analysis. For semipreparative or preparative
HPLC the injection volume is much larger. More
details regarding sample injection are given in
Section 9.2.
Column Selection in HPLC

The column is a major component for the
HPLC separation, and its selection is critical
for the success of the analysis. Numerous types
of columns are commercially available.
Columns may be different regarding: (1) the
nature of the active stationary phase (RP,
HILIC, IEC, SEC, bioaffinity, etc.), (2) the type
of phase (porous particles, superficially porous
particles, monoliths, etc.), (3) physical charac-
teristics of particles (dimension, porosity,
strength, etc.), (4) column dimensions (length,
diameter), (5) mechanical construction
(columns, cartridges, compressible columns),
etc. The column is basically selected in agree-
ment with the type of separation that was
chosen, equipment availability, analysis
requirements, and external information avail-
able. Column choice has a significant effect in
achieving a desired separation, and a detailed
discussion about chromatographic columns
and their separating capabilities is given in
Chapter 6.
Mobile Phase Selection

In all HPLC analyses, the choice of mobile
phase is another critical step for effecting
a successful separation. The solvents are
selected depending on the type of HPLC, the
nature of the analytes, the choice of the
stationary phase, and also the type of detection
used for the analyte measurement. The solvents
in HPLC can be pure compounds such as
water, methanol, ethanol, acetonitrile, tetrahy-
drofuran, hexane, or methylene chloride.
However, more commonly solvent mixtures
are used, and in some separations various
additives are present in the mobile phase
such as salts, acids, and bases (at low concen-
trations) that provide a specific pH and ionic
strength of the mobile phase. The separations
can be performed in isocratic conditions, but
gradient separations are very common, in
particular in RP-HPLC, HILIC, and NPC.
Chiral and size-exclusion separations are typi-
cally not performed with gradient elution.
Gradients (solvent composition modifications
during the separation) are usually achieved
by mixing two solutions with different compo-
sition. Gradients can also be achieved by mix-
ing more than two solutions, but three or four
solvent gradients are not common. The role of
gradient is to increase certain components of
the mobile phase, for example, an organic
solvent in a partially aqueous solution.
Solvent/solvent composition is selected with
the purpose of (1) achieving separation, (2)
achieving a fast separation, and (3) delivering
the analytes to the detection without inter-
fering with measurement. Mobile phase capa-
bility to elute an analyte at shorter retention
times compared to other solvents is typically
referred to as solvent “strength.” In RP-HPLC,
the increase in the concentration of organic
solvent in the mobile phase leads to faster
elution of the analytes. The nature of the mobile
phase also affects other parameters of
the HPLC process, such as the selection of
the detector or the acceptable flow rate in the
HPLC system. The chromatographic column
generates backpressure during the mobile
phase flow, and this backpressure is related to
the mobile phase viscosity. The mobile phase
nature and properties, as well as its delivery
conditions as isocratic or gradient, are further
discussed in Chapter 7.
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Detection in HPLC and Quantitation
Procedures

Detection in HPLC is typically based on
a specific physicochemical property of the ana-
lyte. The detector is capable of transforming
this property in an electrical signal or detector
response represented by the chromatogram.
Various detectors are available for HPLC, and
their short description is given in Section 1.4.
Also discussed in Section 1.4 are the qualities
required for a detector, as well as the criteria
for the detector selection. The intensity of the
electrical signal generated by the detector in
the form of peaks corresponding to each
compound is commonly used for quantitation
purposes. This signal (response) depends on
the instantaneous concentration of the analyte
that is introduced into the detector and
produces the peak. Use of peak areas in the
chromatogram is the most common way of
quantitation. Ideally, for a given volume Vinj of
sample injected into the chromatograph, the
peak area is linearly dependent on the concen-
tration of the sample. The quantitation proce-
dure requires a calibration curve obtained with
the compound to be analyzed. The concentra-
tion of interest ci (or c if index i is neglected)
can be determined from the areas using the
relation:

c ¼ b A (1.3.1)

where A is the peak area and b is the slope of the
calibration curve for the analyzed compound
and is sometimes indicated as sensitivity. The
value b of the slope for the calibration curve
may be different for different compounds. For
this reason, the generation of calibration curves
is usually necessary for each analyte that must
be quantitated. For generating the calibration
curve, it is possible to use solutions of different
concentrations made using the pure compound
to be analyzed as a calibration standard. The cali-
brations are done independently of the sample,
and the calibration standard can in this case be
considered an external calibration standard. (An
external standard is analyzed in a different run
from the sample, while an internal standard is
added and analyzed together with the sample.)
In many practical applications it is preferable to
make the calibrations by adding different levels
of the calibration compound to a blank sample
that does not contain the analyte. This proce-
dure makes the analysis of the samples contain-
ing the calibration standards as close as possible
to the analysis of a real sample and allows the
subtraction of the overall influence of the matrix
in the analysis. For compounds that have similar
structures, the calibration curve for only one of
the compounds is sometimes utilized, and
different compounds are quantitated based on
the same calibration. However, this practice is
not recommended and should be used
only when the calibration standards of all
compounds are not available.

Some linear calibrations do not pass through
the origin, and the calculation of the peak area
must be done using a relation of the form:

c ¼ aþ b A (1.3.2)

This type of dependence may indicate some
problems with the particular analytical method,
such as sample decomposition, loss of sample in
the chromatographic process due to selective
adsorption, and interfering signal from the
blank sample. A negative value for the param-
eter a indicates in general a loss of analyte, while
a positive value indicates background or inter-
ferences. In cases when the equation of the cali-
bration curve is obtained from the equation of
the trendline passing through the calibration
points, it is highly recommended that the trend-
line be forced through zero.

Most HPLC detectors provide a linear depen-
dence of the peak areas with the sample concen-
tration. However, nonlinear dependences are
sometimes encountered. Nonlinearity may be
due to overloading of detectors that otherwise
are expected to have a linear response. Also,
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very low levels of analyte may lead to
a nonlinear response. For this reason, linearity
must be verified for a whole range of concentra-
tions, and particular attention must be paid to
very low and very high concentrations. The line-
arity of fluorescence detection is valid only for
low concentrations. A nonlinear calibration
curve is sometimes necessary for fluorescence
and chemiluminescence detectors. This still
allows calculation of the concentration directly
from the nonlinear calibration curve or from
use of a corresponding relation. However,
a linear calibration curve is preferable to other
cases.

In many quantitative techniques, an internal
standard is also introduced with every chromato-
graphic run. Internal standards are compounds
absent in the real samples, which are added in
a constant amount at a chosen point during
the analysis for verifying reproducibility,
accounting for sample losses, and so on. The
internal standard must be chosen in such
a way as to behave in the analytical process as
close as possible with the analytes, to not inter-
fere with the analyte determination, to give
a chromatographic peak convenient to integrate,
and the like.

Besides the internal standards that are added
in the sample, such that they go through the
sample preparation process, it is sometimes
useful to add a chromatographic standard in the
processed sample. This standard is a type of
internal standard used only for verifying that
the chromatographic process works properly;
it is introduced in the processed sample that is
ready to be injected in the chromatograph.

A different quantitation technique besides
the external calibration is that of standard addi-
tion. The standard addition method can be used
to analyze an unknown sample of concentration
cx without the use of a calibration curve
obtained in separate runs. It must be assumed,
however, that the dependence of the peak area
of the concentration follows rel. 1.3.1 and
not 1.3.2. A set of known amounts of analyte
{qi}j ¼ 0,1,2..n with q0 ¼ 0 are added to the
unknown sample, leading to the concentrations
ci ¼ (qx þ qi) / (Vx þ Vi) where Vx is the known
volume of the sample to be analyzed, Vi is the
volume of the added solution with the i stan-
dard, and cx ¼ c0 ¼ qx/Vx. The relation between
the concentration ci and the signal (peak areas
Ai) is in this case given by a relation of the
type 1.3.1:

ci ¼ b Ai ði ¼ 0; 1; 2.Þ (1.3.3)

The values for c0 and b (as parameters) can be
obtained from the added amounts and peak
area measurements {qj, Aj}j ¼ 0,1..N using, for
example, least-square fitting. The standard
addition method can be used even with a single
added amount to the unknown sample. If one
single addition q1 is made to the sample, and
the unknown sample is considered as having
q0 ¼ 0, two peak areas A0 and A1 are generated
corresponding to c0 and c1. The two equations
of the form 1.3.3 for c0 and c1 are qx/Vx

¼ b A0 and (qx þ q1)/(Vx þ V1) ¼ b A1, and
they lead to the result:

ðqx þ q1ÞV1

ðVx þ V1Þqx ¼ A1

A0
(1.3.4)

This relation can be easily rearranged to give:

cx ¼ q1A0

ðVx þ V1ÞA1 � VxA0
(1.3.5)

When the addition of the standard does not
dilute the sample (V1 ¼ 0), rel. 1.3.5 can be
written in the form:

cx ¼ c1A0

A1 � A0
(1.3.6)

Other procedures can also be used for quan-
titation. One of these procedures is based solely
on the peak area ratios for two compounds. For
this procedure, a response factor Fx must be
obtained initially. This response factor using
an internal standard is calculated from the
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peak area A)
is of the internal standard and the

peak area A)
x of the compound to be analyzed,

both of which are added to a blank sample in
equal amounts (concentration). The ratio of the
two areas, usually obtained as an average of
several measurements, gives the response
factor:

Fx ¼ A�
is=A

�
x (1.3.7)

Ideally, the value for Fx remains constant for
an interval of values for the pair of concentra-
tions of the standard and the sample. The
concentration of the unknown is then obtained
by measuring in the same run the peak area of
the compound to be analyzed (at unknown
concentration) and the peak area of the standard
using the formula:

cx ¼ Fx ðAx=AisÞ cis (1.3.8)

where Ax is the area of the compound x at
unknownconcentration,Ais is the areaof the stan-
dardat the concentration cis, andFx is the response
factor. In order to achieve a constant value for the
response factor Fx in a range of concentrations, it
is recommended that the two compounds, the
internal standard and the analyte, be chemically
similaroreven identical except foruseof a labeled
compound for the standard.
1.4. OVERVIEW OF HPLC
INSTRUMENTATION

General Comments

The HPLC instrument physically separates
the components of a sample, typically in solu-
tion, and provides information about the
concentration of each separated component.
For this purpose, the instruments allow the
injection of a measured small volume of sample
in a mobile phase. This mobile phase flows
through a chromatographic column where the
separation takes place, and further through
a detector (or detectors) capable of generating
a signal proportional with the analyte concen-
tration. Using calibrations, the concentration of
the analytes can be determined. This process
can be achieved using a large number of models
of HPLC systems. The construction of these
instruments depends significantly on the
intended function and size of the HPLC separa-
tion. Modern HPLC instrumentation is sophisti-
cated and is in continuous development [11].
For this reason, this section is intended only to
give a basic and simplified view regarding the
HPLC equipment.

Schematic Description of an HPLC
Instrument

When used for analytical purposes, an
example of an HPLC instrument consists of
several components that are schematically
shown in Figure 1.4.1. The system may include:
(1) a solvent supply system (solvent container
and degasser), (2) a high-pressure pumping
system (shown as a dual piston mechanical
pump), (3) an injector (shown with a syringe
containing the sample that can be loaded in
a loop, and a switching valve in two positions
A load loop with sample, B connect loop in
circuit flow to inject sample), (4) a chromato-
graphic column (possibly with a guard column
or precolumn), (5) one or more detectors (a spec-
trophotometric detector is schematized), and (6)
a controller/data processing unit.

