








































































































































































































































































































































































































































































































































































































































































































































































































































. or a chemical process is decided by the second law of 
phl's,c~ ,namics. Let us first understand what do we mean by 
ihen110 ) 5 reaction or change. 

sP'1'1 
taneou 

12 SPONTANEOUS PROCESS 
~ SPONTANEITY 

d •ly life. we come across many na t11ral processes which 
our :n . • • 

Jn their own m one d irection only. For example, water flows 
., 11r on . . , . 

()( he hill without the help of extemal agency but water ca,mot 
do"~l r . s· ·1 1 . the hill on its own . lll11 ar y, a glass of hot water placed 
flo" up . 
in tlie room gradually cools and atta'.ns room temperature. The 

1-" ·~ter cannot becomes hot on its own. It can however be ,11as.s o . . , , 
~ d liot by the use of external agency, 1.e. , some heating device. ms e . 

Such processes are called spontaneous processes. 

Thus. the spontaneous process may be defined as an 

~\'ersible process. A process that can take place by itself under 

the £iven set of conditions once it has been initiated, if necessary, 

is~d to be a spontaneous p rocess. In other words, a spontaneous 

proress is a process that can occw- without work being done 

on it The spontaneous processes are also called feasible or probable 
processes. It may be noted that the term spontaneous should not be 

taken to mean that the process occurs instantaneously. It simply 

predicts that the process has natural tendency to occur. The actual 
ra1e of the process may vary from very slow to extremely fast. 

There are also some processes which require some initiation 

before they can proceed. But once initiated, they proceed by 
themselves. These processes are also regarded as spontaneous 

processes. Thus, the spontaneous process may be of two types: 

a. Spontaneous processes where no initiation is needed. 

L Sugar dissolves in water and forms a solution. 

Sugar + Water ~ Solution of sugar in water 

iL Water keeps on evaporating from ponds, rivers, sea, and 

open vessels. 

Hp(]) ~ Hp(g) 
iiL Nitric oxide (NO) and oxygen react to fonn nitrogen 

dioxide. 

2NO(g) + Oi(g) ~ 2NOi(g) 

b. Spontaneous processes where some initiation is required. 

i. Once a reaction between hydrogen an d oxygen is 

initiated by passing electri c spark through ii , then it 
occurs itself spontaneously even al room tempera lure. 

2H/ g) + 0
2

( g) Electric 2Hp (I) 
npark 

ii. In domestic oven, wa l (ca rbon) keeps on burning once 
in itiated. 

C(s) + Oz(g) ign i1 i<.,n C02'g) 
iii. M . . , I 

ethane burns with oxygen on<.:c 1g111lcu . 

CH/g) + Oi(g) ~ COz(g) + 211 p (l) 
iv. Heating of calcium carbonate to give cukium oxide and 

carbon diox ide is initiated by heal. 

CaCOis) ~ CaO(s) + COz(g) 
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Freon the above reactions, it can be concluded tha t th e 

spontane ity (o r feasi bil ity) means the inherent tende ncy of a 

process to occur of its ow n in a particula r d irec tion under a given 

set of cond itions. 
On the other hand, the processes that have no natu ra l tendency 

to occur and are made to take p lace on ly by supply ing e nergy 
conti nuous ly from outside the system are called non-spontaneous 
p rocesses . In other words, non-spontaneous processes can be 
brought about by doi ng work. For example, a cup of tea can be 
made hot (reverse of natural process) by heating. B ut this is not 
a spontaneous process because an outs ide agency (a gas burner) 
has to be used. Similarly, a gas can be compressed to a smaller 
volume, an ink solution can be processed to obta in the ink drop , 
and a mixture of two gases can be separated if all owed to diffuse 

through a porous plug. 

However, in each case, work has to be done to accomp lish 

these changes. They do not occur spontaneously. 

There is another importan t fe ature of the spontaneous 
changes. These spontaneous processes proceed ti ll an equilibrium 
is achieved. For example, a cup of hot tea cools until it attains 
the temperature of the surroundings after which no change in 
temperature is observed. We say that the cup of tea and the· 
surroundings are in thermal equilibrium. Similarly, m ixing of 
two gases continue until each is evenly distributed throughout 
both the containers. Thus, all spontaneous changes proceed till 

equilibrium is achieved. 

6.12.1 SPONTANEITY OF A PROCESS AND 
ENTHALPY CHANGE 

Spontaneous processes have the p otential to occur in a particular 

direction under given set of conditions. This indicates that tbe:re 
must be some kind of driving force which is responsible to drag 
the spontaneous process in a forward direc tion . Let us consider 

some spontaneous processes in o rder to study the nature of this 
driving force. For example, fa lling of a ball from top o f table co 
the ground; flowing o f water from higher level to lower lew l. 

We know that the ball or water possesses more poten tial 
energy at higher level than at lowe r leYd . T his suggests th:u 
these spontaneous processes which involve macroscop ic 1.'lbj~ ts 
proceed by decrease of e nergy. Moreover, the st:He- of klW(.'St 

energy corresponds to the state of maximum stabi lity. Th erdi.H'-', 
the natura l tendency o f a ll systems in this unive- rse 11., ~'-' rn.,m 
uns tabil ity to stabi lity suppo rts the fac t that any pn:'ICt'S: " hich 
involves II decreasu in en1.J rgy sl10uld h:w1.• nn inht' rt'nt te nden1.' \ 
to lake place. · 

Most o ftlw spont 11 11cous dw111 i1.·11 l n::h' tions ar1.• a ls1., found to 
be exothermic. For tixumplti: 

C(s ) I Oi g) 
N ,,(g ) I .1 11 ,tg ) 

• I • 

l-l z( g) ·I ..., O~(g) 

► CO/~): L\ /1' - J'-)4 kJ 1110 I 1 

- - > 2N II 1l g ); _\ lf - - 9 2.4 k.l mol- 1 

► 11 ~0(1) ; -\ ff - -2S5. 7 kJ mo l 1 

Si milurly. 11d11 11 1.J bu rns s1w111a11 1.:11t1s ly in o .\ygcn 10 give 
t;arhon d ioxidu and wa ter 1111d 11 101 or hem is evolved. 

2Cxll 1x(I) I 250 i(g) -► l6COi(g ) + 181-lp(I) 

(klllll l ' 1). /-f = - I 095 1.J kJ 11101- 1 
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Thus, it may be concluded that all those processes which are 

accompanied by decrease of energy ( exothennic reactions, having 

negative value of Aff) occur spontaneously. In other words, the 

sign of Afl may be taken as a criterion for the spontaneity of a 
process and decrease of enthalpy, i.e. , - t:-.H may be regarded as 

the driving force behind the spontaneous processes. 

6.12.2 LIMITATIONS OF CRITERION OF DECREASE 

IN ENTHALPY 

Tue criteiion ofdecrease in enthalpy for the feasibility of chemical 
reactions fails to explain the following facts : 

a. Endothermic reactions are also known to occur 
spontaneously. There are a number of endothermic 
re.actions ( Afl, positive) which are known to be spontaneous. 
A few examples of such processes are given below: · 

i. Evaporation of water from an open container is an 
endothermic process but it is spontaneous in nature. 

H20 (1) ~ Hp(g); Afi0 = +44.0 kJ mo\-1 

ii. Dissolution of ammonium chloride in water is 
endothermic but occurs spontaneously. 

1\1H4Cl(s) ~ NH/\aq) + c10(aq); 

Afi0 = +15.1 kJ mo1-1 

iii. Decomposition of mercuric oxide on heating 

1 
HgO(s) ~ Hg(l) + 20i(g); 

Afi0 = +90.3 kJ mo1-1 

b. Reactions do not go to completion. Most of the reactions 
do not go to completion even though Afl remains negative 
throughout. In fact , all spontaneous chemical reactions 
proceed only until an equilibrium is attained. 

c. Reversible reactions also occur. Most of the reactions are 
reversible in nature. In these reactions both the forward and 
the backward reactions occur simultaneously. For ex~mple, 
in the following reaction, the forward reaction is exothermic 
but the backward reaction is endothermic : 

~ ( g) + li(g) ~ 2HI(g); Afl = - ve 

2HI(g) ~ Hi(g) + li(g); 11H = +ve 

But both the reactions occur. This means that reactions 
with negative val ue of /1H as well as positive value of Afl 
are occurring simultaneously. It may be concluded that the 
tendeney to have minimum energy, i.e., - M1, may be the 
criterion for a process to be spontaneous but it cannot be 
the only or sole cri tL-rion. 

6.12.3 RANDOMNESS OR DISORDER AND 

SPONTANEITY 

In order to find out some other factors which may be re1>pomi iblc for 
the feasibility of the above process (1111 ~ 0), a ca reful 1,tu<.ly of ull 
the above process reveals another important aspect associated with 

them that all these processes proceed towards a more disord 
erect 

or more random state. 

In other words, nature tends to move spontaneously fr 
a state of lower probability to one of higher probabilities t11 

things tend to change from organised to disorganised. To illu~tr~~~ 
what this statement means, we consider a spontaneous process f 
intennixing of two inert gases for which Wis zero. Two differ/, 
inert_ gases, let us say helium (He) and neon (Ne), are original~ 
contained in different glass bulbs, separated by a stopcock ~ 
shown in Fig. 6.15 . To make the system as closed one, the entire 
system is perfectly insulated. 

When the valve is opened, the intermixing of the two inert 
gases occurs due to diffusion into one another. As the gases are 
inert, there is no chemical interaction between them, the beat 
change during intennixing is negligible. Tue process ofintennixing 
is a spontaneous process. If the process is examined critically, 
it is observed that when the valve is opened, both the gases are 
provided larger volume to occupy, i.e. , each gas achieves its own 
most probable distribution independent of the presence of other 
gas. In other words, each gas occupies a large volume in the final 
state and, thereby, number of possible locations for the molecules 
of each gas is increased. This means that there is more disorder 
or rando,mness on mixing. Thus, the gases mix to achieve more 
randomness. Once mixed the gases cannot separate because to do 
so they will involv~ decrease in randomness due to lesser volume. 
Thus, it may be concluded that the process proceeds spontaneously 
in a direction in which the randomness or disorder of the system 
increases. 

Thus, mixing of two gases is a spontaneous process. On the 
other hand, once mixed the gases cannot separate on their own 
and therefore it is a non-spontaneous process. 

Heli Before mixing 

After mixing 

Fig. 6.15 Process of mixing of two gases. Gases mix spontaneou5IY 
because of increases in randomness 

Thus, the second factor which is responsibk for th~ sp(lnti.ui,·i~ 
of a process is the tendency to acquire maximum mndl'tnn~:-$. e 

On the basis of second fac tor we mnv also explain 
th 

• < 

spontaneity of endothermic processes. 
a. Decomposition of culcium cnrbonnt0: 

CnCO 1(s) -► C'aO(s) + CO,(g); 
1

1 

. M f = ; 178.3 kJ n100, 

'l' I I . I S-'OllS C • 1 s process 1s spont ri ntious b0cause t 1e ga " 
produced is more rnndom than solid calcium carbonate-

b. Evaporulion of waler: i- 1 

4 kJ 1110 
Hp(l) -► H~O(g); Af{ =d 4 

\ 



~ I gaseous state of a substance is more random than the 
T~ . 
. uid state. Thus, the evaporation of water is spontaneous 

hq d . I d" . 
which procee s 11~ t 1~ trectton of more randomness. 

. •iarly fusion of1ce 1s also spontaneous because the process 
s11111 , . . . . 

. proceeds 111 the dll'ectton of more random state, i.e. , liquid 

agilln_ ,ore random in comparison to solid state. 
tate ,s n 

5 Hp(s) ~ Hp(!); Af-/ = +6.06 k.111101- 1 

... Dissolution of NH4CI in water: 
Iii• 

NH4Cl(s) + aq ~ NH4 
9 (aq) + Ct0(aq); 

Aff= +15.1 kJ mot- 1 

When solid NH4Cl(s) is dissolved in water, its ions become 

Free ions move randomly in all directions. Thus, the solution 
free. 
. more random state as compared to solid NH4

CI. Thus, the 
15 a · ·11 b b 

cess of dissolut10n w1 e spontaneous ecause randomness 
pro I . 
increases on disso utton. 

Thus, we find that in all the above endothennic processes, 

there is always increase in randomness. Since the above reactions 

are spontaneous, the tendency to achieve maximum randomness 

is another factor which detennines the spontaneity of a process. 

Driving force as the overall tendency for a process 

We have learnt that the spontaneous processes occur because of 

the two tendencies : 

a. Tendency of a system to acquire a state of minimum energy. 

b. Tendency of a system to acquire a state of maximum 

randomness. 

The overall tendency for a process to take place by itself is 

called the driving force. 

Regarding these two tendencies it is very important to keep 

in mind the following points: 

a. The two tendencies act independent of each other. 

b. The two tendencies may work irt the same or in opposite 

directions in a process. 

Thus, when there is no change in energy the second tendency 

is the governing factor i.e., reaction will be spontaneous or non

spontaneous depending upon whether randomness factor favours 

or opposes. On the other hand, if there is no change in randomness, 

the energy factor is the controlling factor. However, when both the 

tendencies operate simultaneously. In these cases, the significance 

of the magnitude of these tendencies become important. Thus, 

the tendency with the greater magnitude determines whether the 

process is feasible or not. 

2,.13 ENTROPY 

The degree of randomness or di sorder in a sys tem may be 

expressed by a thermodynamic property known as entropy. Entropy 

may be defined as: the property of a system measures the degree 

of disorder or randomness in the system. 

It is expressed by the symbol , S. Entropy, like internal energy 

and enthalpy, is a state Ji.mction iind an extensive property. The 

change in entropy during the process is rcprescntcJ by !).S, Thus, 

M == S(final state) - S(initiiil st.a te) 

and for the chemical reactions 

!).S == S(product) - S(reactiinls) 

Thermodynamics 6.65 

Mathematical definition of entropy 

The entropy change of a system may be defined as the integral 

of all the terms involving heat exchanged (q) divided by the 

absolute temperature (7) during each infinitesimally small change 

of the process carried out reversibly at constant temperature 

(isothermally). 

or l}.S = qrev 
T 

. .. (i) 

If heat is absorbed, then l}.S is positive (increase in entropy). If 

heat is evolved, l}.S is negative ( decrease in entropy). The value of 

l}.S, like l}.U and Aff, is a definite quantity and depends on the initial 

and final states of the system. It is independent of the manner is 

which the change has been brought about, i.e., whether the change 

has been brought about reversibly or irreversibly. 

Units of entropy and entropy change: Since entropy change 

is expressed as heat term divided by temperature, the units of 

entropy are calories per degree, i.e., cal K- 1• In SI units , the 

entropy change is expressed in terms of joules per degree, i.e. , J 

K-1. Entropy is an extensive property, i.e., it depends on the mass 

of the substance; hence units of entropy are expressed as cal deg- 1 

(cal K-1 moJ- 1) or J deg-1 moJ-1 (J K-1 moI-1) . 

Physical meaning of entropy 

The physical meaning of entropy is that entropy is a measure 

of degree of disorder ( or randomness) of a system. The .relation 

between entropy and disorder provides a suitable explanation for 

entropy change in various processes. Toe greater the disorder in a 

system, the higher is the entropy. For a substance the solid state is 

the state oflowest entropy, the gaseous state is the state ofhighest 

entropy and the liquid state is intermediate between the t'1ro . 

Figure 6.16 shows the increase in entropy from solid to liquid 

to gas. 

0 'O 

~ 
0000 

'O 
oOOO C 

OoC:,::::, a 
0 C, 

Solid Liquid 
G3S 

Fig. 6.16 Randomness or entropy increases 

In any physical or chemical process in which the S)"Stem 

passes from less random state to more random state. the entmpy 

(s) increases and the value of entropy change(~ wi ll ~ pvsitive. 

6.13.1 ENTROPY CHANGE AND SPONTANEITY 

In an isolated system, such ns mixing t,fgases, theR' is no ex~hange 

of energy or matter between the system and the surroundings. 

However, the mixing ofgns~s is u1.·companied by nmdomness, i.e., 

there is incn:inse in entropy. T hc.wef1.m.\ it can be stated that jor a 

spontanco11s pmce.,·.,· i11 "" isvl<1t1 ·cl systt'm. the ch,mge in entropy 

is positiVt', i.e., 6.S > 0. 

1-lowcvor, ii' 11 system is 1101 isolated, the entropy changes 

of' both tho systom 1111d the surroundings are to be taken into 

nccount bccuuso tho system and surroundings together constitute 
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the isolated system. Thus, the total entropy change (1110131S) 
is the sum of the change in entropy of the system (/isysS) and the 
change in the entropy of the surroundings (/1

5
urrS) , i.e., 

~totalS = /isysS + 11surrS 

For a spontaneous process, /itotalS must be positive, i.e. , 
11totals = /).syss + /).SUITS > 0 
/).totals is also termed as /).universes'. 

Visualisation of any non-isolated system can be shown as 
below (four cases arise) : 

a. 

b. 

c. 

cl. 

Entropy 
(System) 

n 

Entropy 
(Sun-ow1dings) 

Heat 
System flow 

Surroundings 

Entropy n Entropy (System) (Surroundings) 

Heat 

System flow 

Surroundings 

Entropy ll Entropy (System) (Surroundings) 

Heat 

System flow 

Surroundings 

Entropy 11 Entropy 
(System) -U, (Surroundings) 

System 

Surroundings 

Heat 
flow 

/i syss > o} Case (a): ⇒ !itotals > O 
!isurr5 > 0 

Ii /:l < 01 
Case (b): sy f ⇒ !itotals > 0 or < 0 

!iSsurr > O 

/i syss > 01 
Case (c): f ⇒ !itotals > 0 or < 0 

D. surrs < O 

/i syss < o} Case (d): ⇒ /i t.otalS < 0 
11 surrs < O 

Clearly, Case (a) is always spontaneous since change in total 
entropy is always positive, i.e., total entropy is increasing. Case 
(b) and (c) may or may not be spontaneous. Case (d) is always 
non~spontaneous since change in total entropy is always negative, 
i.e., total entropy is decreasing. 

During a spontaneous process,_ the entropy of th~ 
on iri'creasing till the system attams the equilibrium starng~cs , te I entropy of the system becomes maximum and, therefore ' -c., . 'b , non,o increase in the entropy of the system 1s poss1 le. The rnathe . re 

· 1 · b · · rna1ica1 condition for equ1 1 num 1s, 
11S = O (at equilibrium for an isolated system) 
If I), S is negative, the direct process is non-sponta total . nc% whereas the reverse process 1s spontaneous. 1 

6.13.2 CHARACTERISTICS OF ENTROPY 
The important characteristics of entropy are summed up below• 

a. Entropy is an extensive property. Its value depends u · 
b . h Pon the amount of the su stance present m t e system. 

b. Entropy of a system is a state function. It depends upon the 
state variables (T, p, V, n). Thus, the change in entropy is 
given as 

/iS = Sfinal state - Sinitial state 
c. The chan

1

ge in entropy in going from one state to another ~ 
independent qf the path. 

d. The change in entropy for a cyclic process is always zero. 
e. The total entropy change of an isolated system is equal 

to the entropy change of system and entropy change of 
the surroundings. The SUiil is called the entropy change of 
universe. 

!1S = 11sysS + 11surr5' 

f. In a reversible process, ~ verses= 0 and, therefore. 
11syss = - 11s~ 

g. In a irreversible process, ~ verses > 0. This means thar there 
is increase in entropy of universe in spontaneous changes. 

, Note~: 

1. For a reversible process at equilibrium, /iS = 0. 
2. For an irreversible process (spontaneous) in an is\)latetl 

system, /iS > 0. 
3. Entropy is a measure of unavailable energy. 

Unavailable energy= Entropy x Temperature. 
4. The entropy of universe always increases in the coutSe of 

every spontaneous (natural) process i.e .. uS (univen,~ )>U. 
5. It appears that, during the stretching of mbbcr band entroP) 

increases while on hard boiling of egg, entropy d t-~t'l:3ll°'i:~ 
but actually the results are reverse. 
During the stretching of rubber band, the long tkxible 
macromolecules get uncoiled. The uncoiled arrangi::mc:ot 
has more sped fie geome try a nd more ordl:!r (less_ 

·1· ot disorder) . Thus, entropy de\.':renses. On hard bo1 ing . • 
egg, denuturntion of proteins occurs in which protein~ 
from helicnl form chunges into random coiled fom1. Thus. 
entropy increases. 

6. Stnndard onthulpy of formation and standard free ener¾ 
of forma tion of an e lement is taken as zero but st8nd3 
entropy of an element is not zero. 

7. During adiabatic expansion of a real gas, enthalpy (bUI 
not the internal energy) remains constant. It is therefore, 
called isoenthalpic process. 



For organic compounds belonging to th h s. b l f . e same omologous series, ent a PY o combustion increases w 'th . . 
b . 1 increase m rnolecular mass, ut calonfic value dee reases . 

9 A metallic element with higher atomic 1 . . mass 1as tower specific heat and vice versa (Dulong and p . , . etttsrule). 
0 s pontan eou s dissolution of gases 1·n 1- .d . I • . · 1qu1 s 1s an exothenmc process . For such a process AS · 1 , 1s a ways - ve As such for the process to be spontaneous ( AG b · . u to e - ve) 6f{ has to be - ve 1.e., process is exothem1ic. ' 

I I A non-spontaneous process with either· Au _ + d · = - ve an /15 == +ve or AH = - ve and AS = - ve, with one or more 
of the reactants or pr_oducts in gaseous state can be made 
spontaneous even without changing temperature. Such a 
reaction can be made spontaneous by changing the pressure 
also. 

6.14 SECOND LAW OF 
- THERMODYNAMICS 
The second law of thennodynamics tells us whether a given process 
can occur spontaneously and to what extent. It also helps us to 
calculate the maximum fraction of heat that can be converted into 
work in a given process. 

The second law of thermodynamics like first law is a postulate 
and has not been derived from any prior concepts. It is stated in 
various forms . However, all the statements of second law possess 
same meaning. 

a. Clausius statement: ' It is impossible to construct a machine 
that is able to convey heat by a cyclic process from a colder 
to a hotter body unless work is done on the machine by some 
outside agency.' 

It means that work can always be completely converted into 
heat but heat cannot be converted completely into work 
without leaving some permanent change in the system or 
surroundings. For example, heat produced in heat engine is 
never fully utilised, as part of it is always lost to surroundings 
or in overcoming friction, etc. Thus, it can be said that the 
complete conversion of heat into work is impossible without 
leaving some effect elsewhere. 

or 
It is not possible to convert heat into work without 
compensation. 

or 
All forms of energy can be converted into heat energy but 
heat cannot be converted into other forms of energy fully 
by any process. 

The other similar statements are: 
b. Thomson statement: The heat of the coldest body among 

those participating in a cyclic process cannot serve as a 
source of work. 

c. Kelvin-Planck statement: It is impossible by means of 
inanimate material agency to derive mechanical work or 
effort from any portion of matter by cooling it below the 
temperature of the coldest of the surrounding objects. 

Thermodynamics 6.67 d. It is impossibl t . e O construct a heat engine of 100% thermal efficiency. 

e. Ludwig Boltzmann statement: In 1886, Ludwig 
Boltzmann gave the most useful statement of the second 
law of thermodynamics. Nature tends to pass from a less 
probable to a more probable state. 