Some details on each component of an HPLC
system are further discussed in this section.
However, the description of HPLC instrumenta-
tion is not the main goal of this book, and more
information on the subject can be obtained from
various other sources such as instrument
manuals (e.g. [12, 13]) or from other dedicated
publications (e.g. [14]).
Solvent Supply Systems

The solvent supply provides the solvent(s)
necessary as a mobile phase for the HPLC.
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Some solvent supply systems may also have the
capability to remove the gasses dissolved in
solvents (the degassing capability). The
solvent(s) are transferred through low pressure
tubing to the pumping system. The tubes used
for passing themobile phase through the system
need to fulfill mainly the requirement of being
inert to the utilized solvents and to stand pres-
sures up to about 50 psi (1 psi ¼ 6.89476 kPa ¼
6.89476 10-2 bar ¼ 6.80460 10-2 atm; 1 bar ¼
14.5037738 psi). Fluorocarbon polymers such
as Teflon� are common materials used for this
type of tubing, but polypropylene is also some-
times used. The solvent supply system of an
HPLC has one or more reservoirs for the
solvents used as the mobile phase. For HPLC
performed in isocratic conditions and using
a pure or a premixed solvent, only one reservoir
is necessary. However, it is common in HPLC to
use gradient separations, or to use an isocratic
separation but to generate the mixture of
solvents using the pumps. In this case, two (or
more) solvents that are mixed with the pumping
system in variable proportions are required. For
this reason, two or more solvent reservoirs are
common in modern HPLC instruments. The
reservoirs must be clean and inert to the
solvents they contain. The solvents from
the reservoirs must be free of particles, and
they are either purchased as HPLC grade or/
and filtered through 0.45 mm filters before use.
The filter selected for the filtration must be inert
to the solvent. In the case of solvent mixtures
containing a buffer, the general rule indicates
that the buffer solution is made in water, then
filtered, and only then mixed with the organic
solvent (assuming correct concentrations and
no precipitation after organic solvent addition).
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The tubing transferring the liquid to the
pump(s) typically has a frit at its mouth.

Degassing in HPLC systems is necessary
because even very pure solvents may have small
quantities of oxygen dissolved in them. This
oxygen may be released in the form of very
small bubbles in the HPLC system when
a drop in pressure occurs (e.g., between the
chromatographic column and the detector), or
when a solvent with high solubility for oxygen
(e.g., water) is mixed with another solvent
with low solubility for this gas. When this mix-
ing is done before the high-pressure pump, the
gas bubbles may lead to variations in the pres-
sure of the liquid delivered by the pump
(pressure fluctuations). Dissolved gasses in the
mobile phase may also influence the injection
volume when small sample volumes (e.g.,
2 mL) are injected. Also, the reading of the detec-
tors can be perturbed by dissolved gasses. For
example, oxygen may affect the reading of elec-
trochemical detectors, the fluorescence intensity
of certain compounds, and the UVabsorption at
very low wavelength range. The elimination of
gasses dissolved in solvents is accomplished
through two common procedures: helium
sparging and use of a degasser apparatus.
Helium sparging consists of passing a small
flow of helium through the solvent. Although
this procedure is useful for reducing the oxygen
content, it poses a problem in the case of pre-
mixed solvents. Premixed solvents are
frequently used as one of the mobile phase
components in HPLC. If the premixed solvent
contains a volatile component, the solvent
composition may be changed in time by the
preferential evaporation of the volatile compo-
nent due to sparging. In particular, when
ammonia is used in a mobile phase to adjust
the pH of the solution, sparging is not recom-
mended since drastic changes in the pH occur
in time by the preferential elimination of
ammonia from the solution.

A degasser apparatus is a device in which the
solvent passes through a piece of a special
polymeric tubing placed in a vacuum chamber.
The tubing material (membrane) has selective
permeability to gasses, and the vacuum created
by a small pump reduces the content of the
gasses from the solvent. The degassers, although
popular in HPLC equipment, also may pose
problems in specific applications. The polymeric
tubing may absorb selectively specific compo-
nents from the solvents and may be a source of
contamination when changing from one solvent
to another. It should also be noted that large
bubbles coming from the solvent reservoir
cannot be eliminated by the degasser apparatus;
these bubbles make their way into the pumps,
affecting their function.
Pumping Systems

The main pumping system consists of
pump(s) able to deliver a constant flow of
solvent through the injector, chromatographic
column, and through the detector(s). The
pumps must be able to generate a high pressure,
which is needed mainly to overcome the resis-
tance to flow of the chromatographic column.
This flow is characterized by the volumetric
flow rate U. In conventional HPLC systems, the
pumps are usually capable of delivering U
between 0.1 mL/min and 10 mL/min fluid
and can generate up to 6000 psi (about 400
bar). New developments in using very fine
particles in the chromatographic column require
higher pressure and sometimes capability to
produce flows at less than 0.1 mL/min. These
instruments can generate up to 8500 psi (about
600 bar) or higher (e.g., 1200 bar for a flow up
to 5 mL/min) and are indicated as UPLC or
U-HPLC. For the HPLC systems used for other
purposes than analytical, pumping parameters
can vary significantly. The flow from the pumps
(volumetric flow rate U) must be constant,
without fluctuations or only with very small
ones. This requirement is necessary mainly for
the detectors, where the signal may fluctuate
when the flow rate varies.
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Most high-pressure pumps used in analytical
HPLC are reciprocating pumps. A single-piston
reciprocating pump consists of a cylinder with
a reciprocating plunger in it, together with two
valves mounted in the head of the cylinder.
The liquid enters the cylinder through an inlet
(suction) valve and is pushed through
a discharge valve. During the suction the
plunger retracts and the inlet valve opens,
causing the admission of fluid into the cylinder,
while the discharge valve is closed. In the
forward stroke, the plunger pushes the liquid
out through the discharge valve while the inlet
valve is closed. However, the fluid flow from
a single-piston reciprocating pump (and there-
fore the pressure in the system) has a pulsating
profile. When the piston is moved by a circular
motion of a driving cam, the flow rate has
a half sinusoid shape, as shown in Figure 1.4.2.
This type of flow is not suitable for HPLC.
Dual-piston pumps consisting of two recipro-
cating pumps that alternate the forward stoke
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FIGURE 1.4.3 Flow from a dual accumulator-piston recipro
motors that allows low pulsation.
are able to generate flow with only one zero
flow point per cycle. However, with this setup
the flow is still fluctuating. The use of specially
shaped driving cams or of stepper-driven
motors allows the generation of an almost
continuous flow of liquid. The dual-piston
pumps may be connected in parallel or in series.
A dual-piston design working in parallel was
already schematically shown in Figure 1.4.1.
An accumulator-piston design with the pumps
in series is shown schematically in Figure 1.4.3.
This type of system also requires two pistons
but only three valves in order to achieve the
task of generating a continuous flow.

Modern systems are able to deliver flow with
a precision of about 0.07% relative standard
deviation (RSD%) and a flow accuracy of less
than 1% from the nominal value. Because the
pumps must deliver flow at high or very high
pressure, their construction requires special
materials such as inert steel body, sapphire or
ceramic pistons, high-precision valves that do
forward stroke 1forward stroke 2 forward stroke 2

1 2
Time

3 4

cating pump when the pistons are moved by stepper-driven
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not have any leaks, special polymeric seals, and
the like. For ion chromatography, the whole
pumping system (except the piston) is typically
made of strong polymeric materials such as pol-
yetheretherketone (PEEK).

In addition to the specially designed
pumps and valves, the flow without fluctua-
tions from the pumping system can be
achieved using a pressure pulsation damper.
Pressure dampening is done, for example,
by passing the fluid through a cell with a dia-
phragm wall that compensates the pressure
variation. The pulsation with dampening can
be reduced to less than 2% variation in pres-
sure. Various models of dampers are avail-
able, and most of them have a volume of
around 500 mL, in order to assure a small
delay volume in the delivered fluid. Other
sources of delay volumes, beside the damper,
are present in an HPLC system.

A dual-piston pump can handle only one
solvent and can be applied for isocratic separa-
tions that use a pure or a premixed solvent.
However, since in HPLC it is frequently neces-
sary to use gradient separation, instruments
that handle more than one solvent have been
developed. This type of instrument is also
frequently used to generate a solvent mixture
of a desired composition, even when this
composition is not changed during the separa-
tion (isocratic conditions). There are three basic
procedures to physically achieve the mixing of
solvents: (1) low-pressure mixing, where the
solvents necessary for the gradient are premixed
with a low-pressure pump connected in front of
the high-pressure pump, (2) high-pressure mix-
ing that uses two (or more) high-pressure
pumps, with each one dedicated to one solvent
and with the mixing of the flows in a low-
volume mixer, and (3) hybrid mixing that uses
a high-pressure pumpwith two or three propor-
tioning inlet valves.

In low-pressure mixing, two or more (usually
four) solvents can be blended at the desired
composition by using a low-pressure pump
with several proportioning inlet valves
controlled by a computer. The valves open
repeatedly for a short period of time (typically
less than one second); the duration of time the
valve is opened is proportional to the desired
mobile phase composition. The mixed solvents
are delivered further to one (dual-piston) high-
pressure pump. Low-pressure mixing has the
advantage of using a single high-pressure
pump (that is typically expensive), and has
more flexibility in choosing a variety of solvents
(in systems with four proportioning valves).
However, the changes in the mobile phase
composition when using a low-pressure mixing
system are taking place more gradually than for
the other systems (the change in composition is
not instantaneous). Also, low-pressure mixing
may be prone to the formation of small bubbles
of gas in the mixed solvent, when the solubility
of oxygen, for example, is higher in one solvent
than in the mixture. These bubbles may enter
the high-pressure pump and generate flow
fluctuations.

In high-pressure mixing, two high-pressure
(dual-piston) pumps are used, and the ratio of
solvents in the mobile phase is controlled by
the flow rate of the high-pressure pumps. The
mixing of the two solvents A and B can be
achieved either in a specially designed mixer
(typically with volume of less than 500 mL) or
in a mixing T (with virtually zero volume).
High-pressure mixing is thought to provide
a more precise control of the composition of
the mobile phase (with a typical composition
precision of less than 0.15% RSD% at 1 mL/
min flow) and does not have the problem of
formation of bubbles caused by the difference
in solubility of oxygen in the mixed solvent
compared to that in one of the components.
However, the cost of high-pressure pumps is
a disadvantage for this type of mixing. Most
modern HPLC systems with high-pressure mix-
ing have two pumps as well as the capability of
switching between two solvent pairs (A1, B1,
and A2, B2).
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Since instruments with low-pressure and
high-pressure mixing are common in laborato-
ries, when transferring an established analytical
technique from one instrument to another,
attention should be paid to the type of instru-
ment. In both types of chromatographic
systems, there is a specific volume passing the
system from the point at which the mobile phase
solvents are mixed until they reach the head of
the chromatographic column. This volume is
known as dwell volume VD. The dwell volume
is typically different in low-pressure mixing
systems (2e4 mL) and in high-pressure mixing
systems (1e3 mL). Special instruments, such
those used in microscale HPLC may have
smaller dwell volumes (less than 300 mL). For
certain applications using gradient separations
on common HPLC systems, differences can be
seen when working with one type of instrument
or with the other, although the gradient
program is the same. This is in particular caused
by the differences in the dwell volume from one
system to another.

Hybrid mixing uses a system of two recipro-
cating high-pressure pumps with proportioning
inlet (suction) valves. Low-pressure mixing
systems with four proportioning valves and
one dual-piston high-pressure pump, as well
as high-pressure mixing systems with two
high-pressure pumps (each one dual piston),
are much more common than hybrid systems.

To modify the composition of the mobile
phase in gradient HPLC, the solvents that are
blended in specified proportions should be
perfectly miscible. Particular care must be paid
to the solubility differences of certain additives
present in one solvent when another solvent is
added. For example, it is common in HPLC to
use buffer solutions. These solutions can be
easily made in water by adding mixtures of salts
and acids or salts and bases. When a water solu-
tion containing these types of additives is mixed
with an organic solvent (such as CH3OH or
CH3CN), the solubility of the additives in the
mixed organic/aqueous solution is drastically
diminished. The formation of precipitates
following the mixing must be carefully avoided
and only buffers at low concentration of salts
(typically less than 100 mmol) should be used
when organic solvents are to be added to the
aqueous buffer.