The c~nnection betwee~ entropy and the spontan.eity of 
a reaction or a process 1s expressed by the second law of 
thennodynamics in a number of ways. 

f. All spontaneous processes or naturally occurring processes 
are thermodynamically irreversible. Without the help of an 
external agency, a spontaneous process cannot be re~ersed. 

g. The entropy of the universe increases in a spontaneous 
process and remains unchanged in an equilibrium process. 

The main ideas of the first and the second law of thennodynamics 
may be summarised as: 

The first law states that the energy of the universe is constant 
whereas the second law states that the entropy of the universe is 
continuously increasing and tends to a maximum. 

The first law deals with the conservation of energy whereas 
the second law tells the direction of flow of energy. 

For a reversible process, 

dS = dq or dq = T dS 
T 

For an irreyersible process, 

dS> dq 
T 

dq 
. dS>.. - T 

This is the mathematical statement of the second law of 
thermodynamics. 

6.14.1 ENTROPY AND EQUILIBRIUM STATE 
During a spontaneous process, the entropy of the system goes 
on increasing. When the system reaches the equilibrium state, 
the entropy of the system becomes maximum and, therefore, 
no more increase in the entropy of the system is possible. Thus, 
the condition for any system to achieve equilibrium state is that 
its entropy becomes maximum. The mathematical condition for 
entropy (S) to be maximum is that the change in entropy (M) is 
zero, i.e., 

6.S = 0 at ( equilibrium) 
Let us apply the entropy criterion to decide the feasibili ty of 

the process of conversion of water to ice, at 1 atm pressure. 
H20(l) ~ Hp(s) 

The entropy changes for three different temperature 272. '273. 
and 274 Kare given in Table 6.7 . 

a. At 272 K 

6.totuls = Asyss + 6.SUTTS 
= - 21.85 + 21.93 = +0.08 J K- 1 11101- t 

Since A Sis ,,ositive nt 272 K, the freezing ofliquid water toll\! 
to ice is spontaneous. 
1-1

2
0(1) ~ 1-1

2
O(s) spontnncous at 272 K 
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Table 6.7 Entropy changes for the transformation : 

H2O(1)-t H2O(s) at 1 atm pressure 

Temperature !),,syss !),,SUITS !),,toCelS 
oc K (J K-1 mol-1) (J K- 1 mol- 1) (J K-1 11101- 1) 

-1 272 -21.85 +21.93 +0.08 
0 273 -21.99 +21.99 0.00 

+l 274 -22.13 +22.05 - 0,08 

b. At 274 K 

~ Ot31s = /),,syss + /),,Sllffs 

= -22.13 + 22.05 = -0.08 J K- 1 mol- 1 

Since !).totals is negative, the freezing of water is not 
spontaneous at 274 K. 
H 20(1)-t H 20(s) non-spontaneous at 274 K 
But for the reverse process, ~otals will be positive, i.e., !),,totals 
= 0.08 J K- 1 11101- 1, i.e. , melting is spontaneous at 274 K. 
H20(s)-t H 20(1) spontaneous at 274 K 

c. At273K 

~ta.ls= !),,syss +!),,s~= -21 .99 + 21.99 = 0 
Since ~taIS is zero, the process is at equilibrium i.e., neither 
freezing nor melting is spontaneous. At this temperature, 
water and ice are in equilibrium and no net change is 
observed. 

H20(l) ~ H20(s) Equilibrium at 273 K 

Thus, we observe !).totals is a criterion for spontaneity of a 
change. 

6.14.2 CALCULATION OF CHANGES IN ENTROPY 
a. Entropy change in reversible process: Consider an 

isothermal reversible process. In this process, let the system 
absorb q amount of heat from surroundings at temperature 
T. The increase in the entropy of the system will be 

!'1,sy~= + ~ 
On the other hand, surroundings lose the same amount of 
heat at the same temperature. The decrease in the entropy 
of the surroundings will 

!),,sur?= - ; 

Total change in entropy of the process 
= entropy change in system+ entropy change in surrounding 
!),,totals = !).sy/J + Asurr'') 

= !f__!f._=0 
T T 

To calculate A
5
y/-> for a reven;ible process, proceed as 

follows: 

As per definition: AS= dq;,cy 

⇒ T<lS= dqrev 

or TdS= dU + (-dw) 
[From the first law of thermodynamics] 

or TdS= nCvdT+ P dV[dU= nCvdTand dw = - PdV] 

nRT 
or TdS= nCv dT + VdV 

dS = nCv d T + nR d V 
T V 

Integrating the above equation with appropriate 1. . 
llllt L~ get ' 1vc 

T V 
!),, S = nC In _1. + nR In _1. sys V T, V, 

I I ... (ij 

T P.T or Li S = nCv In _1. + nR In --1....1. sys J; P2J; [ ~v; ==~] 
T T I 2 

T P. T Li S = nCv ln _1. + nR ln _L + nR In --1. sys T. p_ T 
I 2 I 

T R 
!),, S = nC ln _1. + nR ln _L sys P T. p_ 

I 2 
.. . (ii)[Cp = Cv+ R] 

b. Entropy change for an isothermal process 
AU=q+w 

LiU = 0 (Isothermal process) 
⇒ q=-w 

V2 VJ But w = - 2.303nRT log - or -nRT ln ~ 
~ ~ 

[From first law of thermodynamics: 

V2 VJ 
⇒ q = 2.303nRT log - = nRT ln ~ 

~ ~ 
or for a reversible process 

v? v, 
qrev = 2.303nRT log~= nRT ln ~ 

~ ~ 

nRT ln V2 

Li S = qrev = ~ 

r, 
2.303nRT log J'~ 

I 
sys T T T 

v2 ,. V7 LiS = nR ln - = 2.30.JnR Joo~ V. e, V. 
I I 

1 
Also V oc p (Boyle's law) 

Substituting this relation in above equation, w~ g~t 

P. P. ⇒ LiS = 2.303nR log ..:.1.. = nR In ..:.1.. 
P, P, 

~ . . - . - ,•,ur\'1 
c. Entropy change 111 an 1sobnnc proc~ss ( nt ~l)nst:int pro. 

_ dqrov(P) , . _ 
dS - r ,llso ct,,,.ov(I') - di-/ 

Bul di-I = C
1
,dT, substituting for rdutionship with c:ntf\ip)'• 

we get, 

⇒ dS = C1,dTIT 
Integrating both sides 

S' T 

'J dS=Cp J d; 
S1 7i 



~ [ln r);, = CP ln 2i ts~ p l Ti 

T2 
t:,S ~ 2J03C P log T. 

I 

T M=CP 111..i 

Ti 
for /1 in_o_le_s_: ---=--------- -

T2 T t:S == nC p ln - = 2.303nC P log ..:1. 
Ti Ti 

Entropy change for Isochoric process (~V= O) d, 
dqrev(P) dS:::--:;-- Also dq(rcv) (V) = dU 

[From first law of thennodynamics] 

ButdU == Cr dT 

⇒ dq r== Cv dT 

⇒ Integration both sides with proper limit, we get 

t,S == Cv [ln T] ~2 = Cv 1n T2 

I 'I'i 

I
AS = 2.303Cv log r, =IC 1n i; I 

i; V T2 
L--------....:.......J 

For n moles: 

I 
!).S == nCv 1n T2 = 2.303nCv log T2 

'I'i i; 
e. Entropy change in adiabatic process (q = 0) 

When the reversible process is adiabatic, there will be 
no heat exchange between system and surroundings, i.e., 
q=O 

:. ti "= 0 I)._ "== 0 . '5}'~ ' sun>-' 

fl~ = /:J.sy~+ ~
5
~= 0 

f. Entropy change in irreversible processes 
Consider a system at higher temperature T1 and its 
surroundings at lower temperature T2 . q amount of heat 
goes irreversibly from system to surroundings. 

But T > T 
I 2, 

:. T T 1- 2 = +ve 
or 6. S 
. process > 0 

llence, entropy increases in an irreversible process. 
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Table 6.8 /),_svs5 and /),_surr5 for some of the famou s t ype o f 
processes in t hermodynamics 

Process /),_~y~ /),_~ur,S Sign of 

/),_ tota.S 

Reversible nR In(*) - nR In ( ~) ==O 
Isothermal 

Irreversible nR In(~) 
-~x !)._V 

>O 
Isothermal T 

Reversible 0 0 ==O 
Adiabatic 

Irreversible · nCv In(~) 0 >O 

Adiabatic +nRln(~) 

Reversible nCp 1n (~) -nCP 1n (~) =O 
Isobaric 

Reversible nCv 1n (T2
) -nCv 1n (~) =O 

Isochoric .. i; 

6.14.3 ENTROPY CHANGE DURING PHASE 
TRANSITIONS 

Solid, liquid, and gas are the three forms of a matter. The change 
of a substance from one form to another is known as phase 
transformation. Such changes occur at definite temperatures and 
are accompanied by entropy change. During these transformations 
either heat is absorbed or evolved, i.e., the entropy either increases 
or decreases accordingly. 

The entropy change for these transfomiations is given by 
!:J.S = qrey 

trans T 
where qrev is the heat absorbed or evolved and Tis the temperature 
of transition. qrev is actually the molar enthalpy change of the 
substance. 

a. Entropy offusion: [t may be defined as the entn.)py change 
when I mol of the solid substanc~ changes into liquid form 
at its melting point. For example, when il.'t' mdts ~1s : 

Wutor(s) ~ Wntcrtl) 
The changc in entropy is givun by 

L\ , .II ' ' s J ~ ' I '-' /j. ~' ) = lus w111ur -· ' ku I11 s' '/' . 
I 

where l:!.r11J /\ 1 is thc c11th11lpy ofl'usion and '0·, is the fusion 
tumpcrnlurc. 

For example, thc standard enthalpy of fusion, /1fusfi0 at 
273 Kand I bar pn.:ssurc for water is 6.0 kJ mol- 1• 



, 
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Hp(s) ~ Hp(l); 

t-. 0 J--/0 = 6.0 kJ moJ---- 1 
,us 

H 0 
t-,. S8 = q rev = _t-.-'-"fo"'--s _ 

fu s T T 

6.0 x l 03 .1 mol ----
1 

273K 

= 21 .98 J K---- 1 11101---- 1 

b. Entropy of vaporisation: Entropy of vaporisation may be 
defined as the entropy change when I mol of a liquid changes 
into vapours at its boiling point. The entropy of vaporisation 
for a liquid at its boiling point is: 

t-,. H G 
50 _ vnp 

l:lYap - T, 
/, 

where t-,.vapH0 is the standard enthalpy of vaporisation and 
Tb is the boiling point. 

For example, standard enthalpy of vaporisation at 373 K (at 
1 bar) is 40.79 kJ moJ----1• 

HzO(l) ~ H20(v); 

t-,. H 0 
A S8 vap 
•-•vap - = T 

40.79 x 103 J mol---- 1 

373K 

= 109.356 J K---- 1 moJ----1 

/).vapJ--/0 = 40.79 kJ mol---- 1 

c. Entropy of sublimation: Sublimation is a direct 
conversion of a solid into its vapour. Entropy of sublimation 
may be defined as the entropy change when I mo! of 
a solid changes into vapour at a particular temperature. The 
entropy of sublimation at a particular temperature is 

/). 50 
sub 

t-,. H G 
sub 

T 

where tisubJ--/0 is the standard enthalpy of sublimation at the 
temperature T( ti bJ--/0 = tifu i.10 + ti J--/0) su . s" vap · 

QUESTIONS BASED ON find LAW OF 
THERMODYNAMICS 

!tu..uS1:RATIOci 6 11 0,3 ) 

Helium weighing 16 g is expanded from 1 atm to one-tenth of 
its original pressure at 30°C. Calculate the change in entropy 
assuming it to be an ideal gas. 

[ii) Since the process is an isothermal expansion of an ideal gas. 
. p P. 