During the separation, the composition of the
mobile phase canbe kept constant for some inter-
vals of time and modified for other periods of
time. The modern instruments are commonly
controlled using a computer with a dedicated
program that assists in generating a specific
gradientusingagradient time table. Basedon the
gradient timetable, the computer controls the
pumping system that physically generates
the desiredmobile phase composition bymixing
in the correct proportion of the solvents from the
solvent supply system. The gradient starts when
the sample is injected. After the gradient ends,
the HPLC chromatograph is made ready for the
next injection. The total runtime of the chromato-
gram, startingwith themoment of injection until
the end of the chromatographic run, is some-
times referred to as total cycle time. In a gradient
separation, the dwell volume VD of the system
creates a dwell time tD. Because of the dwell
time, there is a delay between the change of
composition at the point of solvent mixing (set
in the time table) and the change in composition
at the head of chromatographic column. There-
fore, when attempting to modify the retention
time of a peak by using a “stronger” solvent,
this change should be done in the gradient time-
table ahead of the peak retention time.

The modification in concentration between
two changing points of the gradient can be
linear. For a gradient starting at time t1 with
the concentration c1 of component A and ending
at time t2 with the concentration c2, at an inter-
mediate point at time t the concentration of
component A can be obtained using the
formula:

cðtÞ ¼ c1 þ ðt� t1Þ
ðt2 � t1Þðc2 � c1Þ (1.4.1)
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In most HPLC separations the mobile phase
is changed from one content in an organic modi-
fier to another one. The change in the concentra-
tion of the organic modifier in a period of time is
indicated as gradient slope. For a linear change in
concentration, the gradient slope can be defined
by the expression:

D ¼ ðc2 � c1Þ
ðt2 � t1Þ (1.4.2)

Some HPLC pumping systems allow both
a linear change in the gradient and a nonlinear
modification of the concentration (see, e.g.,
[15]). This change can be achieved using a varia-
tion in concentration as a function of time given
by the formula:

cðtÞ ¼ c1 þ
�
t� t1
t2 � t1

�n

ðc2 � c1Þ (1.4.3)

where n is larger than 1 for curves of increase
that “hold water” and is between 0 and 1 for
the “does not hold water” type of curve. This
type of gradient variation is illustrated in
Figure 1.4.4 for t1 ¼ 0, c1 ¼ 0 and t2 ¼ 2,
c2 ¼ 100 and different n values. A different
type of nonlinear curve can be obtained using
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FIGURE 1.4.4 Non-linear gradient variation using
formula 1.4.3.
a variation in concentration with a function
given by the formula:

cðtÞ ¼ c1 þ
�
1�

�
1� t� t1

t2 � t1

�n��
c2 � c1

�
(1.4.4)

When n is larger than 1, the curve of increase
“does not hold water,” and when n is between
0 and 1, the curve of increase “holds water”.
This type of gradient variation is illustrated in
Figure 1.4.5 for t1 ¼ 0, c1 ¼ 0 and t2 ¼ 2,
c2 ¼ 100 and n values higher than 1.

Much less frequently than reciprocating
pumps, syringe pumps are sometimes used in
HPLC. Only the recent developments in UPLC
made the syringe pumps more attractive.
UPLC requires low flow rates (of the order of
0.1 mL/min) and less solvent compared to
conventional HPLC. In syringe pumps,
a cylinder is loaded with the mobile phase that
is delivered at a specified flow rate by the move-
ment of a piston. The flow from a syringe high
pressure pump can be virtually fluctuation
free as compared to that from a reciprocating
pump. The price of a syringe pump can also
be lower.
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FIGURE 1.4.5 Non-linear gradient variation using
formula 1.4.4.



1.4. OVERVIEW OF HPLC INSTRUMENTATION 27
Injectors

The role of the injector is to add in the mobile
phase a small, precisely measured volume of
a solution containing the sample. The injection
must be done reproducibly and accurately.
Reproducibility of injection is of particular
importance, and modern injectors typically
show less than 0.5% RSD% in the injected
volume. The accuracy errors in injection volume
are important mainly when comparing different
instruments since for the same instrument the
use of standards for quantitation may compen-
sate small variations from a nominal volume.
However, for a specific method it is recommen-
ded to keep the same injection volume when
injecting different samples in order to avoid
accuracy problems.

Figure 1.4.1 shows one of many possible
injection systems in which a loop of a precise
volume is filled first with the sample and then
connected to the flow circuit using a switching
valve. This system allows only the injection of
a fixed volume of sample, equal with the loop
volume. However, the volume of sample solu-
tion to be injected in different analyses may
need to be varied. For example, for a very
diluted sample, or for detection that is not
very sensitive, a larger volume of sample may
be necessary in order to assure a good measure-
ment. Samples that generate a high detector
signal need to be injected at lower volumes.
Conventional HPLC systems have injectors
capable to inject between 1 mL up to 100 mL
sample solution (or even up to 1000 mL in special
systems), typical volumes being between 2 mL
and 20 mL. Injection of different sample volumes
can be achieved using a larger loop (e.g. of
100 mL) that is only partially filled with sample
(partial loop injection). The loop is typically
filled initially with the mobile phase, and then
the sample is introduced in the loop, occupying
only a small portion of its volume. The placing
of the loop in the mobile phase main circuit is
then done in a similar manner as for fixed
volume loops. The sample volume is typically
controlled using a computer. For UPLC, the
injection volumes can be between 20 and
500 nL, which is significantly smaller than for
common analytical HPLC; for semipreparative
or preparative HPLC, the volumes can be
much larger. These systems may need specially
designed injectors.

The sample is ideally introduced in the
mobile phase flow as a zone (plug) with the con-
centration of the sample following a perfectly
rectangular profile. The force pushing the fluid
through the tube is given by the cross-sectional
area of the tube multiplied by the pressure drop
Dp, or prt

2 Dp (where rt is the tube radius). In
a laminar flow, the layer adjacent to the wall is
held virtually stationary by adhesion, and the
inner fluid layers slide over the ones closer to
the wall creating a shear force. This force is
given by the formula:

Fh¼ h A du=dr (1.4.5)

where h is the liquid viscosity, u is the fluid
linear velocity, dr is the infinitesimal distance
between the layers, and A is the area of contact
between the layers of the fluid [16]. Since the
two forces are equal in a steady flow, at
a distance r from the center of the tube, and
taking A ¼ 2 p r L (L is the length of contact
between layers), the following relation should
be satisfied:

pr2 Dp ¼ �2 p r L h du=dr or du ¼ �Dp

2Lh
rdr

(1.4.6)

By integration, rel. 1.4.6 gives the fluid
velocity at any point at distance r from the
tube center:

uðrÞ ¼ Dp

4Lh
ðr2t � r2Þ (1.4.7)

Relation 1.4.7 shows that due to the friction
with the tubing walls of a viscous fluid,
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downstream of injector (in a laminar flow), the
shape of the sample plug is changing and gener-
ates a parabolic profile. This process, as well as
the diffusion and other convection effects,
contribute to deviations of the chromatographic
peak from the ideal Gaussian shape, intro-
ducing tailing and asymmetry.

Two important parameters must be selected
by the operator regarding injection: (1) the
nature of the solvent for the sample, and (2)
the injection volume. Besides the obvious
requirement that the solvent for the sample
should dissolve the sample completely, this
solvent must also be soluble in the mobile
phase. The injection volume is selected depend-
ing on a number of factors, including the type of
instrumentation (HPLC, UPLC, detector type,
etc.), the sensitivity of the detector, the loading
capacity of the column (maximum amount of
sample that still allows separation), and the
effect of sample solvent on peak shape. Both
too small volumes and too large volumes of
injection pose a number of problems. Too small
volumes may lead to problems with injection
reproducibility, sensitivity of the detector, or
sample loss in the chromatographic column,
but they offer better peak shape, sometimes
resulting in better separation. Too large volumes
may affect the peak shape (broadened, with flat
top, asymmetrical) that affects separation.
A large volume of sample does not necessarily
mean a large amount of analyte (e.g., when the
sample is very diluted), but when the large
volume is also associated with too much ana-
lyte, this can be associated with an overload of
the column (problems with the separation) and
of the detector (leading to a nonlinear response).
(Further discussion on injection volume will be
presented in connection with the nature of
sample solvent in Section 9.2.)

Injector systems with automation capability
are common. From a large number of samples
in different vials (or well plates), these auto-
matic systems (computer-controlled autosam-
plers) have the capability to select the desired
sample vial from a tray, and to repeat the injec-
tion at a specified time or upon receiving an
electrical signal from the computer. In autosam-
plers, since several samples are injected one
after the other, it is possible to see carryover
effects. Carryover effects represent the contami-
nation of a sample with small amounts of
components from the previous sample that
remained in the autosampler after an injection.
This problem is typically solved using a needle
wash. Some autoinjectors have the capability
of mixing the sample with specific reagents
from different vials, in the event derivatization
is necessary before the separation and detection
of analytes. Also, cooling and heating capability
is frequently present in modern autoinjectors.

The injection operation is usually unselective.
However, special online sample preparation
methods require more special injection tech-
niques. In case of a multidimensional HPLC,
for example, a fraction from eluted sample
from a first column can be transferred by an
interface to become an injected sample to
a second column. Injection devices normally
do not affect retention parameters unless opera-
tion problems occur (see, e.g., [17e19]). Also, in
most HPLC applications, there is one injection
for each chromatographic run. However,
multiple injections in a single run (MISER) are
possible for specific analyses, such that a larger
number of samples can be analyzed within
a specific interval of time and with a lower
solvent usage [20].
Tubing and Connectors

The tubing used after the high-pressure
pumps must be inert and amust also be able
to withstand the high pressure generated by
the pumps. Typical materials for the tubing
are stainless steel (316 stainless steel) and poly-
etheretherketone (PEEK). Stainless steel is inert
in most solvents, while PEEK may become very
stiff after using solvents such as tetrahydro-
furan or dimethylsulfoxide. Also, stainless steel



FIGURE 1.4.6 Tubing connection to a port, correct fitting, and incorrect fitting with a void space.
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tubing can be used even at very high pressure,
while some restrictions to pressure are applied
to the PEEK tubing (as a function of internal
diameter). However, for IC chromatography,
PEEK is the material of choice for tubes
and connectors. Tubes of several internal diam-
eters (i.d.) are available, such as 0.12 mm i.d.
(0.005 in.), 0.17 mm i.d. (0.007 in.), 0.25 mm
i.d. (0.010 in.), 0.50 mm i.d (0.020 in.), and so
on (for both stainless steel tubing and PEEK
tubing a color code is available to designate
the i.d.). The choice of the tubing after the
injector starts to play a role in the shape of the
sample plug. Tubing with 0.12 mm i.d. (0.005
in) is in general recommended to connect the
injector with the chromatographic column.
This tubing has a volume of about 0.13 mL/
cm such that a sample of 5 mL will spread
over about 38 cm, diminishing the effects of
sample plug shape modifications. Another
factor contributing to dilution and modifica-
tions in sample plug shape are the “void
spaces” in fittings that connect the injector
and the chromatographic column. Loss of reso-
lution by peak broadening due to large void
spaces and to turbulent flow either along the
tubing or in fittings must be avoided. The
fittings typically use a nut that connects to
a port, and a ferule secures the end of the
tubing in the fitting port. Common connector
parts, correct fitting, and incorrect fitting of
tubing with formation of a void volume are
shown in Figure 1.4.6.
Chromatographic Columns

The chromatographic column is designed for
performing the separation in HPLC. Its role and
properties are related to various subjects dis-
cussed in this book; the present section gives
only a simplified overview of the subject (see
Chapter 6). The column typically consists of
a tube made from metal (stainless steel) or
plastic (e.g., polyetheretherketone, PEEK) that
is filled with a stationary phase. At the two
ends inside the column are special frits that
keep the stationary phase from moving, and
outside are fittings that allow the connection
with high-pressure tubing. The physical dimen-
sions of common analytical chromatographic
columns vary, and values for length (internal)
L can be between 30 mm and 250 mm (the
common length being 50, 100, 150, or 250 mm),
and internal diameters d can be between 1 mm
and 10 mm (the common diameters being 2.1,
3.0, or 4.6 mm). Other dimensions are possible,
particularly when the column is designed for
special tasks. The newer columns tend to be
shorter and narrower, as the solid particles
that form the stationary phase are made smaller.
Special cartridges (microfluidic chips) are also
available as containers for the stationary phase.
Based on the internal diameter of the analytical
column, they are sometimes classified in the
literature as (1) standard (3.0e4.6 mm i.d.), (2)
minibore (2.0e3.0 mm i.d.), (3) microbore
(0.5e2.0 mm i.d.), (4) capillary (0.2e0.5 mm
i.d.), and (5) nanoscale (0.05e0.2 mm i.d.).
Larger columns are used for semipreparative
and preparative purposes. The empty volume
of the column can be easily calculated as V ¼
(p/4) d 2 L (volume of a cylinder), and for
analytical columns V ranges between 0.02 mL
and 20 mL.

The nature of the stationary phase is selected
based on the type of chromatography utilized
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for the separation (normal phase, reversed
phase, ion exchange, size exclusion, etc.).
A large assortment of types of stationary phases
(column packings) are available. The stationary
phase usually consists of small, solid particles
with special properties. Besides small particles,
porous polymeric materials and monolithic
materials can be used as the stationary phase.
When the stationary phase is made from small
particles, the particles should have specific
physical and chemical characteristics to serve
as a stationary phase. The surface area of parti-
cles is one of the most important physical char-
acteristics, being directly related to the retention
in the column of the compounds to be sepa-
rated. The effect on separation of the particle
size is also important. Particle size influences
in particular the eddy diffusion, which appears
when local small streams of liquid follow
different channels in the column. The effect is
common within porous particles. This generates
a broadening of the chromatographic bands
(discussed in Section 2.2), which is not a desired
feature.When the stationary phase is made from
small porous particles, these particles are
frequently obtained from an inert substrate
material (such as silica) that is covered with
the active phase. The particles can be of three
main types: porous, superficially porous (core-
shell), and pellicular. Porous particles are still
the most common type of stationary phase
used in HPLC. They are made from particles
that are usually of 3e5 mm diameter, with
a specific porous structure (e.g. of silica) and
with the surface of this structure covered with
an active constituent. This constituent can be
physically or chemically bonded on the solid
inert support, the bonded phases being the
most common type. Since reverse-phase (RP-
HPLC) is the most utilized technique, the largest
variety of columns is of RP type. These columns
have a hydrophobic active phase, for example,
with octadecyl groups (C18), or with octyl
groups (C8) bonded on silica. For other types
of chromatography, the stationary phase may
be made in various forms. For example, ion-
exchange HPLC can use particles from
a substrate inert material that are covered with
the active phase but also various types of ion-
exchange polymers. Size-exclusion chromatog-
raphy typically uses perfusion particles made
from silica or special types of polymers. These
particles contain very large pores (400e800
nm) connected with a network of smaller pores
(30e100 nm). The structural rigidity of these
particles is not as good as that of common
porous particles made from silica, and restric-
tions to the maximum pressure that can be
used with the columns made with these parti-
cles are typically indicated by manufacturer.
At higher pressures than recommended, the
stationary phase may “collapse” and the
column can be damaged.

The chemical properties of the particles form-
ing the stationary phase include (1) the chemical
nature of the active surface, (2) chemical
stability, (3) surface reactivity, and (4) density
and distribution of surface reactive centers.
The nature of stationary phases used in various
analyses is fully discussed further in this book
(see Chapter 6). In some systems, more than
one chromatographic column is necessary for
achieving the desired separation. In size exclu-
sion chromatography, for example, two to four
columns may be connected in series. In other
types of separation, the use of more than one
column is less common. The nature of the
columns used in series may be the same or
may be different. More than one column is
also used in multidimensional HPLC, where
a portion of the initial separation is further
submitted for a second separation in a different
column.

Some chromatographic columns require
a specific temperature for performing a good
separation, and for this purpose special column
ovens are used. Common column ovens have
the capability to control the column temperature
in a range from about 10 oC below ambient
to 80e100 oC. Higher temperatures can be
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achieved with special ovens used in high-
temperature HPLC. In addition to heating the
column, the ovens typically are able to heat the
solvent entering the column, since peak shape
distortions may be noticed when the column
and the entering solvent have different
temperatures.

In order to protect the stationary phase from
the analytical HPLC column, it is common to
use small pore frits (e.g., with 0.45 mm pores)
as well as guard columns (cartridges) in the
path of the mobile phase before the column.
The frits have the capability of mechanical filtra-
tion of the mobile phase. For column protection,
more important than frits are the guard
columns. The guard (cartridge) columns are
selected to match the stationary phase of the
analytical column (the same active material),
but their length is much shorter (e.g., a few
mm), and in some cases their stationary phase
has larger particle size. In the analyzed samples,
there are sometimes components that are very
strongly retained by a specific stationary phase.
These components do not elute and tend to
accumulate at the head of the column, deterio-
rating its performance in time. The use of
a guard column allows selective retention of
these components without affecting the effi-
ciency of the column, retention time, backpres-
sure, or the level of analytes. Guard columns
are changed from time to time, while the analyt-
ical columns have longer service life (see
Section 6.3).
Setups for Multidimensional Separations

Some separations are performed in “bidi-
mensional” mode. For such separations, switch-
ing devices are used to divert, for a specific time
interval, the eluent from the first column into
the second column. The volume of diverted
eluent from the first column containing the
unseparated analytes of interest is indicated as
a “heart-cut.” The mobile phase from the first
column can be the same in the second column,
or they can be different and can be generated
using the second pump. The schematic diagram
of a heart-cut system working in three stages is
shown in Figure 1.4.7. In stage “A” the flow
from Pump 1 (isocratic or gradient) containing
the sample goes into column 1 and into the
detector. At a certain desired time the heart-cut
is taken by switching to stage “B” where the
flow from Pump 1 goes into column 1, then
into column 2, and then into the detector. After
the heart-cut is taken, the system is switched
to stage “C” where the flow from Pump 2
(isocratic or gradient) goes into column 2 and
then into the detector.

More complicated setups for achieving
multidimensional separations are reported in
the literature [21]. For example, the collection
of the heart-cut can be done in a loop, after
the solution passes the detector. After the
collection of the heart-cut, this is submitted
into the second column and into the detector,
such that the detector will respond to both
unseparated and separated compounds in the
heart-cut. The choice of columns for multidi-
mensional separation is typically done so that
they have very different selectivity. The HPLC
separations performed on different types of
column and using different solvents that lead
to a different separation are referred to as
orthogonal.

Other Devices that are Part of the HPLC
System

The multiple use of HPLC has promoted
a variety of instrumental setups and develop-
ments. For example, the capability of column
switching (sometimes part of the column oven)
is a relatively common feature of HPLC instru-
mentation. The switching valves can be used
only for selecting one of several columns by
changing the flow to the desired one. Another
common use of column switching is that of
sample enrichment and cleanup. In this use,
the flow with the sample is sent to a column
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where the analytes are strongly retained for the
specific solvent composition. The flow to this
column may carry a large volume of a diluted
sample. While the analytes are accumulated
(usually at the head of the column), the flow
from this column is typically sent to waste.
After enough analytes are accumulated, the
flow in the column is reversed (with a switching
valve), and the solvent is changed such that the
From pump 1
and injector

Waste

From pump 2
Enrichment

To
detector

Analytical column

Enrichment column

FIGURE 1.4.8 HPLC setup with two columns allowing enr
analytes are eluted from the head of the first
column and sent to a different column where
the separation takes place. The flow from this
second (analytical) column goes to the detec-
tors. This setup is schematically shown in
Figure 1.4.8.

Also, a specific sample derivatization may
be selected for the increase in detection capa-
bility. When this derivatization must be done
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To 
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ichment of diluted samples.
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after the separation of the analytes, “post-
column derivatization” techniques are utilized.
In this type of technique, reagents are added
to the flow emerging from the analytical
column. These reagents need thorough mixing
with the analytes’ flow, which can be achieved
in a mixing T. In some instances, where the
reaction with the derivatization reagent is not
instantaneous or may need heating, “reactors”
or mixing/reacting coils are added in the flow
circuit after the analytical column. The reacting
coils are sometimes heated or UV irradiated.
The volume as well as the delay time in the
coil must be adjusted depending on reaction
requirements.

Another device sometimes used in HPLC is
a flow splitter. This device is necessary when
the flow from a conventional HPLC pump is
too high to be used with either a capillary LC
column or a specific detector (such as a mass
spectrometer). A flow setting below a specific
limit at a conventional HPLC pump may lead
to undesirable fluctuations or to a difficult to
control gradient program. The flow splitter
allows the selection of a desired fraction from
the total flow from the pump by using a waste
outlet with controllable backpressure.
General Comments on Detectors

In HPLC, the mobile phase passes through
a detector capable of performing measure-
ments. The detection is based on the fact that
the molecules of the sample have physicochem-
ical properties different from those of the
mobile phase. The measured properties are
determined by the nature of the compound to
be analyzed and that of the mobile phase. The
choice of a specific property for detection
depends on factors such as the extent of differ-
ence in a property from that of the mobile
phase, sensitivity of the detector to
the specific property, and availability of the
detector. The selection of a specific detector is
also correlated with the separation conditions
used for the analysis. Some detectors have
specific requirements for the nature of mobile
phase, selection of isocratic or gradient separa-
tion, selection of a specific temperature for the
column and mobile phase, and other.

The detection of the molecular species eluted
from the chromatographic column can be done
using a variety of principles and techniques.
Among these detection techniques are (1) UV-
Vis absorption, (2) fluorescence, (3) refractive
index (RI), (4) chemiluminescence, (5) various
types of electrochemical detection, (6) mass
spectrometry (MS), (7) evaporative light-
scattering (ELS), and (8) other detection tech-
niques. The qualities of the detectors should
include (1) sensitivity, (2) reproducibility of the
response, (3) linearity in a wide range of concen-
trations of sample, (4) capability for detection in
a small volume of sample (5) capability of not
contributing to peak broadening, and (6)
stability to changes in flow and environmental
parameters. Some detectors are designed to
respond to all analytes (such as the RI detector)
and are indicated as “universal” detectors.
Other detectors can be compound type selective
or even specific compound selective, or they can
have settings that make them compound selec-
tive. Some detectors can generate only quantita-
tive information, while others offer both
qualitative and quantitative information, such
as the MS detectors.

Modern HPLC systems commonly have more
than one detector available. For example, UV-
Vis and fluorescence detectors are frequently
coupled in series, although they are not neces-
sarily used simultaneously. Since the flow
through a detector may pose some backpressure,
when using detectors coupled in series, it should
be verified that the flow-cell of the detector
upstream can handle the backpressure gener-
ated by the second detector. For the detector
downstream it should be verified that undesir-
able peak broadening does not occur because
of the upstream detector. The coupling of detec-
tors in parallel is also possible, but care must be
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taken to ensure that appropriate flow goes
through all the detectors. Since different detec-
tors may pose different backpressures to the
flow, the risk exists that most (or even all) of
the flow goes to a single detector.

Detector sensitivity is a very important factor
in HPLC analysis. This sensitivity depends
on several factors such as analyte properties,
sample matrix, mobile phase properties,
detector settings, and detector manufacturer.
Therefore, it is difficult to present a specific
discussion on detector sensitivity. For these
reasons, in analytical methods using HPLC,
parameters such as limit of detection (LOD)
and limit of quantitation (LOQ) are reported.
They characterize globally the sensitivity of the
method, and they consider a number of factors,
including detector sensitivity [22].

The detector response (output) is typically
dependent on the instantaneous concentration
of the detected species, and for this reason
quantitation is based on the area of the
chromatographic peak. The output appears as
an electrical signal recorded in the formof a chro-
matogram. In addition to the signal, all detectors
are affected by the “noise,” which is the random
oscillation of the detector (electric) output.
Figure 1.4.9 shows themeasurement of the noise,
which is done on a flat area of the chromatogram
(baseline) close to the place of a peak, and the
measurement of the signal from the middle of
baseline noise to the top of the peak.