!:lS = - nR ln 2 or = nR In ..:.L 
F; Pz 

16 g I I n=----=~ 4mol,R=8.314J K - mol - , p
1 
= l atm 

4 g mol-1 

I 
P2 = 10 atm 

t-.S = (4 mol) x (8.314 J K- 1 mol- 1) x 2.303 log _!_ 
= 76.59 J K- 1 l / IO 

fi a..LU■Tfll~ICN"' 6. l _04J 

Calculate the entropy change when 2 mo! of an ideal gas ex 
l d 'bl ~ . .. l Pand isothennal y an revers, y 1rom an m1tla volume of 2 dm3 to 

20 dm3 at 300 K. 

fsp1.) For an isothermal process, 

V 
t-.S = nR ln ........1.. 

Vi 
V= 2 dm3, V2 = 20 dm3, n = 2 mo!, R = 8.314 J K---- 1 mo1-1 

:. tiS= (2 mol) x (8.314 JK---- 1 mot ---- 1) x 2.303 log~ 
2 dm3 

= 38.294 JK- 1• 

Three moles of an ideal gas (Cv, m = 12.5 J K- 1 mol- 1) are at 
300 K and 5 dm3• If the gas is heated to 320 K and the volume 
changed to 10 dm3, calculate the entropy change. 

I Sol~] The entropy changes as a function of T and Vis 
T. V 

fiS = nCv 1n .....2 + nR 1n ........1.. 
, m I; v; 

tiS = (3 mol) x (12.5 J K-1 moJ- 1) x 2.303 

320 10 log 
300 

,+ (3 mol) x (8.314 J K- 1 mol-1) x 2.303 log 5 
= 2.42 J K-1 :+- 17.29 J K- 1 = 19.71 J K-1 

Determine the entropy change for the reaction given below: 

2Hig) + Oi(g) ~ 2Hp(l) 

at 300 K. If standard entropies of Hi(g), Oi(g), and H2O(1) are 
126._6, 201.20, and 68.0 J K---- 1 moI- 1, respectively. 

~ !),.SR . =LS -LS ~ each on Product Reactants 

= 2 x SHP - [2 x SH
2 
+ So) 

= 2 X 68 - [2 X 126.6 + 201.20] 

t-.S = -318.4 J K- 1 

1 ,:;;:~~i.~~~\rlQN 6., 071 
1 mole of an ideal gas at 25°C is subjected to expand reversibly 
10 times of its initial volume. Calculate the change in entropy 
of expansions. 

V 
2.303nRT log10 ........1.. 

~ We have, !),.S = 21 Vi 
T T 

Given, n = I, R = 8.314 J, T= 298 K, V1 = V, V2 = 10 V 

IOV r' t-.S = 2.303 x 1 x 8.314 log
10

- = 19.15 J K-
1 

rno 
V 
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le of 10 g Hp is slowly heated from 270c t 870C 
sotnP · tr d . 0 . 

A. I te the change m en opy urmg heating. (Speclfi h 
cnJc\l 8 :::: 4200 J kg- I K-1). C eat 

of ,varer 
T 

.i t:s ::::2.303 x m x Cp x log -2.. 

~ I; 
10 360 

:::: 2.303 x - x 4200 log - = 7 65 J 
1000 300 . 

~ RATION &~-=~ 
I. 5 1110\ of an ideal gas expands reversibly from a volume of 

8 dm3 to 80 dm3 at a temperature of 27°C. Calculate the 

change in entropy. 

a. 70.26 J K-1 b. 80.55 J K-1 

c. 95 .73 J K-1 d.107.11 JK- 1 

· n. Which of the following processes is an iso-entropic process? 

a. Isothermal process b. Adiabatic process 

c. Isobaric process d. Isochoric process 

II) V 

I. c. Entropy change {M) = 2.303nR log .....1. 
v; 

80 
= 2.303 x 5 x 8.314 x log-

8 

= 95.73 J K-1 

II. b. /:J.S = Qrev = _Q_ = O (Q = 0, in adiabatic process) 
T T rev 

ST~ TtDN 6. 1 1 0] 
Calculate the entropy change when l mole of an ideal gas expands 

reversibly from an initial volume of 2 L to a final volume of 

20 Lat 25°C. 

II) From the given data in the problem, we can write: 

!J.S = nRln V2 

T V, 
I 

= 2.303 nR log10 V/V1 

= 2.303 x l x 8.314 x log 10 20/2 

= 2.303 x 8.314 x I= 19.5 J mo1-1 K-1 

IZs+R.t\Ttq~iiiit D 
Calculate the change in entropy for the following reaction 

Given: 
2CO(g) + Oi(g) ~ 2C0i(g) 

ya co(g) = 197 .6 J K- 1 moJ-1 

ya o/g) = 205.03 J K-1 moJ-1 

ya co/g) = 213.6 J K- 1 moJ-1 
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- /j,§)= t(S9)(products) - t(S':l)(reactants) 

= [2 X §) CO (g) - 2 X S0 CO + S0 0 ] 
2 2 

= (21 J.6 X 2) - (2 X 197.6 + 205.03) 

= 427.2 - 600.23 =- 173.03 J K-1 mol-1 

Calculate the entropy change (11.S) when I rnol of ice at 0°C is 

converted into water at 0°C. Heat of fusion of ice at 0°C is l 436 

cal per mol. 

~ Entropy change (/1.S) for the change of state of a substance 

is given by dividing the heat change by the absolute 

temperature at which the change takes place reversibly, i.e. , 

at the melting point in this case. 

qrev 1436 26 Id - I 1-I 
Hence, M=-=--=5. ca eg mo 

T 237 

Predict the sign of 11.S for each of the following process: 

a. Oi(g) ~ 2O(g) 

b. Ni(g) + 3Hi(g) ~ 2NH/g) 

c. C(s) + Hp(l) ~ CO(g) + Hz(g) 

d. Bri(l) ~ Bri(g) 

e. Ni(g, 10 atm) ~ N2(g, 1 atm) 

f. Desalination of water 

g. Devitrification of glas_s 

h. Hard boiling of an egg 

i. C(s, graphite)~ C(s, diamond) 

j. Stretching of rubber 

~ 
a. +ve = increase in the number of gas molecules 

b. -ve = Decrease in the number of molecules 

c. +ve = Increase in the number of moles 

d. +ve = Increase in the number of moles 

e. +ve = Entropy increases on expansion 

f. - ve = Desalination is the opposite of solution 

g. - ve = It is c1ystallisation of supercooled liquid 

h. +ve = Denaturation of protein takes place. Stmcture of 

protein change (3° to I 0 ) from helical stn1cnire ofrandom 

configuration. 
i. - ve = Diamond being harder solid, would be expected to 

have more restricted atomic motion within the c1ystal. 

j. During the stretching of rubber band the long flexible 

macromolecules gesls uncoiled, hence more order 

!J.S =-w 

I. At absolute zero the entropy of a perfect crystal is zero. This 

statement corresponds to which law of thennodynamics? 

a. First law b. Second law 

c. Third law d. None 
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ii. The units of entropy are 

In can be mathematically expressed as a. J K - 1 moJ- 1 b. K .1- 1 n101- 1 
Jim S ~ 0 

c. kJ mo1- 1 

T - > OK 
th d 

d. J K - ' mo1-2 
Statement 2: 'It is impossible by any me o 'no matter 

Os"" "J 
. 1 · d . t . to reduce the temperature of any system 

ol. a. i. c. Third law 
how idea 1se I IS, f · , to the absolute zero in a finite number o operation. 

ii. a. t,,.S = _q_rc_v = J K - 1 mol- 1 
Thi s law was first formulated b~ German c~emist 

T 
Walther Nernst in l 906. Sine~ entropy is related to disorder, 

[iLLLi~ .;-R.O.TICN 6 . 1 l S \ 
therefore accordingtotheth1rdlaw,atabsolutezero,there is least ct'isorder i.e. , there is perfect order and, therefore, 

I. For which reac ti on from the following , t,,.S will be theentropyatperfectorderis takenaszero. Itmay?enoted 

maximum? 
that this law is true only for those substances which exist C

, I a. a(s) + 2 O/g) ~ CaO(s) 
b. CaCOis) ~ CaO(s) + COig) 
c. C(s) + Oi(g) ~ CO2(g) 
d. Nig) + Oi(g) ~ 2NO(g) 

11. For which of these processes is the value of t,,.S negative? i. Sugar is dissolved in water. 
ii. Steam condenses on a surface. 
ill. CaCO3 is decomposed into CaO and CO

2
. 

a. i only b. ii only 
c. ii and iii only d. ii and iii only III. ln which of the following change entropy decreases? a. Crystallisation of sucrose from solution 
b. Dissolving sucrose in water 
c. Melting of ice 
d. Vaporisation of camphor 

IV. Which halogen in its standard state has the greatest absolute entropy per mole? 
a. Fi(g) b. Cli(g) c. Brz(l) d. lz(s) 

[s01. j 
I. b. tiS=SP-SR 

tiS = 2 - 1 = 1 ( +ve) 
II. b. In condensation water, vapour converts to liquid water. III. a. Sucrose converts from liquid to solid state. rv. b. 

6.15 ABSOLUTE ENTROPIES AND THIRD LAW OF 
THERMODYNAMICS 
(NERNST'S LAW) 

a. The third law of thermodynamics deals with the entropies of the perfect crystalline substances at absolute zero of temperature. According to the third law of thermodynamics: At absolute zero, the entropy of a perfectly crystalline substance is taken as zero. 
Other statements of the third law of thermodynamics are: Statement 1: 'Entropy of a solid or liquid approaches zero at the absolute zero of temperature.' 

in the perfectly crystalline form at O K. However, if there are imperfections of any type in the perfect crystalline arrangement at O K, then the entropy wil_l be larger than zero. Such entropy for imperfect crystalline arrangement at O K is known as residual entropy. b. Application of the third law of thermodynamics The third law of thermodynamics has been useful in calculating the absolute entropies of solids, liquids, and gases at different temperatures. Moreover, this law is also useful to calculate entropy changes of a chemical or physical process. 
c. Calculation of Entropy at different temperature: i. For a solid at T K 

Tc dT · ST- S
0 = l:J.S = J---t-- = Cp 1n T= 2.303 Cp log T 

0 

where ST and S0 are the entropies at T K and O K respectively and S0 = 0 (according to third law of thermodynamics). 
The value of integral can be calculated from the graph of C plT against temperature (D. The area under the curve between O K and T K gives the value of inteml and, tpus, the value of S at temperature T. ~ When the entropy of one mole of the substance is expressed at standard state, it is called standard molar entropy of the substance and is denoted as S e . The standard entropies of various substances are civen in Appendix (Table A6). The standard entrop/ chan!!c (1:J.,s=') for a chemical reaction is the difference in molar entropy between the products and the reactants in their standard states. It may be expressed as: 

D. S3 = f Sum of the standard 1 ,. l entropies of products 

I Sum of the standard 1 l entrnp,es of reactants 
or !).,s-3 = Z:.S3 (products) - Z:.S'a(reactants) 
or t).,s-3 = Z:.V,)S

11? (products) - Z:. VS 0 (reactants) 1· Ill where VP and V,. are stoichiometric coefficients for products and reactant, respectively. 
For example, in a genera\ reaction: 

aA + bB ~ cC + dD ti,S 0 == (cS8 (C) + dmS8 (D)1 
m - [aS e (A) + bS e (B)] Ill m 



I
. uids and gases, the absolute entro . 

f or ,q • · b h PY at a given 
ii• ature T ts given y t e expression 

1en1Per 
/)Jf Tb 

rfr ~ + __ f + f Cp(l)dT 

S "' o T Tl r, T 

Afi T 
+ ~ + f Cp(g)dT 

Tb T r,, 
the various tem1s have usual significance. 