A signal is typically considered usable for
detection when the value of the signal S is at
least three times larger than the value for the
noise N (S/N > 3). In Figure 1.4.9, the signal
for the peak B is usable for detection, while
that for peak A is not. Other disturbances in
the detector signal may include long-term noise
and the drift. The long-term noise appears as
a fluctuation of the signal with a wider
frequency. The drift is a continuous variation
(increase or decrease) of the signal for a period
of time comparable with the length of the chro-
matogram. Drift may be caused not by the
detector itself, but by changes, for example, in
the composition of the mobile phase during
gradient elution.
Spectrophotometric Detectors

Spectrophotometric HPLC detectors are basi-
cally UV-Vis spectrophotometers equipped with
a flowthrough cell. In these instruments, a beam
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of monochromatic light (more correctly a beam
of light with a narrow wavelength range) is
sent through the eluent flowing through a cell
of small volume (e.g., 1 mL for a micro cell,
5 mL for a semi-micro, and 14 mL for a standard
cell, with path length of 5 mm to 10mmdepend-
ing on the cell, some cells having a conical
shape). The monochromatic beam is split (using
a beam splitter), one part going through the cell
with the sample and to the detector, and the
other to a reference detector. The baseline is
obtained from the reading for the eluate when
no solute is emerging from the column.

Two related quantities, transmittance T and
absorbance A, are measurable for the light
passing through the solution. Transmittance is
defined as follows:

T ¼ I1=I0 (1.4.8)

In rel. 1.4.8, Io is the intensity of the radiant
energy incoming to the sample and I1 is the
intensity of the emerging light (T can also be
expressed as percent). As expected, T is a func-
tion of the wavelength l (or of frequency n ¼
clight / l, where clight is the speed of light) of
the radiation that is absorbed. Absorbance is
defined by the logarithm in base 10 of the
inverse of transmittance as follows:

A ¼ log ð1=TÞ ¼ log ðI0=I1Þ (1.4.9)

Absorbance is related to the molar concentra-
tion [X] of the absorbing species X by the
Lambert-Beer law:

(1.4.10)

where εl is the molar absorption (absorbance)

coefficient at the specific wavelength l and is
the path length of the light through the sample.
For quantitation purposes, the absorbance is
commonly used because it is proportional with
the concentration. The quantitation can be done
using calibration curves or standard addition
method [1]. The absorbance of the liquid eluting
from the separation system is typically measured
at specific (small) time intervals (not continu-
ously), generating points that form the chromato-
gram. The peaks in the chromatogram indicate an
increase in the absorbanceAl when an absorbing
species elutes from the chromatographic column.
For variable-wavelength detectors, the wave-
length canbe selected (by rotatingagrating inside
the spectrophotometer) and is usually set where
a strong absorption of light by the analyte occurs
(possibly at the maximum). This type of detector
is oneof themost commonlyused inHPLC.Older
detectors were made to measure the absorbance
at a fixedwavelength such as 254 nm. This wave-
length corresponds to the maximum emission
(253.7 nm) of a mercury lamp that has been
used as a UV source in simpler spectrophotome-
ters. The area under the chromatographic peak
of the analyte is proportional to the analyte
amount injected into the column and it is used
for quantitationwith the help of a (linear) calibra-
tion curve, or a response factor betweenpeak area
and the analyte concentration. The peak height
can also be used for quantitation, assuming equal
peak widths for all concentrations. Some UV-Vis
detectors have the capability to capture the absor-
bance for a whole spectrum range (UV-Vis diode
arraydetectors orDAD). If the entireUV-Vis spec-
trum ismeasured indifferentpoints across a chro-
matographic peak, this can beused for evaluating
peakpurity and can also be a guide for qualitative
identification of the analyte, although UV-Vis
spectra are very seldom sufficient for compound
identification. The UV region of spectrum starts
at about 190 nm, andmodernUV-Vis instruments
have a typical working range between 190 nm
and600nm.However, the common rangeofprac-
tical utility in UV spectrophotometric measure-
ments starts at about 205 nm or higher. At lower
values than this wavelength, a strong light
absorption usually takes place because the
solvents used as themobile phase start absorbing.
The wavelength cutoff of various solvents can be
found in tables (see for example, [23]).Depending
on the nature of the analyzed material, the detec-
tion limit of the UV-Vis detection in HPLC can be
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0.1e1.0 ng, with a linear range of five orders of
magnitude. With an appropriate solvent that
does not absorb in the range of UV-Vis measure-
ment, the use of elution gradient can be applied
for separation.

Fluorescence and Chemiluminescence
Detectors

Fluorescence (FL) is the process of emission
of light by a molecule after absorbing an initial
radiation (excitation light). A molecule M goes
from a lower energetic state (commonly ground
state) to an excited state M) by absorbing
energy. The emission process may take place
by the molecule bouncing back to the initial
state without the change in the wavelength of
the absorbed light. In this case, the process is
difficult to use for analytical applications.
However, it is possible that part of the energy
of the excited molecule M) is lost by nonradia-
tive processes such as collisions with other
molecules. In this case, the electron may go to
another excited electronic state with lower
energy and then, emitting a photon, reach the
ground state. It is also possible that no interme-
diate electronic state is present, but the molecule
acquires a lower vibrational energetic level and
jumps to the ground state by emitting a photon
of lower energy than the absorbed one. In both
cases, the fluorescence radiation has a lower
frequency than the excitation radiation. These
two processes are pictured in Figures 1.4.10a
and 1.4.10b.

Fluorescence by emission of radiation at
higher frequency than the absorbed one is also
possible (anti-Stokes radiation), but it is
uncommon. The average lifetime of an excited
state of a molecule M) undisturbed by collisions
is about 10�8 s, and fluorescence can take place
within this length of time. For some special
compounds, the molecules can remain for
a longer time in a metastable excited state. In
this case fluorescence can be observed long after
the initial radiation is interrupted. This type of
fluorescence is commonly called phosphores-
cence. Fluorescence is less frequently observed
than expected because it is very common that
only nonradiative loss of energy takes place.
The theory of fluorescence emission shows that
the intensity of fluorescence Fint at the emission
wavelength l2 can be expressed as a function of
the intensity Io of the excitation radiant energy
with wavelength l1 incoming into the sample,
by the expression:

(1.4.11)

In rel. 1.4.11, F is the (quantum) fluorescence

yield of the process, the other parameters being
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the same as defined for UV-Vis. For low concen-
trations, , and
the intensity of fluorescence Fint l2 is related to
the concentration [X] by the approximation
relation:

(1.4.12)

In reality, only a part of emitted fluorescence

is measured in the analytical instrument, and
the intensity of this measured fluorescence F’int
l2 is given by the expression:

F0int l2 ¼ a Io½X� (1.4.13)

where a is a constant coefficient that incorpo-
rates all the constants, including the losses due
to partial fluorescence measurement. Measure-
ment of fluorescence intensity (usually at the
maximum of the emission band) is the base of
quantitation of the fluorescent species. In prac-
tice, the fluorescence intensity is measured
using sensitive fluorescence light detectors
(FLD) that generate an electrical signal of inten-
sity depending on a calibration constant for the
instrument. The output is given in luminescence
(or light) units (LU) that are arbitrary units
proportional with the fluorescence intensity,
but specific for the measuring instrument [24].

Similar to UV-Vis detection in HPLC, the
fluorescence is measured in a flowthrough cell
that is connected to the flow of the eluent
incoming from the chromatographic column.
Modern fluorescence detectors may have the
capability of recording a tridimensional emis-
sion spectrum of the analyte by stopping the
mobile phase flow at a chosen retention time
(selected for the analyte) and performing
a scan of the entire UV range used for excitation
and for the entire emission band. In this way,
the tridimensional fluorescence spectrum is
displayed as a dependence of fluorescence
intensity on emission wavelength and excitation
wavelength. It is common in modern fluores-
cence HPLC detectors that the excitation beam
is generated by a high power lamp that flashes
at a specific number of times per second (e.g.,
296 times in an Agilent 1200 Ser. detector),
such that the signal is modulated in time.
Also, the systems typically have a reference
detector that measures the excitation light and
corrects the flash lamp fluctuations. The detec-
tion in fluorescence methods encounters several
difficulties because of nonlinearity of fluores-
cence due to self-absorption effects, difficulty
in discriminating between overlapping broad
spectra of interfering molecules, quenching
produced by oxygen dissolved with the solvent,
and so on. Because the intensity of fluorescence
increases linearly with the intensity of the initial
radiation, laser-induced fluorescence (LIF)
detection is a successful technique applied in
HPLC. For HPLC, lasers are a convenient excita-
tion source because they have intense light
focused onto a small volume, they are highly
monochromatic, and the associated Raman light
has a well-defined wavelength that can be
avoided with the monochromator used for
observing fluorescence. However, laser-induced
fluorescence is still affected by background
interference commonly arising from the Raman
effect in the blank (molecular scattering) or from
the low level of solid impurities in the solvent
producing Rayleigh light scattering. Use of fluo-
rescence detection (FLD) in HPLC is common.
Detectors with constant excitation wavelength
and variable absorption or with variable wave-
length excitation and absorption are commer-
cially available. Depending on the nature of
the analyzed material, the detection limit using
FLD can be as sensitive as 10�2 e 10�3 ng/mL,
with a linear range of four orders of magnitude.
When appropriately selected, the use of elution
gradient can be applied for separation without
interfering with the fluorescence. Different
factors related to the mobile phase influence
fluorescence such as pH, solvent nature,
temperature (as much as 2%), presence of impu-
rities, as well as the flow rate.

Chemiluminescence (CL), another technique
used for HPLC detection, is the emission of light
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as a result of a chemical reaction. Certain
compounds achieve excited energy states in
specific chemical reactions and emit light
following a transition to ground state. The
wavelength of the light emitted by a molecule
in chemiluminescence is the same as in its fluo-
rescence, the energy levels of the molecules
being the same. The difference comes from
a different excitation process. If the energy of
the chemical reaction is lower than that
required for attaining the excited state, the
chemiluminescence does not occur. Also, the
deactivation of the excited molecule by nonra-
diative processes such as collisions with other
molecules takes place for chemiluminescence
similarly to fluorescence. The chemilumines-
cence intensity follows the same law as fluores-
cence, with the difference that quantum yield F
from fluorescence must be replaced with
a different quantum yield FCL, which is defined
as the proportion of analyte molecules that emit
a photon during chemiluminescence. The FCL

increases with the efficiency of the chemical
reaction producing the excitation (such as the
oxidation process). Higher energies required
by molecules to achieve the excited state
diminish FCL. In analytical uses of chemilumi-
nescence, one more factor that must be taken
into account is the time frame of the light emis-
sion. Certain chemiluminescent systems,
though having very good FCL, may emit the
light for a period of 40e50 min. Much shorter
times can be achieved using a catalyst. Because
no excitation light is needed in chemilumines-
cence, the interfering light from Raman effect
or light scattering by trace particles is nonexis-
tent. In addition, the development of detectors
virtually able to detect single photons makes
the technique highly sensitive. Concentrations
as low as a few hundred amol/mL of material
were detected using chemiluminescence for
certain analytes [25]. However, the luminescent
molecules are not very common, and usually
they are obtained by post-column derivatization
with proper reagents.
Refractive Index Detectors

Refractive index detection (RI or RID) is
another common technique in HPLC. Due to
the modification of the refractive index of
a solution as a function of the concentration
of the solute, RI can be used for the quantita-
tion of a variety of analytes. A schematic
diagram of a RI detector is shown in
Figure 1.4.11. This detector is based on the
deviation of the direction of a light beam
when passing under an angle from one
medium to a medium with a different refrac-
tive index. This deviation depends on the
difference in the refractive index between
the two media. The change in the location of
the beam on the (photoelectric) detector is
made to generate a difference in the detector
output. This output is electronically modified
to provide a signal proportional to the concen-
tration of the solute in the sample cell. The
refractive index depends on the wavelength
of the incident beam, and the most accurate
RI measurements are done with monochro-
matic light (usually 589 nm, the sodium D
line). With optical corrections, white light can
still be used for the measurements.
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This type of detection can be applied without
the need for chromophore groups, fluorescence
bearing groups, or other specific properties in
the molecule of the analyte. In many cases the
sensitivity of RI detection is not, however, as
good as that of other types of detection. Also,
it is not possible to use elution with gradient
for the mobile phase, since this is associated
with large variations in the refractive index of
the mobile phase. The refractive index is sensi-
tive to temperature changes, and a constant
temperature must be maintained during
measurements. The response of the detector is
given in arbitrary RI units, depending on the
detector settings, but proportional with the
concentration of the analyte.
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FIGURE 1.4.12b. Schematics of a three-electrode flow-
cell.
Electrochemical Detectors

Various types of electrochemical analytical
techniques can be adapted for HPLC detection.
Among these are amperometric, coulometric,
potentiometric, and conductometric techniques.
The techniques more commonly applied in
HPLC are the conductometric, amperometric,
and, to a lesser extent, coulometric procedures
[26]. These techniques can have very high sensi-
tivity, and the price of the detectors is relatively
low. In ion chromatography, conductometric
measurements are the most common. In amper-
ometric techniques, the current intensity is
measured in an electrochemical cell when
a specificpotentialE is appliedbetween two elec-
trodes.Usually, only the reaction at one electrode
is of interest, and a cell can be composed of
a working electrode coupled with a nonpolariz-
able electrode (one that does not modify its
potential upon passing of a current). This is
known as the reference electrode, and examples
are the saturated calomel electrode (SCE) and
Ag/AgCl electrode. More frequently, a three-
electrode cell arrangement is used. In this
arrangement, the current is passed between
a working electrode (made, for example, from
glassy carbon) and an auxiliary electrode, while
the potential of the working electrode is
measured relative to a separate reference elec-
trode. The two types of cells are shown in Figures
1.4.12a and 1.4.12b.

Any overall cell reaction comprises two inde-
pendent half-reactions, and the cell potential
can be broken into two individual half-cell
potentials. The half-reaction of interest that
takes place at the working electrode surface
can be either an oxidation or a reduction. A
simple reduction reaction is written as follows:

Oxþ n e� % Red

The electrode potential E for this half-reaction
is reported to the potential of a reference stan-
dard hydrogen electrode (NHE), which is taken
as zero. For a diffusion controlled process
(static), a reversible reduction reaction with
both Ox and Red species soluble and only with
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the oxidant initially present in the solution, the
variation of the current intensity i as a function
of the working electrode potential E follows an
equation of the form:

E ¼ E1=2 þ
RT

nF
ln

ilim � i

i
(1.4.14)

In rel. 1.4.14, E1/2 is a potential dependent on
the nature of the oxidant and reduced molecules
and is indicated as half-wave potential, R is the
gas constant (R ¼ 8.31451 J deg�1 mol�1 ¼ 1.987
cal deg�1 mol�1), T is temperature (in K deg.), n
is the number of electrons involved in the electro-
chemical reaction, F is the Faraday constant
(9.6485309 104 C mol�1; C ¼ coulomb), and i lim
is the limiting current intensity, which is a value
determined by the largest rate of mass transfer
to the electrode for the Ox species. The graph of
expression 1.4.14 for a hypothetical reduction
with E1/2 ¼ 0.5 V is shown in Figure 1.4.13.

For the case of the electrochemically active
species flowing over the surface of an electrode,
which is the case of electrochemical detection in
HPLC, the current-potential dependence is deter-
mined by a convective diffusion process (not only
by diffusion). This makes the limiting current
intensity for a Nernstian process dependent on
the mobile phase flow rate and on channel and
electrode geometry. For a rectangular channel
FIGURE 1.4.13 The current-potential curve of a Nerns-
tian reaction involving two soluble species and only with
the oxidant present initially. In this example, E1/2 ¼ �0.5 V.
flow electrode in steady-state laminar flow with
the working electrode at one wall, the limiting
current intensity is given by the relation:

ilim ¼ 1:467 n F c� ðA D b�1Þ2=3U1=3 (1.4.15)

where c) is the bulk concentration of the analyte,
A is the electrode area, D is the diffusion coeffi-
cient of the analyte, b is the channel height, and
U is the volumetric flow rate [27e29]. For
different channel and electrode shapes, the
expression for the current intensity is different
[30, 31]. In amperometric detection, the current
passing through the cell is measured at a fixed
potentialE, commonly chosen higher in absolute
value than E1/2 specific for the analyte. In these
conditions, the desired electrochemical process
takes place, but also all other species present in
solution and having E1/2 lower (in absolute
value) than the chosen E value can become elec-
trochemically active species. This may include
even the solvent if the working potential E is
very high. For eliminating this type of interfer-
ence, compounds with low electrochemical
potentials (in absolute value) are preferred for
electrochemical detection. In HPLC, ampero-
metric detection is frequently used for oxidation
reactions. The quantitation can be done by cali-
bration of the measured current i lim versus
different concentrations of analyte while main-
taining strictly controlled flow conditions. Also,
insteadofaconstantoxidationpotential, apulsed
amperometric detection (PAD) can be used,
alternating the oxidation analytical potential
with a reducing pulse used for cleaning the elec-
trode (depositions on the electrode may modify
the nature of its surface and therefore the cell
potential). The application of different working
potentials is done at specific time intervals, and
the measurement is made only when the active
species are oxidized.

In coulometric detection, the amount of elec-
tricity (in coulombs) is measured during
the electrochemical process. Potentiometric
measurement can be applied, for example, in the
case of ion concentration gradients across
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a semipermeable membrane. In this case the
measured potential E is given by an expression
of the form:

E ¼ Const:� RT

nF
lnðcXÞ (1.4.16)

The concentration cX can be obtained by
measuring the potential E (following expression
1.4.16) and using previously generated calibra-
tion curves.

The conductivity detectors are used for the
measurement of concentrations of electrolytes
in aqueous solutions. The molar concentration
can be obtained based on the formula:

c ¼ Ccell
1

Lm

1

R
(1.4.17)

where Ccell is a constant depending of the
measuring cell, R is the electrical resistance
measured with the instrument from Ohm’s
law R¼ I/V, and Lm is the equivalent conduc-
tivity for the ionic species. Although Lm can be
approximated for practical purposes as
constant, it varies with the concentration
following Kohlrausch’s law Lm ¼ L0

m � A
ffiffi
c

p
,

where A is a constant and L0
m is the limiting

molar conductivity specific for each ion and
temperature dependent. Values for limiting
molar conductivities can be found tabulated.

In ion chromatography, the mobile phase
frequently contains acids, bases, or salts (such
as carbonates) that may interfere with the elec-
trochemical detection. Bases such as KOH or
acids such asmethanesulfonic acid can be gener-
ated electrochemically (see Section 7.9). Eluent
suppressors for ion chromatography are
frequently necessary, in particular when the
detection procedure is based on conductivity
measurements. For this reason, before reaching
thedetector in IC, it is common touse a suppressor,
which can reduce the conductivity caused by the
eluent components by virtually eliminating the
ions belonging to the mobile phase, and
increasing the conductivity due to the analytes.
Two general types of suppressors are commonly
used for IC, one being based on the addition in
the flow of an ion-exchange cartridge (e.g.,
commercially available fromMetrohm or Altech
Co.) that eliminates the conductive ions of the
mobile phase, and the other is based on semiper-
meablemembranes. Special devices are commer-
cially available that use a pair of ion-exchange
cartridges used alternatively in the eluent flow.
One cartridge is used for suppressing the eluent
ions while the other is regenerated, such that no
interruption in the operation is incurred. Various
models of suppressors based on semipermeable
membrane technology are available (e.g., self-
regenerating suppressor SRS, micromembrane
suppressor MMS, capillary electrolytic
suppressor CES, or Atlas electrolytic suppressor
AES, which are commercially available from
Dionex/Thermo Scientific [32]).

In a separation where the eluent is, for
example, a solution of NaOH or KOH, the sup-
pressor (a resin or a semipermeable membrane)
provides immobilized R-SO3H groups. In this
case, the reaction of the NaOH from the eluent
through the suppressor is described by the
following scheme:

mobile phase with
low conductivity

+   H2OSO3Na

R

SO3H

R

+

mobile phase with
high conductivity

NaOH

(1.4.18a)

At the same time, an analyte in the form of
a Na salt (e.g., a chloride) passing through the
suppressor undergoes the following change:

+   HXSO3Na

R

SO3H

R

+

analyte with
high conductivity

analyte with
high conductivity

NaX

(1.4.18b)

As a result of suppression, the conductivity
caused by the analyte is not modified, while
that caused by the mobile phase is eliminated,
as shown for NaOH from the eluent, which is
replaced by H2O. Aqueous buffers containing
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NaHCO3 and Na2CO3 are also frequently used
as eluents. The conductivity caused by
such buffers is eliminated using a chemical
suppressor by transforming the alkaline carbon-
ates into H2CO3 that decomposes into H2O and
CO2. Other anions (e.g., F�, Cl�, SO4

2�) generate
strong acids that are easily detected based on
conductivity. Various other suppression
techniques are used in practice [33]), including
electrolytic suppressors used in anion LC.
Similar to a resin, this type of suppressor elimi-
nates cations such as Kþ or Naþ from the eluent
by replacing them with Hþ formed by electrol-
ysis of water. The hydroxides from the mobile
phase are transformed into water, while other
salts (Cl�, F�, etc.) form strong acids.

In the case of a cation analysis, suppression
can be achieved with a resin in OH- form. For
example, metanesulfonic acid (MSA) used as
an additive to the mobile phase can be retained
by an anion-exchange resin with the formation
of H2O in the solution. At the same time, a salt
(e.g., of an alkaline ion) passing through the resin
can generate a strong base with high conductiv-
ity. Semipermeable membrane suppressors for
cation exchange separations may contain tetra-
butyl-ammonium hydroxide that reacts with
mobile phase acids such as H2SO4 or CH3SO3H.
By the interaction with the OH groups of the
reagent in the semipermeable membrane,
the SO4

2- ions, for example, are removed from
the eluent and replaced by OH- (to form water
with the Hþ of sulfuric acid), while other ions
(e.g., Naþ, Kþ, etc.) form hydroxides (e.g.,
NaOH, KOH) that have high conductivity.
Mass Spectrometric Detectors

Liquid chromatography-mass spectrometry
(LC-MS) and liquid chromatography-mass spec-
trometry/mass spectrometry (LC-MS/MS) are
two techniques that are becoming more and
more common [33e37]. This was possible mainly
due to the progress made in developing LC-MS
interfaces able to convert efficiently the dissolved
analyte from the mobile phase of the LC into
gas-phase ions that are further analyzed with
the mass analyzer. LC-MS and LC-MS/MS can
provide exceptional sensitivity and selectivity
compared to other detection techniques. The
capability to easily measure ng/mL levels of
compounds in the sample and to differentiate
between molecules with different mass and frag-
mentation patterns, as well as the potential iden-
tification capability, makes LC-MS and LC-MS/
MS invaluable techniques. The good resolving
power required for the separation in other detec-
tion techniques can become less necessary with
MS detection when coeluting compounds can
be differentiated by their MS signal.