,,1terc I . I . 
, Id be noted that t 11s aw 1s trne only for the sub t 

11ou . s ances 
us ·ist in pe1fect crystallme form at o K Ho 'f 
,hich e)( _. · wever, 1 

,, iniperfect1ons at O K, then entropy will b 1 . 
111

erc are e arge1 

than zero. 
·tntiot1s of law 

Liflll . . 
d, Galssy soltds even at OK has entropy greater than zero. 

i. 
Solids having mixtures of isotopes do not have zero 

ii, 0 K F I entropy at . or examp e, entropy of solid chlorine 

is not zero at O K. 

iii, c rystals of CO, N 2O , NO, H2O, etc. do not have perfect 

order even at O K thus their entropy is not equal to zero. 

- TIDN ~ . 
Pfedict in wluch of the follow mg, entropy increases/decreases: 

• A liquid crystallizes into a solid. ,. 
il. Temperature of a crystalline solid is raised from o K to 

115 K. 

iii. 2NaHCO/s) ➔ N 3iCOi s) + COi(g) + H2O(g) 

0,. H2
(g) ➔ 2H(g) 

• i. After freezing, the molecules attain an ordered state and 

therefore, entropy decreases. 

ii. At OK, the constituent particles are static and entropy is 

minimum. If temperature is raised to 115 K , these begin 

to move and oscillate about their equilibrium positions 

in the lattice and system becomes more disordered, 

therefore, entropy increases. 

iii. Reactant, NaHCO3 is a solid and it has low entropy. 

Among products there are one solid and two gases. 

Therefore, the products represent a condition of higher 

entropy. 

iv. Here one molecule gives two atoms i.e. , number of 

Particles increases leading to more disordered state. Two 

moles ofH atoms have higher entropy than one mole of 

dihydrogen molecule. 

F0r Oxida · 
hon of iron. 

ent 4Fe(s) + 3Oi(g) ➔ 2Fpi s) 
ro~y change is - 549.4 JK- 1 mol- 1 at 298 K. l11spite of 

negat,v . . . 
spo e entropy change of this reaction, why 1s the reaction 

0 taneous? 
(t. ll(CJ fj . . 

' or this reaction is - 1. 648 x 103 J mol- 1) 

(NCERT Problem 6. I 0) 
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11111 O ne decides the spontaneity of a r~ac tion by cons ideri ng 

AS (A " + 6S ). For calcu latmg M qurr' we ha ve to 
Ll I Llu s •urr I · h · S 

'"'~ •Y· I . . b b I by the surroundi ngs w ,,c l 
cons ider the , cut a sor Cl 

equa l to - ti, H n . Al temperature T, entropy c ha nge o f the 

surrounding is 

ti I-I '' 
t\S == -~ (at constant p ressure ) 

surr T 

(- 1648 x 103 J mol 
1
) 

== - 298 K 

== 5530 JK - 1 mol- ' 

Thus, total entropy change for th is react ion 

ti S == 5530 JK- 1 mo1- 1 + (- 549.4 JK- 1 m oJ-
1

) 
,- total 

= 4980.6 JK- 1 mo1- 1 

This shows that the above reaction is spon taneous . 

· Consider the reaction for the d issolution of ammonium nitrate: 

NH
4
N0is) ~ NH 4e (aq) + NO3

8 (aq) 

!lH= +29.8 kJ mo1- 1, M= 108.0 J K- 1 mo1- 1
• 

Calculate the change in entropy of the surround ings and p redict 

whether the reaction is spontaneous or no t at 2 5°C? 

llliiiiJ The reaction is endothermic, llH = 29.8 kJ m oJ- 1 

: . Entropy change in surroundings 

~sysH 29.8 X 10
3 

1 1 
tlsurt5' = - -T- = -

298 
-100.0 J K - mol-

~ sysS = 108.0 J K- 1 mo1- 1 

: . tltotals = ~ syss + ~.un-5' = I 08.0 - I 00.0 

= 8 .0 J K - 1 mo1- 1 

There is increase in total entropy so ammonium nitrate 

dissolves spontaneously. 

I. Which of the follow ing statement is false? 

a. The entropy of a substance in the liquid phase is lower 

than the entropy of the same substance in the gas phase 

b. Spontaneous reactions always occur very rapidly. 

c. 6S for vaporisation of a solid is always positive. 

d. A spontaneous reaction in one d irection is always non

spontaneous in the reversed d irection. 

11. Consi~er~ng entropy (S) as a thermodynam ic parameter, 

the en tenon for the spontane ity of any process is 

a. tlsysS + t\5 11,,S > 0 b. tlsysS - t1s
11
rrs > 0 

c. tlsysS > 0 only d. ti S > 0 only 
surr 

HI. A spontaneous process may be defined as: 

a. A process whi_ch i~ exotherm ic and evolves n lot ofhe~\l. 

b. A process which is s low and rev..:rsibk. 

c. A process which tnkes 11lnce o nl)' 1· 1, p · 
• resen~•o;;' ot n 

catalyst. 

d. A process that occurs w itho ut any inp u t from the 
surroundings. 
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1. The entropy Of a crystal I ine substance a a_ bsolute zero 
0

h 
a. q rev 

d •dh T b. T - qrcv c. qrcv x T 'd. qrcv - T basis of the third law of thermo ynam1cs should be l<1ke~ 
~'D 

I. b. ,, 
fl. a. ~tot31S = ~sysS + ~ sm,.S > 0 

III. d. 

IV. a. t}.S = qrev 
T 

I. If, for a given substance, T8 is the melting point and T is 
the freezing point, then the co1Tect variation of entrop/ by 

tl1e~rabtph be;n entropy chan::(b~:nd :~perarure is 

a.j _/ b.l /\ 
TA 

t,,Sbt-:.r JM 
c.j TA d. I~ 

~T 

II. In thermodynamics, a process is called reversible when 
a. The surroundings and system change into eash other. 
b. There is no boundary between system and surrounding. 
c. The surroundings are in equilibrium with the system. 
d. The system changes into surroundings spontaneously. 

III. For spontaneous process 

a. t-..totals = 0 b. t-..totals > 0 
c. t-..

10
1a1S < 0 d. None of these 

IV. Melting point of a solid is x K and its latent heat of fusion 
is 600 cal mo1- 1. The entropy change for fusion of 1 mol 
solid is 2 cal mo1- 1 K- 1• The value of x will be 
a. 100 K b. 200 K c. 300 K d. 400 K 

[U.J 
La. 

11. _c. 
III. b. t-..totals = t-..syss + t-..su~ 

IV. c. 

= +ve for spontaneous process 
H0 

t-,_ fusion S r::) 
T = t-,_ fusion 

mp 

600 = 2 
T 

T= 300 K 

as 

a. 100 b.50 
c. Zero 
d. Different for di ffercnt substance 

ll. The least random state of water system is 
a. Jee b. Liquid water 
c. Steam d. Randomness is sarne i 

Ill. The value of entropy in the universe is n all 
a. Constant b. Decreasing 
c. Increasing d. Zero 

IV. 'A spontaneous change is always accompanied b 
increase in entropy'. The entropy change referred to . y a_n . m~ statement 1s 

a A s b. !),, . .I;' • Llsys universe'"' 
c. f.,,surP d. None of these 

V. Equilibrium mixture of ice and water is held at con • • Stani pr~ssure. On heatmg some ice melts. For the gystem 
a. Entropy increases b. Free energy increases 
c. Free energy decreases d. Entropy decreases 

I. c. Zero 

Il. a. Ice has solid structure and in ice water molecules are ' 
closely packed to each other. 

Ill. C. f.,,surP > 0. 
IV. b. t,.,.universeS 

V. a. On melting, ice converts into water. In liquid 5iJic. 
entropy increases. 

QUESTIONS BASED ON Hird LAW OF ' I 

THERMODYNAMICS 

· the foll,111i1• Calculate the entropy change accornpanymg -, 
change of state 

l f O (ll 7''C , ann\ 5 mol of 0 2(27°C, l atm) ~ 5 mo o ! · · 

Cp for 0 2 = 6.95 cal deg- 1 11101- 1 

w l I\ J1li~ ~s = qrev = _ill. = - X J,- p dV Ir.~ I T T T ,, 

1 JV, dV R ') "O" loll vl = - . nRT - - = ,, x -·-' _, ::, V T ~ V I 

P. 
= 5 x l .987 x 2.303 log ~ 

l - 1 = 5 x 1.987 x 2.303 log 5 = - 16·0 cal deg 7'( 
2?°c10 ,1 

!iS = for the change of temperature fro!U 2 



f
r, dT 

t,,S2 == nC P Ti. T 
390 

5 x 6 95 x 2.303 log -
== · 300 

== 5 )( 6.95 X 2.303 X 0. 1139 

== 9.12 cal deg-
1 

16 O + 9.12 = - 6.88 cal deg- 1 

t>S== - . 

the entropy change accomp-anying the following 
1culate 

n oe of state. 
hRO:, 0 \ ____ - '- H O l 

H,O(s. - l0 C. l atm,-----, . 2 ( , l0°C, latm) 

. Id - I 1- 1 
. ice == 9 ca eg mo c for -

r ~ H. o == 18 caJ deg- 1 mo1- 1 

10f 2 

Ptent heat of fus ion of ice = l 440 cal 11101-
1 at 0°C. 

The total process involves three stages and entropy change 

can be calculated for each stage as follows: 

[i'Si ⇒ For changing 1 mole of ice from - 10°C, 1 atm to 

0°C. 1 atm] 

t.S == f o n . C P . dT 
l - 10 T 

273 
== n x Cp x 2.303 x log --

263 

= 1 X 9 X 2.303 X 0.0162 

= 0.336 cal deg-1 mol- 1 

!:S2 ⇒ For melting 1 mol of ice at 0°C will be as 

qrev 1440 5 25 l d - I 1- I 
!:S2 = T = 273 = . ca eg mo 

!:S3 ⇒ For beating 1 mo) ofH2O from 0°C to 10°C at 1 atm 

AC' = r10 nCp dT 
Ll.J3 Jo T 

283 
= 1 x 18 x 2.303 log -

273 
= 0.647 cal deg- 1 mol- 1 

AS = 0.336 + 5.276 + 0.647 

= 6.258 cal deg- 1 moJ- 1 

~ BTfcATIDN ~ - 1 ~ 
L How does entropy change with 

a. Increase in temperature 

b. Decrease in pressure? 
ll. ls th 

· III e entropy of the uni verse constant? 

IV, What is the value of change in entropy at equi.librium? 

· Arrange water vapour liquid water and ice in the order of 
In , , 

creasing entropy. 
V. Do 

You expect M to be +ve, - ve, or zero fo r the reac tion 

Hi(g) + li(g) ~ 2HI(g) 

Th,.mody"'mlcs 6.75 ~ 
~ 

I. a. Entropy Increases with increase in temperature. 

b. Entropy increases with decrease of pressure (for gases ). 

II .. No, entropy of the universe increases everyday. 

Ill. At equilibrium, the change in entropy is zero, i.e. , !::,S = 0 

(al equilibrium) .. 

IV. Ice < Liquid waler < Water vapour 

V. !::,S should be negative because two differe nt mo lecules 

(1-12 and 12) would have more randomness than two sa me 

molecules (HI) . Therefore, D.S decreases . 

I. Predict the entropy change (pos iti ve/ negative) in the 

following: 

a. A liquid substance crystalli ses into a so lid 

b. Temperature of a crystal is increased 

c .. CaCOis) ~ CaO(s) + Oi g) 

d. Ni(g) (I atm) ~ Ni(g) (0.5 atm) 

II. Arrange the following in the order of increas ing entropy: 

a. l mo) ofH2O(s) at 0°C and I atm pressure 

b. I mol ofH2O(s) at 0°C and l atm pressure 

c. 1 mol ofH2O(1) at 25°C and 1 atm pressure 
1 

d. l mol ofH2O(1) at 25°C and 0 .8 atm pressure 

e. 1 mol of H2O(v) at 100°C and 1 atm pressure 

lll. Predict the sign of entropy change for each of the following 

changes of state. 

a. Hg(l) ~ Hg(g) 

b. AgNO/s) ~ AgNO/aq) 

c. I2(g) ~ 12(s) 

d. C(graphite)--> C(diamond) 

IV. Which of the following processes are accompanied by 

increase of entropy: 

a. Dissolution of iodine in a solvent 

b. HCI is added to AgNO3 and a precipitate of AgCl is 

obtained. 

c. A partition is removed to allow two gases to m ix . 