Two main techniques for ion formation in
LC/MS are electrospray ionization (ESI) and
atmospheric pressure chemical ionization
(APCI). In these techniques, the goal is to
generate charged molecules of the analyte,
while the molecules of the solvent remain
neutral. The charged molecules are further
attracted to the ion mass analyzer entrance,
while the solvent is eliminated as much as
possible. The ionization process in LC-MS is
mild compared to electron impact (EI) ioniza-
tion typically used in GC-MS, and it is similar
to CI ionization. The ionization in LC-MS can
be conducted to form either positive ions or
negative ions from the analyte neutral mole-
cules. The choice between the positive and
negative ionization mode depends on the
nature of the compounds to be analyzed. Mole-
cules with a basic character (e.g., amines,
heterocycles containing nitrogen, etc.) have
a tendency to form positive ions and are typi-
cally analyzed in positive mode. Other mole-
cules such as acids and some oxygenated
compounds (e.g., carbohydrates) are typically
analyzed in negative mode in which better
sensitivity for the analysis is obtained. A sche-
matic drawing of an electrospray source is
shown in Figure 1.4.14.

In the ESI source, the HPLC effluent is intro-
duced through a capillary at 3e5 kV potential.



FIGURE 1.4.14 Schematic diagram of an electrospray ionization (ESI) inlet for a LC/MS instrument (positive ion mode).
The decrease in electrical potential and in pressure are also indicated on the diagram.
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The spray is changed into small droplets, and
some of the solvent is vaporized using a current
of heated gas. The heated droplets are charged
and eliminate most of the solvent. Due to ionic
repulsion the droplets generate individual
ions, most of them still solvated. Since water
is typically present in the HPLC effluent and
Hþ ions are abundant, the formation of positive
ions is the result of formation of molecular ions
of the type [M–H]þ where M are the molecules
of the analyte. The ionization process with the
formation of positive ions can be written in
the form (not indicating the solvation
molecules):

MþHþ / ½M�H�þ (1.4.19)

Multiple charged molecules can also be
formed in this process, in particular for
compounds such as peptides. Reaction 1.4.19
is related to the tendency of a compound to
bind a proton. This property is also known as
gas phase basicity (GPB). This is characterized
by free enthalpy of formation DG0
GPB given by

the expression:

DGo
GPB ¼ DGoð½M�H�þÞ � DGoðMÞ

� DGoðHþÞ (1.4.20)

Similar to the formation of positive ions,
molecules of the type MH can be ionized to
generate negative ions in a reaction as follows:

MH / ½M�� þ Hþ (1.4.21)

Reaction 1.4.21 is related to the tendency to
lose a proton, a property also known as gas
phase acidity (GPA), described by the variation
of free enthalpy, DG0

GPA:

DGo
GPA ¼ DGoð½M��Þ � DGoðMHÞ þ DGoðHþÞ

(1.4.22)

Usually, DG0
GPB for most organic compounds

lies between 500 and 1000 kJmol�1, whileDG0
GPA

is situated between 1300 and 1650 kJ mol�1.
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These values can be useful in predicting ioniza-
tion and fragmentation under CI-like conditions,
and can explain why more compounds form
positive ions more easily than negative ions in
LC/MS [38].

The difference in the polarity between the
solvent and the analyte molecules favors the
formation of positive ions (or negative ions
when working in negative mode), particularly
from the analyte and much less from the
solvent. A volatile acid such as HCOOH is
typically added in the mobile phase to favor
the process of positive ion formation. The
positive ions are attracted to the curtain
plate in the ion source, while the solvent mole-
cules that are not charged are not attracted.
Further desolvation and elimination of solvent
molecules occur as the positive ions are
directed toward the skimmer and further into
the ion mass analyzer. For negative ion forma-
tion, salts such as HCOONH4 or CH3COONH4

are added to favor the ionization of the
analyte.

Adducts between analyte molecule and
different ions reaching the MS interface are
often observed in LC-MS. They are formed by
ion-dipole, ion-induced dipole, hydrogen
bonds, and even by van der Waals interactions.
In the adduct formation, the molecules of the
solvent Solv are frequently involved. Due to their
high concentration, it is common that solvent
molecules are initially ionized to form in posi-
tive mode, for example, [Solv--H]þ ions. Further
ionization of the analyte can be described as
a proton transfer from species [Solv--H]þ to the
molecule of the analyte, by a reaction shown
as follows [38]:

Mþ ½Solv--H�þ5½M--H--Solv�þ5½M--H�þ

þ Solv

(1.4.23)

The intermediate positive ion [M--H--Solv]
þ is

sometimes stable enough to be seen in the MS
spectrum.
A similar type of reaction may take place in
negative ionization mode, when the reaction
can be written as follows:

MHþ ½Solv��5½M--Solv--HÞ��5½M�� þ SolvH

(1.4.24)

Reactions 1.4.23 and 1.4.24 show that the
solvent has an important role in the ionization
process, and the adducts can be seen in the
mass spectrum instead of the analyte molecular
ion. These equilibria are influenced by DG0

GPB,
or DG0

GPA values for the analytes and the
solvents and by the concentration of [Solv--H]þ,
or [Solv]

e, the electric fields applied into the
source, and so on.

Besides adducts with solvent molecules,
other adducts can be formed between the ana-
lyte M and other species in the eluted material.
For example, in positive ionization mode, ions
such as [M--Na]þ, [M--K]þ, [M--NH4]

þ,
[M--H2O--Na]þ, [M--Solv--Na]þ, [M--2Solv--
Na]þ can be seen. Negative ionization is less
favorable to adduct formation, but is still
possible with ions of the following types:
[2M]e, [3M]e, [2M--Na]e [39].

In atmospheric pressure chemical ionization
(APCI), the effluent from the HPLC is sent
through a capillary that is heated and in a flow
of gas, but not under an electrical potential. The
jet of molecules of solvent and analyte in gas
form, and those of an added gas (N2, O2) flow
by (close to) a needle charged at a high voltage
(3e5 kV) that generates a corona discharge.
Someof themolecules are being loadedwithposi-
tive charges (when working in positive mode).
Due to the difference in polarity between the
molecules of the analyte on one hand and those
of solvent and gasses on the other, the charges
tend to migrate to the analyte molecules. These
charged molecules are attracted to the curtain
plate of the ion source and further into the ion
mass analyzer, as previously described for the
ESI source.

Both ESI and APCI ionization techniques offer
very reproducible generation of ions; they can be
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used with a wide range of solvents as HPLC
eluent, they can work in a range of flow rates
(e.g., 0.05 to 1.0 mL/min), and they do not
involve problems with capillary plugging.

Other procedures used to form ions from
the analyte molecule include the use of an
intense beam of UV light for the analyte ioni-
zation instead of a corona discharge. This tech-
nique is known as atmospheric pressure
photoionization (APPI). Older techniques that
interface an LC with a mass spectrometer
include: (1) the particle beam (PB), which
consists of an aerosol generator from the LC
flow (at 0.1e1 mL/min) followed by a desolva-
tion chamber and a separator that directs the
aerosols through a series of apertures sepa-
rating the volatile compounds including the
solvent from the solid aerosols, (2) continuous
flow FAB, where the effluent is introduced
directly into a vacuum region (with a flow
rate of 5e10 mL/min) mixed with a matrix
material such as glycerol, and the ionization
is achieved using a beam of ions at 5e8 keV.

The ions generated in the source are further
separated by mass and measured using a
mass analyzer. Mass separation is usually
achieved using either a quadrupole or an ion
trap. Quadrupole type mass spectrometers
separate the ions by passing them along the
central axis of four parallel equidistant rods
that have a fixed voltage (DC) and an alter-
nating (RF) voltage applied to them. The field
strengths (voltage) can be set such that only
ions of one selected mass can pass through the
quadrupole, while all other ions are deflected
to strike the rods. By varying (with a precise
rate) the strength and frequencies of the electric
fields, different masses can be filtered through
the quadrupole.

With the quadrupole instruments, a low-
resolution type spectrum is obtained. For a m/
z ¼ 200, for example, the minimum mass
difference that can be separated could be
around 0.2 mass unit (resolution 1000). The
mass range for the quadrupoles can go as high
as 2000 Dalton, but common commercial quad-
rupole instruments have a mass range between
2 and 1100. The mass analyzers in LC can be
utilized as a detector providing a very sensitive
means for analyte measurement. The abun-
dance of ions of a measured analyte is propor-
tional to the analyte concentration, and the MS
response can be calibrated for quantitative
measurements. However, the formation of
molecular ions in the ionization source and the
absence of molecular fragments limis the identi-
fication capability of LC/MS.

Very useful in the analysis of eluates in LC are
the MS/MS analyzers. Triple quadrupole
systems are common MS/MS detectors. In
a triple quadrupole, the first quadrupole (Q1)
has the role of separating the (parent) ions
generated in the ion source. These ions (usually
molecular ions) are selected for further interac-
tions in the collision cell (Q2) where they can
be fragmented. For this purpose, a gas (such as
N2 or Ar) is introduced in the cell, and a specific
voltage is applied to the Q2 quadrupole (or
hexapole in some instruments). Depending
on the collision gas pressure and on the
voltage applied to the collision cell, the
parent ions undergo different degrees of
fragmentation (fragmentation by collisionally
activated dissociationdCAD). The fragmenta-
tion strongly depends on the structural charac-
teristics of the analyte. When adducts are
formed during the ionization process, the ability
of adducts to be fragmented also depends on
their structure. The stability of cation adducts
decreases in the following order: [M–H]þ ~
[M–NH4]

þ > [M–Li]þ > [M–Na]þ >[M–K]þ >
[M–Cs]þ [40]. The third quadrupole Q3 is used
for the separation of the resulting (daughter)
ions following fragmentation in the collision
cell. Several utilization techniques are common
for MS/MS analyzers, such as (1) the product
ion scan, when the whole range of ions gener-
ated by fragmentation of the precursor ions
(parent ions) is analyzed, (2) the precursor ion
scan, when only one ion is selected for the
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detector by Q3, while Q1 is scanning the whole
range of ions produced by the source, (3) the
neutral loss scan, when the instrument scans
for a specific mass difference between the ions
from Q1 and Q3, and (4) multiple reactionmoni-
toring (or MRM) where a specific ion is selected
by Q1 and a specific fragment is detected by Q3
(more than one pair of ions can be analyzed by
MRM at the same time). Qualitative information
from LC/MS/MS can be generated based on
fragmentation of the parent ions. However,
LC/MS/MS is more frequently used for highly
selective quantitative analysis. Quantitative
information using the MRM mode is also char-
acterized by exceptional sensitivity (as low as
fmol/mL concentration). Other instrument
developments are continuously made in the
field of LC-MS/MS. Examples are coupling an
ion trap with a collision cell and a quadrupole,
coupling a triple quadrupole with a fourth ion
analyzer such as an Orbitrap (see, e.g., [41])
that achieves high sensitivity and also high reso-
lution (e.g,. DM/M z 60,000 for m/z ¼ 400 or
even up to 100.000), or using special techniques
such as Fourier transform ion cyclotron reso-
nance (FT-ICR-MS) capable of 1,000,000
resolution.
Other Types of Detectors

Oneotherdetector utilized inHPLC, in partic-
ular for compounds that do not have good light
absorbance in UV, are not fluorescent, and may
bedifficult to ionize, is the evaporative light-scat-
tering detector (ELSD) [42,43]. In this technique,
the eluent is injected in the form of a spray from
anebulizer into adrift tubewhere anebulizer gas
is also introduced. The drift tube is heated and
the solvent is evaporated, forming a fine mist
from the nonvolatile molecules. This mist passes
through a cell, where the scattered light from
a beam that illuminates the cell is recorded.
The gas generated from the solvent does not
influence light scattering. The intensity of the
scattered light is dependent on the analyte
concentration (within a certain range of concen-
trations since the linearity is not followed for
a wide range). This detector has the advantage
over the RI of being usablewith gradient elution.
However, the presence of any salts or nonvolatile
materials in the mobile phase disturbs the
measurements. Also, changes in the temperature
of the eluent do not affect ELSD, while with RI
detectors a careful temperature control must be
applied since the refractive index varies with
temperature. ELSD can be more sensitive than
RI in specific applications. Modifications of
ELSD were attempted to further improve its
sensitivity, such as by adding a saturated stream
of solvent to the mist of the analyte in order to
grow the particles by condensation nucleation
and detect them better (the technique is known
as CNLSD) or to use lasers as light source
(LLSD). Light scattering can also be used for
detection directly on the liquid effluent when
the analytes are polymers.

An alternative to light-scattering detection is
a corona-charged aerosol detector (CAD or
cCAD). This detector is also based on nebuliza-
tion of column effluent (e.g., with N2) and on
drying of resulted droplets to remove themobile
phase components, producing analyte particles.
A secondary stream of N2 is made positively
charged by passing it by a high-voltage plat-
inum corona wire, which is sent to the opposing
stream of analyte particles. The charged parti-
cles are detected, generating an electric signal
with the intensity proportional to the amount
of analyte eluted from the column. The CAD is
more sensitive than ELSD and has a wider
dynamic range [44].

For the target compounds that contain at least
one nitrogen atom, the chemiluminescent
nitrogen detector (CLND) can be employed.
The principle of this detector relies on the
combustion of the column effluent in a high-
temperature furnace that converts the N-
containing compounds into NO. The dried gas
stream is passed into a chamber where it reacts
with O3, a reaction that is associated with



1.4. OVERVIEW OF HPLC INSTRUMENTATION 47
chemiluminescence (measured by a photomulti-
plier). This detector has a high sensitivity but is
not compatible with acetonitrile in the mobile
phase [45].

Other known detection techniques include
Fourier-transform infrared spectrometry (FTIR)
[46, 47], nuclear magnetic resonance (NMR)
[48], inductively coupled plasma-mass spec-
trometry (ICP-MS) [49], circulardicroism,optical
rotarydispersion, polarimetry, and radioactivity.
Selection of a Detector for the HPLC
Separation

Specific properties of detectors impose some
restrictions on their selection for analyzing
a given sample. Among the criteria used in
selecting a detector for a particular application
are the following: (1) availability of the detector,
(2) purpose of analysis, (3) capabilities of the
detector, (4) properties of the analyte, (5) type
of elution (isocratic or gradient), (6) properties
of the mobile phase used in separation,
(7) stability/reliability of the detector, and
(8) ease of maintenance/ operation. Besides
the choice of a specific detector depending on
the analysis, the selection of a specific method
is sometimes decided based on the properties
of the available or optimum detector. When
changes other than that of the detection type
are easier to make (e.g., mobile phase composi-
tion), it is common to modify the method
instead of selecting a different detector. More
than one detector can be present in an HPLC
system. When several detectors are used, they
are usually connected in series, although
parallel connection is also possible.

1) Availability of the detector is a straight-
forward requirement. Some detectors are
more expensive than others, and even if all
are available, some consideration regarding
their cost and cost of maintenance may play
a role in their selection.
2) The purpose of analysis is essential in the
detector selection. All detectors are designed
to allow quantitative measurements, but
some are not meant to provide any qualita-
tive information, such as refractive index
(RI) detectors, others give some hints on
qualitative nature of the analytes, such as
ultraviolet (UV) detectors, and others
provide good information that can be used
for compound identification such as mass
spectrometric (MS) detectors. Therefore,
when only a quantitative analysis is neces-
sary and the nature of the analyte is known,
the peak identification for the known
compound can be done based on the reten-
tion time alone, the only concern being an
efficient chromatographic separation with
no interference. The selection of the detection
type in such cases should consider criteria
other than qualitative identification capa-
bility. For qualitative analysis of samples con-
taining a mixture of compounds with
a suspected structure that require only confir-
mation, techniques such as mass spectrom-
etry MS or MS/MS must be used, working
in specific modes (e.g., MRM). Also, specific
fluorescence properties or UV absorption
wavelength can be used to enhance the detec-
tor’s selectivity.

For qualitative analysis of a sample with
unknown composition, even with mass spec-
tral detection, HPLC is not always very infor-
mative. The mass spectra in LC, when using
a single mass spectrometer as a detector, do
not offer much information about the frag-
ments of an analyzed molecule, typically
indicating only the molecular ion. Better
information is obtained with the use of MS/
MS instruments, but the fragmentation
provided can vary considerably depending
on the instrument and acquisition method.
Although some library searches are available
(e.g., SmileMS) as well as some mass spectral
libraries for LC, the qualitative information
on unknown compounds is not always easy
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to interpret. As an alternative to searching
based on molecular fragmentation, the
nature of an unknown compound can also
be obtained from its precise molecular
mass. Instruments generating high-resolu-
tion mass spectra (see Section 1.4) are often
equipped with search programs (e.g., Mass-
Frontier) that help in identifying the molec-
ular composition and potential structures.

The selection of a specific detector for quan-
titation depends on the needed precision and
accuracy, the nature of the analyte, the level of
the analyte in the sample, and the methods
used for sample preparation. Depending on
the purpose of analysis, the selection of
a detector or of a detector setting must be
done in such away to cover the analysis needs
andbe capable of achieving a required limit of
quantitation (LOQ).

3) The detector capability is a key factor in
selecting a specific one for an HPLC analysis.
Some detectors respond to most analytes and
are indicated as universal detectors [50].
Other detectors are specific for a class of
compounds, and some have relatively
limited applicability (e.g., radioactivity
detectors and chiral detectors). The detectors
used in LC can have very different sensitiv-
ities, which depend on the type of detector
and on the nature of the analyte. For
example, the sensitivity of RI detectors is
typically lower than that of fluorescence
(FL) detectors for a fluorescent compound,
but in the absence of fluorescence, the RI
detector can be utilized while the FLD is
useless. Another characteristic of a detector
is its capability to offer qualitative informa-
tion in addition to the quantitative informa-
tion (peak areas). Except for MS/MS
detectors, the qualitative information
provided by other detector types is quite
limited. Detector settings, model, and manu-
facturer play an important role in detector
sensitivity. Sensitivity of the detector is very
important, but other characteristics also
must be considered in its selection, such as
stability of the signal, frequency of the
measurement per unit time (that assures an
accurate evaluation of the peak shape), resis-
tance to acids and bases in the mobile phase,
capability to be used in series with other
detectors, and acceptable backpressure in
case of connection in series with another
detector.

4) The properties of the analytes either before or
after sample preparation (e.g., purified,
concentrated, derivatized) are essential in
the selection of a detector. The physical and
chemical characteristics of the analytes, as
well as their differences from other sample
components and from the mobile phase,
must be carefully evaluated in order to select
the ones to be used for detection. For
example, the presence or absence of chromo-
phore groups typically determines the use of
UV/visible absorption detectors (fixed wave-
length, variable wavelength, or diode array
detectordDAD), which are among the most
common detectors used in HPLC. The same
is valid for FLD, which in some cases
provides excellent sensitivity and is
preferred to UV absorption. In some cases,
such as in the analysis of carbohydrates, the
absorption in UV is very low (except for
very low wavelengths) and the compounds
are not fluorescent. In such cases RI, electro-
chemical (amperometric), evaporative light
scattering (ELSD), or corona-charged aerosol
(CAD or cCAD) detectors have to be used.
The MS detectors that are becoming more
common are basically universal detectors,
but their sensitivity is highly dependent on
the nature of the analyte. The derivatization
is frequently applied for modifying the initial
analyte properties such that it can be
amenable for a specific detection. The detec-
tion technique is always described for an
analytical method when this is reported in
the literature. Selection of the settings of the
detectors obviously depends on the nature
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of the analyte. This may include the choice of
wavelength of absorption for UV, the choice
of excitation and emission wavelength for
FLD, or the choice of several parameter
settings and masses to be monitored for MS.

5) Type of elution also plays a key role in selec-
tion of a detector, and in many cases the
choice is made the other way around, the
available detector determining the choice
of isocratic or gradient elution. Several tech-
niques are not applicable for gradient
elution, or do not respond very well to the
change of the composition of mobile phase.
The refractive index detector, for example,
must be used only with isocratic elution.
Other detectors such as ELSD or CAD can
be used with gradient elution, but the
solvents must be volatile and the change in
solvent composition may also generate
some drift in the baseline. Even MS and
MS/MS detectors may show differences in
sensitivity at one solvent composition or the
other, and the choice of gradient versus iso-
cratic elution is sometimes influenced by
this difference. Detectors such as UV can be
used with gradient separation without any
problem (as long as the mobile phase does
not have absorption by itself).

6) The properties of the mobile phase also
contribute to the decision regarding the
choice of a specific detector. Mobile phase
composition plays a crucial role in most sepa-
rations (the subject of mobile phase selection
will be presented in detail in Chapter 7). A
specific mobile phase may determine the
type of detector that can be used, and in
some instances, the method is developed
particularly to be used with a specific
detector.

Physical and chemical properties of the
mobile phase must be considered in relation
to the requirements of a specific detector.
For example, when detection is done in
UV, the cutoff wavelength of the solvent
must be considered, such that the solvent
is "transparent" at the measuring wave-
length. For the detection using ELSD or
CAD, the mobile phase should be totally
volatile, and in the case of the need of salt
buffers in the mobile phase, these detectors
are not usable. In LC/MS (and LC/MS/MS)
the mobile phase composition influences the
detection, and the presence of nonvolatile
salts in the mobile phase is not recommen-
ded. Since LC/MS and LC/MS/MS detec-
tion may offer particular benefits to the
analysis (very good sensitivity, qualitative
information), the selection of the mobile
phase needs to be done such that it is suit-
able for the MS detector, and not the other
way around (choose the detector to accom-
modate the mobile phase). Also, the sensi-
tivity of the detection may be drastically
influenced by the mobile phase composition
in MS and MS/MS. When a method has
been developed for another type of detec-
tion (e.g., using nonvolatile buffers) and
must be applied with MS detection, for
example, for enhancing sensitivity or for
obtaining some qualitative information on
the analytes, the mobile phase is commonly
modified to be suitable for the new detec-
tion technique.

7) Detector reliability is another factor to be
considered in its selection. Typically, some
detectors such as those based on UV absorp-
tion are extremely stable and reliable. Other
detectors may be more prone to problems,
which also may depend on instrument age,
manufacturer, environmental conditions,
and the like. For example, electrochemical
detectors may show some drift or unrepro-
ducible results depending on the cleanliness
status of the measuring electrode. In some
instances, a choice between sensitivity and
stability of the detector must be made.

8) Some detectors require special maintenance
as well as more effort for establishing the
proper operating conditions, such as MS or
MS/MS detectors. Other detectors are very
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simple to operate and require virtually no
adjustments. The advantages of such detec-
tors must be weighed versus their disadvan-
tages, such as loss of sensitivity or lack of
qualitative information.
Fraction Collectors

In some instances, in particular when the
HPLC separation is performed for semiprepara-
tive or preparative purposes, some fractions of
interest need to be collected as the effluent exits
the detectors. This collection can be done using
a fraction collector. Automated systems for frac-
tion collection are available. They direct the flow
emerging from the last detector to specified
vials either at a given time or upon receiving
a signal from the detector (indicating an eluting
peak) [51].
Controlling and Data Processing Units

The controlling and data system in HPLC is
a computer with data acquisition capability and
with a program package that allows the user to
perform (1) control of the hardware and (2)
data acquisition and processing. In older
systems, these functions could be performed
manually/mechanically, without the use of
a computer. However, new instruments have
extensive capability of computer control for func-
tions such as: flow rate and gradient composition
generated by the pumps, maximum pressure
that should be delivered by the pumps, vial
from where the injection must be made (in case
of autosamplers), volume of the sample injection,
timing of the sample injection, reagent mixing
with the sample (if desired), temperatures in
the autoinjector storing the samples, temperature
of the column, tracking of column usage, and
parameters for the detector(s). The other function
of the computer is the capture, signal processing,
and storing of the data generated by the detec-
tor(s). The program packages also offer a user
interface (sometimes very complex) allowing
the user to further process the data and interpret
the result. This part may include peak recogni-
tion to generate retention times, area measure-
ment, data averaging, calibrations, peak shape,
and other peak parameters characterization,
and in the case of detectors that give qualitative
information in the form of spectra, the computer
may contain spectral libraries helping with
compound identification.
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nunos-kurven von redox-elektrodenreaktionen in
hydrodynamischer voltammetrie: II. laminare rohr-
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