V. Place th e following sy s tems in orde r of increas ing 

randomness: 

a. I mol ofa gas X b. I mot of a so lid X 

c. I mol of a liquid X 

i.s:O~ 
I. a. Entropy decreases; l').S = - vu 

b. Entropy increasos; L\S = + vu 

c. Entropy incrn11sos; 1).8 = + vl' 

d. Entropy im.: ronscs; D.S O + vu 

II. a < b < c < d < u 

111. 11. t!.S = + vu buc1111si.: liquid changes lo morn disordered 

gasou11s shah..:. 

b. t!.S = +vu bucausu aqueous solution has more disorder 

than solid . 

tr 
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, ' 

c. M = - ve because gas is changing to less disordered 
solid. 

d. l:!.S = +ve because graphite has more disorder than 
diamond. 

lV. Increase ofentxopy: (a) and (c). 
V. Order of increasing randomness: 

l mo\ of solid X < l mot of liquid X < 1 mol of gas X. 

\

Subjective Type 
1. 30.0 kJ of heat is required to melt l _mo! of s?dim~ 

chlo ride . The entropy change during meltmg 1s 

\ 
15.05 mol- 1 K-1. Calculate the melting point of sodium 
chloride. 

2. Calculate the change of entropy, l:!.,s-3 at 298 K for the 
reaction in which urea is fonned from NH3 and CO2. 

2NHig) + CO/ g) ~ NH2CONHi(aq) + Hp(!) 
The standard entropies (J K- 1 moJ-1) are : 

·NHFONH/aq) = 174.0, Hp(l) = 69.9 
"NI-l,(g) = 192.3, COi(g) = 213.7 

3. Calculate the entropy changes for the following reactions: 
a. 2CO(g) + Oi g) ~ 2COi(g) 
b. 2Hi(g) + Oi(g) ~ 2Hp(l) 
Entropies of different compounds are: 
CO(g) = 197.6 J K- 1 mo1- 1, Oi(g) = 205.03 J K- 1 mol-1 

COi(g) = 213.6 J K-1 mol-1, Hi(g) = 130.6 J K- 1 moJ- 1 

~0(1) = 69.96 J K- 1 mol-1. 

Objective Type 

4. The change in entropy of an ideal gas during reversible 
isothermal expansion is 
(1 ) Negative (2) Positive (3) Zero ( 4) Infinite 

5. The total entropy change for a system and its surroundings 
increases, if the process is 
(1) Reversible 

(3) Exothermic 

(2) Irreversible 

(4) Endothermic 
6. The free energy change for a reversible reaction at 

equilibrium is 

(]) Zero (2) Positive (3) Negative (4) None 
7. Which statement(s) is/are true? 

1. 5(c, values for all elements in their states are positive. 
2. S:i values for all aqueous ions are positi ve. 
3. ~ values for all spontaneous reactions are positive. 
(1) 1 only (2) I and 2 only 
(3) 2 and 3 only (4) All 

Subjective Typ e 

1. 2 kJ 

ANSWERS 

·~ 

I 

2. - 354.4 J K- 1 1110 1- 1 

3. a. - 173.03 J K- 1
, b. - 326.31 J K- 1 

Of?jective 7J1pe 

4. (2) 5. (2) 6. ( I) 

6.16 GIBBS ENERGY AND GIBBS 
ENERGY CHANCE -

We have seen that for a system, it . is the total entropy chan 
I:). S which decides the spontaneity of the process B ge, total ' . . . · Ut rno

11 of the chemical reacllons fall mto the category of either 
1 C 0Seij systems or open systems. Therefore, for most of the cbe . . lll1c,I reactions there are changes m both enthalpy and entropy. Jt is cl 

from the discussion in previous sections that neither decreas ear . . I d . em enthalpy nor mcrease m entropy a one can etermme the direction 
of spontaneous change for these systems. 

For this purpose. We define a new thermodynamic function 
the Gibbs energy or Gibbs function, G. 

The Gibbs energy of a system is defined as the maximum 
amount of energy available to a system during a process that can 
be converted intb useful work. 

In other words, it is a thermodynamic quantity which ~ a 
measure of capacity of a system to do useful work. It is denoted 
by symbol G and is given by 

G=H-TS 
where His the enthalpy of the system, S is its entropy, and T~ 
the absolute temperature. Gibbs energy is also called as Gibhi 
function. 

G is an extensive property and a state function. 
The change in Gibbs energy for the system, t,,sysG can be 

written as 
11syP = 11sy//- T l:).syss- s sys !1T 
At constant temperature, 11T = 0 

: · 11sys G = l:!.sysH - T 11sysS . 
Usually the subscript ' system' is dropped and we simply 11nri 

this equation as 

11G = 11H - T 11S 

T n.•rJtur. Thus, Gibbs energy change= Enthalpy change- en\·· 
x Entropy change, and is referred to as the Gibbs equation. 

. ) ll 'll\j l) This equation is also called Gibbs-Helmholtz equ!llll · 
very useful in predicting the spontaneity of a process. 
Units of 6.G. 

. . . · . , · , of,•11,·~ D1mens1onally, 1f we analyse we see that 11G hns tht, ulllt. ,,
1
., 

S •rgy t1l (i.e., kJ mo1- 1 or J moJ- 1) because both M l nnd T 6. ~n.; ~ 
11G(J mot- 1) = M-/(J mot- 1) - T 11S(k.l K 1 11101-

1
) 

6.16.1 PHYSICAL SIGNIFICANCE OF GIBBS FREE 
ENERGY CHANGE (FREE ENERGY AND 
USEFUL WORK} 

According to the first lnw or thermodynamics, 
. • b ysteJTI) !1U = q - w (- ve sign as the work 1s done Y s 



. the }leat absorbed by the system and w is thew ·k d 
1s . • . 0 1 one 

11,re, q Ill wlule f..U ts the change m intenial 
p' 5yste energy. The 
bY the wally includes two types of work, i.e., w ( . 

i, (µ1) ac ( ful k) expm1sion 01 p 
,ofl' . use wor . The two lY]Jes of' · ·k 

11 d Wnon-expans10n . wo, S can 
1 f0 ao d by taking an example of the electrolys· f 
v iderstoo . . . ts o water 
bC 111 11 (g) and 0/g) leadmg to an mcrease in the volume f 
,~n2 . o 

10 10 The work non-expans1on (non-mechanical) • d 
5te111· . . 1s one 

111e sY tie decompos1tJon of water while the work ex . 
311se 1 . • pans,on 

10 c . al) is due to expansion 111 the volume of the sy t chaotc . _ . , s em. 
(01e I electncal wo1 k 1s called non-pressure-volume work or 

hOS tJC • . r ' sion work 01 non-mechamcal work. The non-exJJat,si·o expan .. n 
0°

0
• . lso known as useful work. Thus, 

i,,ork ,s a 
w . -w . !Y,U == q - expansion non-expansion . .. (ii) 

= q - P /). V - W non-expansion ( ·: W expansion = p /). V) 
AU +Pf..V+w . or q = Ll non-expansion . .. (iii) 

We know that f..U +Pf.. V = DJI 

or q =!::,JI+ w non-expansion . .. (iv) 

According to the second law of thermodynamics, for a 
rersible change taking place at constant temperature, T 

~ qre" 
t:S= r 
or q = T f..S rev ... (v) 

Substituting in equation (iv) 

T 1),5 = Ml+ W non-expansion ... (vi) 

or Aff-Tf..S = -wnon-expansion 

or ~G = -Wnon-expansion ( ·: DJ{ - T f.._S = f..G) 

or-!iG = wnon-expansion = Wuseful work ... (vii) 

Thus, the decrease in Gibbs free energy is a measure of useful 
, ark or non-expansion work done by the system. The greater the 
free energy change, the greater is the amount of work that can be 
obtained from the process. 

Let us take the following two conditions: 

a. When useful work is done by system 

wuseful = -ve value 

⇒ t..G = -ve value as f..G = wusefuJ• 

For any chemical reaction, f..G = Gp - GR 

~ G od - G = -ve pr uct Reactant 

~ G od < G . Therefore we can conclude that 
pr uct Reaction· ' 

L The capacity to do useful work by product is Jess than 
the capacity to do useful work by reactant. 

ii. The product is more stable than the reactant. 

Hence, according to the second law ofthennodynamics, the 
Process is a spontaneous process as every substance wants 
to be in the state of maximum stability. 

b. Wh 
en Work is done on the system 

w usefu1 = +ve value 

:::> 6.G = +ve 

::::>GP> GR as GP- GR= +ve. Hence, we conclude that 
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i. The capacity to do useful work by product is more than 
the capacity to do useful work by reactant. 

ii. The reactant is more stable than the product. 

⇒ The process is non-spontaneous according to the second 
law of thermodynamics. 

6.16.2 FREE ENERGY CHANGE AND SPONTANEITY 

Let us consider a system which is not isolated from its surroundings. 
In this case, total entropy change can be calculated as: 

ti,01als = /). syss -J- /',.surl . . . (i) 

Let us consider the process at constant temperature and 
pressure. Let q,, be the amount of heat to be given by the system 
to the surroundings. 

(q ) = - (·q ) = - f.. H 
P surr P sys sys 

( ) -/',. H q p surr - sys 
/).SUITS = T - T 

From equations (i) and (ii), 

or T /).totals= T /).syss - /',.sysH 

or - T /).totals = /).sysH - T /).syss 

According to Gibbs-Helmholtz equation, 

f..G = !).]{ - T f..S 

: · f..sys G = f..sysH - T /',.sysS 

From equation (iii) and (iv), 

/).sys G = -T /).totals 

We know that for spontaneous process, ~otaJS > 0. 

:. f..G = -ve for spontaneous process 

.. . (ii) 

.. . (iv) 

Thus, for spontaneous process T ~
0131

S should be positive or 
f..G should be negative. 

Case I: Let entropy and energy, both factors are favourable 
for a process. i.e., f..H = - ve and T f..S = +ve 

From f..G = f..H - T 11S = (- ve) - (+ve) = - ve 

Thus, f..G = - ve for spontaneous process. 

Case II: Let both energy and entropy factors oppose a process, 
i.e .• !).ff= +ve, T f..S = +ve 

From f..G = /',.f-/ - T l::!.S = (+w) - (- w) = +w 

Tlrns, f..G is positive for a non-spontaneous pro1.'t'SS . 

Case Ill: Let both tendenl'ies be 1.•qual in ma~nitude bur 
opposite, i.e .• 

f..H = +ve and T t:-.S = +ve nnd 1_\/-/ = T t}.S 

From f..G' = Ml - T t}.S = 0 

In this condition, tlw process is said lo be at equilib1·ium. 

These conditions are summed up in Table 6.9. 
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Table 6.9. Conditi ons for spontaneous processes, i.e., tiG negative 

6-H TM Magnitude of 
the tendencies 

- (F:wourable) + (Favoui·able) Any magnitude 

- tFavourable) - (Unfavourable) M1 > T 6S 

+ (Unfavourable) + (Favourable) T6S > M1 

Effect of Temperature on feas ibility of a Process 

. .\sis e-Yident from the equation : 6G = M1 - T 6S; the term T 6S 

may assume larger values at higher temperatures due to increase 

in multiplying factor T as well as increase in randomness. But 

the other factor !iH does not va1y appreciably with temperature. 

Therefore. the Gibbs energy change ( overall tendency) of a process 

to rake place is also influenced by the temperature. The effect of 

temperature is different for the exothennic and the endothennic 

reactions as discussed below. 

a. Exothermic reactions: For exothermic reactions, 6H 

is always negative, and therefore, it is favourable. Now 

T /JS can have either positive or negative value. 

~I 
~ 

i. If T /JS is positive, i.e., favourable, then 6G can have 

onJy negative value and the process is spontaneous at 

all temperatures. 

For example, in combustion of carbon at 298 K 

C(grapbite) + 0/g) --+C02(g); 

6,J/8 = -393.5 kJ mol- 1 

The entropy ofreaction, ti,.S3 = 0.0029 kJ moJ-1 so that 

6rGS = -393 .5 - 298(0.0029) 

= -394.36 kJ moJ- 1 

In this case, tirGr'c.• is always negative and therefore, the 

reaction is always spontaneous. 

ii. If T /JS is negative i.e ., unfavourab le. The value of 

tiG will be negative only if !iH > T tis. This fact wi_ll 

be more predominant at lower temperatures which 

makes the contribution of T 6S (opposing factor) less. 

When temperature is very high, - T tiS wi ll have large 

magnitude and tic wi ll be positive and as such the 

process may not be spontaneous. B ut as the temperature 

is lowered , then the T tiS value decreases so that 

its unfavourable influence is reduced . At very low 

t.c:rnpc:raturc, the value of !iii may become greater than 

the small v<1luc.: of T 6S and thus, 11G becomes negative 

and the process is spont<1neous under these conditions. 

Hene<::, exothermic rc.:actions <1re favoured by decreasing 

tempera lure.: . 

These rc.:<1 clions <1rc.: <1Ji.;o enthalpy driven. For example, 

in co mbu s1ion o f me thane (C J !4 ) , llw rca<.:l.ion is 

spontaneous b<.:c<1u 1,;e of Jarg<.: n<.:ga1 ivc va lue of 6/-/ al 

298 K. 

CHig) + 20z(g) -► 2Hz0(JJ + C0z(g); 

6/f-• = - 890.3 kJ mol 1 

6,$3 for the reaction has been fo und to be ~ 
mo1- 1 K- 1 so that kJ 

6,.G8 = - 890.3 - 298 (- 0.2430) 

= - 817.89 kJ 11101- 1 

This reaction is also spontaneous at 298 K. 

Thus, 

• An exothermic reaction which may be n 
on. 

spontaneous at high temperature becaus e of 
the unfavourab le entropy factor may bee orne 
spontaneous at low temperature. 

b. Endothermic reactions: For endothermic reactions All · 
, l.ll1 JS 

positive and always opposes the process. Now, 

i. If T tis is negative and oppose the process, the t:i.G will 

be positive and the process is always non-spontaneous. 

ii. On the other hand, when T tiS is positive (favourable), 

the valu e of t:.G will be negative only when 

T tiS > !iH. This fact will be more predominant ar 

hi~h temperatures which makes the contribution of 

T 6S (favouring factor) more. At low temperature. 

T tis bas small value and therefore, till may be greater 

than T 6S. Under these conditions, tiG may be positive 

and the reaction may not to be spontaneous at low 

temperature. As temperature increases, the term T &S 

increases while !iH does not change appreciable. Hence. 

at high temperature, the magnitude of T tiS will be quire 

large and will be more than till so that tiG becomes 

negative. This means that endotherm reactions are 

favoured by increasing temperature. 

Thus, 

• An endothermic reaction which may be non

spontaneous at low temperature becaus~ 

of unfavourable entropy factor may becom<! 

spontaneous at high temperature. 

These results are summed up in Table 6.10. 

Table 6.10 Tendencies of rea ctions to occu r in the fo rward 

direction and effect of temperature 

Sign of 

Reaction M TM L\G Bl•hiniour 

Exothermic + Sponmm:ous 

- (at low 7) Spontaneous 

+ {HI high 7) Non-spontaneous 

Endothermic -1- + Non-spontaneous 

+ + + (at low 7) Non-spontaneous 

- (at low 7) Spontaneous 

Thus, lhe temperature plays an important role in deciding 

the spontane ity of a reaction. A reaction may not spontaneous at 

low l~mperature but it becomes spontaneous at high temperature 

and vice versa. 
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Gibbs energy ts a state function and 1s an extensive property 

J. since its value depends upon the quantity of the substance. 

2_ puring a spontaneous change the Gibbs energy 

decreases. 

3. Change in Gibbs energy represents the maximum useful 

work that can be obtained from the process. 

QUESTIONS BASED ON GIBBS FREE ENERGY (L1G) 

f=usTRATICJN 6. ] r:2• ] 

Calculate Ii,. G 0 for conversion of oxygen to ozone, 

3/2 0 2(g) ➔ Oig) at 298 K 

ifK for this conversion is 2.47 x 10-29_ 
p 

Ii) We know t::..,. G 8 = -2.303 RT log KP and R = 8.314 JK-1 

mo1-1 

Therefore, 
t::..,. G 8 = -2.303(8.314 J K-1 mol-1) 

x (298 K)(log 2.4 7 x 1 o-29) 

= 163000 J mo1-1 

= 163 kJ mo1-1 

l,.1-~~TRAT ~ N 6.; ~7) 
Find out the value of equilibrium constant for the following 

reaction at 298 K . 

2NHig) + CO/g) ~ NH2CONHi(aq). + Hp(l) 

Standard Gibbs energy change, t::..rG 0 at the given temperature 

is -13.6 kJ moI-1. 

-Ii G0 

Ii:) We know, log K r 
2.303 RT 

(-13..6 x 103 J moC1
) 

2.303-(8.314 JK-1 mol-1
) (298 K) 

=2.38 

Hence K = antilog 2.38 = 2.4 x 102 

At· 60°C, dinitrogen tetroxide is fifty percent dissociated. 

Calculate the standard free energy change at this temperature 

and at one atmosphere. 

- Np/g) ~ 2N02(~) 

If N2O 4 is 50% dissociated, the mole fraction of both the 

substances is given by 

2 X 0.5 
XNo2 = l + 0.5 

0.5 
PN 0 = - x 1 atm, 

2 4 1.5 
I 

PN02 = 1.5 = I atm. 
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The equilibrium constant KP is given by 

Since 

KP= 

2 
(PNo

2
) 

PN204 

= 1.33 atm. 

1.5 

(l.5)2 (0.5) 

t::..,. G 8 = - RT In KP = - 2.303 RT log kP 

t::..,. G 8 = (-8.314 JK- 1 mot- 1) x (333 K) x (2.303) x 
(0.1239) 

= -763.8 kJ mot- 1 

~iR"~1q-~'" ~a.1 ~g ) 
Calculate /iG8 for the following reaction : 

CO(g) + ( ½) Oi(g) ~ COi(g); AfJ0 = - 282.84 kJ 

Given, 

S0c
02 

=213.8JK-l mo}- 1, S0CO(g)= 197.9JK- 1 mo}- 1, 

S0 
0 

= 205.0 J K-1 mo1- 1. 
2 

~ t::..S0= LS0(products)- LS0(reactants) 

[ 0 ] [s0 1 
80 ] = S CO2 - CO + 2 02 

= 213.8 -[ 197.9 + ½ 205] = -86.6 J K-1 

According to Gibbs-Helmholtz equation, 

t::..G8 = AfJ0 - T t::.S8 

= -282.84 - 298 X (-86.6 X }0-3) 

= -282.84 + 25.87 

= -257.033 kJ 

Show that- the reaction 

CO(g) + (1/2)O2(g)~ COi(g) 

at 300 K is spontaneous and exothermic, when the standard 

entropy change is -0.094 kJ mo1- 1 K- 1. The standard Gibbs 

free energies of formation for CO2 and CO are -394.4 and 

-13 7 .2 kJ mo1- 1, respectively. 

iiii:ll The given reaction is, 

CO(g) + (1/2) Oi(g)~ COi(g) 

t::..G8 (for reaction) = G0 co
2 

- G0 co - ( l /2) G0 O~ 

= -394.4- (-137.2)- 0 

= -257.2 kJ mot- 1 

t::..G8 = M /0 - T t::.5'3 
-257.2 = M /0 - 298 x (0.094) 

or M·/0 = - 288.2 kJ 

t::..G0 is - ve, hence the process is spontaneous, and AfJ0 is 

also - ve, hence the process is also exothennic. 
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l 1;_"i..a :tRAT1DN -6. 1 3 1 J 
Ml and /1S for the reaction: 

Agp(s)-------► 2Ag(s) + (1/2)Oi(g) 

are 30.56 kJ mo\- 1 and 66.0 J K- 1 mol- 1 respectively. Calculate 
the temperature at which free energy change for the reaction will 
be zero. Predict whether the forward reaction will be fa voured 

above or below this temperature. 

ti'iJ We know that, !lG = 11H - T !lS 

At equilibrium, !lG = 0 

so that O = Ml - T ti.S 
Ml 

orT = -
ti.S 

Given that Ml = 30.56 kl 11101- 1 = 30560 J 11101-1 

ti.S = 66.0 J K- 1 mo1- 1 

T= 30560 = 463 K 
66 

Above this temperature, ti.G will be negative and the process 
will be spontaneous in forward direction. 

l!!-1..UsTRATICN ~. 1 32 ) 

Compute the standard free energy of the reaction at 27°C for the 
combustion of methane using the given data: 

CHi g) + 2Oz(g) -------► COz(g) + 2Hp(l) 

Species 

1i1Jl0 (kJ mo1- 1) 

S8 (J K-1 moI-1) 

CH4 

-74.8 

186 205 

CO2 

-393.5 

214 

fM) /j.Jf0 = !:J./Jl0(C0
2

) + 21i/Jl0 (H
2
0) - t:J./Jl0(CH

4
) 

= -393.5 + 2 X (-285.8) - (-74.8) 
=·-890 kJ moI-1 

!:J.S3 = S8(COz) + 25'8 (HzO) - S8(CH4) - 2 S8(0z)sup 

=214+2 X 70 - 186-2 X 205 
= -242 J K-1 mo1- 1 

!iG-8 = /j.Jf0 - T !:J.S3 

= -890 - 300 X (-242 X 10-3) 

= -890 + 72.6 = -817.4 kJ moI- 1 

L Which of the following statements is correct? 

Hp 

-285.8 

70 

a. 6.G is equal to 6.G8 when the system is at the standard 
state. 

b. ti.G'-:1 is zero when the system is at equilibrium. 

c. 6.G measures how fa r the reaction is from equilibrium 
and how fast it is. 

d. When 6.G is positive, the reaction sho uld proceed 
forward to form more product. 

II. A reaction will never be sponl.l:tncous at. any temperature 
and pressure if 

a. /iS = +ve, M-/ = +ve b. 1:!,.S = + ve, /if-/ "' - ve 

c. /iS = -ve, M-/ = +ve d. 68 = - vc, !',./-/ = - ve 

~ Jtl:))l 

. 
III. Quick lime; (CaO) is produced by heatin . 

(CaCO3) to drive off CO2 gas. g hlllestonc 

CaCOls)-------► CaO(s) + COi(g); 

11,JJ0 = 180 kJ mo1- 1, !!.,Se ::: IS 
. h . . OJl(- 1 

Assummg t at vanat10n of enthalpy change and 
change with temperature to be negligible h' entropy 
following is correct? ' w ich of the 

a. Decomposition ofCaCOl s) is always non-s 
Pontaneo 

b. Decomposition ofCaCOis) becomes sponta Us. 
temperature is less than 927°C. neouswhen 

c. Decomposition ofCaCOi s) becomes spontan . eouswh 
temperature 1s greater than l200°C. en 

d. Decomposition ofCaCOi s) becomes spontaneo 
. h us when temperature 1s greater t an 927°C. 

IV. !1G8 tells us: 

a. Whether a change is feasible or not. 

b. How far a reaction will proceed. 

c. About energy of activation. 

~ 
I. a. 

II. c. 11G = t!Jl - T l1S 

When /1S = -ve and Afl = +ve. t.G will always be +ve. 

Hence, reaction will be non-spontaneous. 

III. a. t!Jl > 0; l1S > 0 ⇒ Reaction 'may' be non-spontaneous 
at 25°C. 

11G = t!Jl - T 11S= 180 - 298 x 150 x 10---3 

= 135.3 >0 
⇒ Non-spontaneous. 

To make it spontaneous (11G < 0), we have to increa.se 
the temperature. 

T. - MI 180 x 103 = 1200 K = 9210c 
Switch - /1S I SO. 

IV. a. 11G tells about feasibility of a reaction. 

.I. Identify the correct statement for change of Gibbs ene~·y 
for a system (/1

9
ysG) at constant temperature and prt-SS~ : 

a. if !i.sysG = 0, the system is still moving i.n a pruti~ul:ll' 
direction 

b. if /isysG < 0, the process is not spontaneous 

c. if t.sysG > 0, the process is spontaneous 

d. if /1sysG = 0, the system hns atta ined equilibrium . 
. I' 

ll. Which of the following statement about above reaction · 
wrong? 

o. I-l ent content of product is less than ofreactants. . 

h. For each mole of KBr(s) fonned, 94.0 kcal of beat 
15 

lost. 

c. Ent ropy of the product is lower than that of reactants• 

·:.:.:~ 



~ energy of product is probably lower than that of 

d, reactants at higher temperatures. 

F c=Cf-CF=CF2-► F2C -CF2 
Iii• 2 I I 

FC=CF 

I ·s reaction (ring closure), Aff = -49 kJ 11101- 1 t:,,.S = 
fof pt . , 

7 J J<_- 1 moJ- 1. Up to what temperature is the forward reaction 
..-40.~ 

Ontaneous? sp 
a. 1492°C b. 1219°C c. 946°C d. 1080°C 

lif.Jd. At equilibrium, t:,,.G = 0. 

II, d. 

Ill. c. For spontaneous process 

!!.G = Ml - T t:,,.S (should be negative) 

Ml 
:. T > t:,,.S 

-49 X 1000 
T> -40.2 

T > 1219 K, i.e. , 946°C 

§sTRA:!1DN 6. 1 3 ~ ' 

Sulphur exists in more than one solid form. The stable form 

at room temperature is rhombic sulphur. But above room 

remperature the following reaction occurs. 

S(rhombic)-► S(monoclinic) 

II.Mf3 =-276.144 J at 298 Kand 1 atm and t:,,.G8 = 75 .312 J 

a. Calculate t:,,.S3 at 298 K. 

b. Assume that Afi0 and t:,,.S3 do not vary significantly 

with temperature, calculate T eq' the temperature at which 

rhombic and monoclinic sulphur exist in equilibrium 

with each other. 

~ 
a. Since !!.G8 = Aff8 - T t:,,.S3 

!:il{
8 

- t,.G8 276.144 - 75.312 
=>~:, ---- ------ 0.674JK- 1 

T 298 
b. Under equilibrium condition, 1',.G = 0 

=>Afr.,,, - T 1',..':{"-:.,1 =0 
eq 

=> T = t,H r-:, = 276.144 409.7 K 
eq t,..'{" 0.674 

Calculate the free ener6,y change when J mol of NaCl is dissolved 
tn Water at 298 K . Given: 

a. Lattice energy of NaCl = - 778 kJ mol 1 

h. Hydration energy of NaCl = - 774.3 kJ mol 1 

c. Entropy change at 298 K = 43 J moJ- 1 

Thermodynamics 6.81 

[SplJ t:,,.soP0 = ? 

t:,,.so/-f0 = t:,,.ionJ--10 + t:,,.hydJ-10 

NaEB(g) + CI8(g)-------► NaCl(s); M -f"-:J = - 778 kJ moJ- I 

or 

NaCl(s ) -► Naffi (g) + CI8 (g) 

l!lH
1 

= 778 kJ mol- 1 ••• (i) 

NaEB(g) + Cl8 (g) + aq-► NaCl(aq) 

or 

NaEB(aq) + Cl8 (aq) 

t:,,.H
2 

= - 774.3 KJ mo1- 1 
• • • (ii) 

To calculate t:,,.
501

J-10 

NaCl(s) + aq-► NaEB(aq) + Cl8 (aq) 

t:,,.J-10 = t:,,.H I + t:,,./i 2 

= 778 - 774.3 = 3.7 kJ moI-1 = 3700 J moJ- 1 

t:,,.
501

5'8 = 43 J mot-I 

t:,,.
50
p 0 = t:,,.J-10 - T t:,,.S8 = 3 700 - 298 x 43 = -9114 J 

t:,,.soP0 = -9 .114 kJ 

6.16.3 Standard Gibbs Free Energy (6 6'3) 

Just like enthalpy and internal energy, we cannot determine 

absolute value of Gibbs free energy. The standard free energy 

change can be determined and it is defined as the free energy 

change for a process at 298 K and 1 atm pressure in which the 

reactants in their standard state are converted tp products in their 

standard state. It is denoted as t:,,.G8 ; it can be related to standard 

enthalpy and entropy change in the following manner. 

t,. G8 = t:,,.J-10 - T t:,,.S8 

where t:,,.J-10 and t:,,.S8 represent the standard enthalpy change and 

standard entropy change during the process, respectively. 

Like that of t:,,.J-[0, t:,,.G8 can be calculated from the standard 

free energies of formation of the products and the reactants. 

The standard free energy offonnation (~103) may be defined 

as free energy change when l mol of a compound is formed from 

its constituent elements in their standard state. 

It may be noted that like the standard enthalpy of fom1aril"'D 

(t:,,.1ff0) of an element, the standard Gibbs en~rgy of fom,arion of 

an element in its standard state is assumed to be zerf1 . 

Thus, standard Gibbs energy change of a ~actil,n is, 

t,.08 = r,1 c 0 (products) - r,/c1..1(r~actants) 

[

Sum of standard free ] [Sum l,f s ttmdard frt.-c ] 

= e~ergies of formation - e1~1:.•rgi1:.•s of fom,arion 

_ ol products _ ot r1:.•acta11ts 

Let us cons idur II general nmctil1n : 

n 1A + ,,:!11 ~ t1 1L + "-1/\/ 

l'!.G'' ' "" r.,G' )(products) - r./G' ' (rcactnnls) 

= l"vG' l(I.) + "~rG' l(M)J - [",10 .. 1(11) + "!f o 0 (B)J 

( 
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l!f.~U9'tRATION 6, 1 :if) 
Will the reaction, 

Ii(s) + H2S(g) ~ 2Hl(g) + S(s) 

proceed spontaneously in the forward direction of 298 K 
!:J.rG8 Hl(g) = 1.8 kJ moJ- 1, t:J.1G8 H2

S(g) = 33.8 kJ moJ- 1? 

t Sol.] !:J.G8 = :ErG8 (products) - :E1G8 (reactants) 

= [2rG8 HI(g) + 1G8 S(s)] - [l x 
1

c 0 Ii(s) + 1G0H2S(g)] 

= [2 x 1.8 + OJ - [O + 33 .8] = -30.2 kJ 

(-ve) value shows that the process is spontaneous in forward 

direction. 

liLLU!3TRATION 6.1 ~a) 
The standard Gibbs free energies for the reaction at 1 773 K are 

given below: 

C(s) + Oi(g) ~ CO/g); 

!:J.G8 = -380 kJ moI-1 

2C(s) + Oi(g) 2CO(g); 

t:J.G0 = -500 kJ moJ- 1 

Discuss the possibility of reducing Al20 3 and PbO with carbon 

at this temperature, 

4AI + 302(g) ~ 2AIPis); 

!:J.G8 = -22500 kJ moJ-1 

2Pb + Oi(g) ~ 2PbO(s); 

!:J.G8 = -120 kJ mo1-1 

[ SoL ) Let us consider reduction of AI20 3 by carbon. 

2Alp3 + 3C(s) ~ 4Al(s) + 3COi(g); 

!:J.G8 = -380 x 3 + (22500) = +21360 kJ moJ-1 

2Alp3 + 6C(s) ~ 4Al(s) + 6CO(g); 

!:J.G8 =-500 x 3 + 22500 = +21000 kJ mol-1 

Positive values of t:J.G0 shows that the reduction of AI20 3 

is not possible by any of the above methods. 

Now, let us consider the reduction of PbO. 

2Pb0(s) + C ~ 2Pb + CO2; 

t:J.G8 = +120 + (-380) = -260 kJ moJ- 1 

2PbO(s) + 2C ~ 2Pb + 2CO; 

!:J.G8 = + 120 + (-500) = -380 kJ mol-1 

Negative value of !:J.G8 shows that the process is spontaneous 

and PbO can be reduced by carbon. 

In a fuel cell , methanol is used as fuel and oxygen gas is used as 

an oxidiser. The reaction is 
3 

CHpH(l) + 2 Oi(g) ~ C02(g) + 2Hp(I) 

·-· 
Calculate standard Gibbs free energy change for the rea . 

. . I k cttonth 
can be converted mto electnca wor . If standard entb at 

combustion for methanol is - 702 kJ mo1- 1
, calculate the e;l~y of 

of conversion of Gibbs energy into useful work. ciency 

t:J.1 G0 for CO2, Hp, c~pH, 0 2 is - 394.00, - 237.00, - !
66 

and O kJ mol- 1 respectively. .OQ, 

[iliB The reaction for combustion of methanol is: 

3 
CHpH(l) + 2 Oi(g) ~ COi(g) + 2H20(1) 

!:J.reactionG0 = [!:J./G0 COi{g) + 2!:J./G8 Hp(I)] 

-[,.. p ecH,OH(/) +¾,I ,G"O,(g)l 

= [-394.0 + 2(-237.00) - [-166.00 + O] 
= -702.00 kJ moJ- 1 

Efficiency of conversion of Gibbs free energy into useful 

work 

G0 100 !:J.reaction X 
0 

!:J.reactionH 

- 702.00 X 100 

-702 

6.16.4 COUPLED REACTIONS 

100% 

For the feasibility of a reaction, !:J.rG must be negative. There are 

some reactions for which the value of !:J.rG is not negative, and 

therefore, there reactions are not spontaneous. However, these 

reactions can be made spontaneous if these reactions are carried 

by coupling with some other reactions having very large negative 

Gibbs energy values so that the Gibbs energy for the two combined 

reactions become negative. These reactions are called coupling 

reactions and the Gibbs energy of the two combined reactions 

becomes negative. Let us consider the decomposition of iron 

oxide, Fe20 3, into iron as: 

2Fe20is) ~ 4Fe(s) + 30i(g) ... (i) 

Gibbs energy for this reaction, !:J. G0 = + 1487.0 kJ moi-1
• 

r 

The positive value of !:J. G0 means that the reaction is non-
r 

spontaneous. This reaction can be made spontaneous by coupling 

with a reaction having large negative !:J.rG0 . 

Let us consider another reaction: 

2CO(g) + Oi(g) ~ 2C0
2
(g) 

t:J.p0 for the reaction is -514.4 kJ mo1- 1• 

... (ii) 

In equation (i), 3 mo! of 0
2 

is involved so that we can write 
equation (ii) as: 

6CO(g) + 30z(g) ~ 6COi(g) ... (iii) 

!:J.,.G0 = 3 x (-514.4) = -1543.2 kJ mo1- 1 

Let us combine equations (i) and (iii), we get 

2Fe20is) ~ 4Fe(s) + 302(g) i-1 

!:J. c e = +1487 kJ rno 
r 

6CO(g) + 30z(g) ~ 6COi(g) _
1 

- 2 kJ rnol !:J. c e =-1543. 
r . 



~ep/s) + 6CO(g~ 4Fe(s) + 6COi(g) 

11,.G0 = -56.2 kJ mo1- 1 

The negative value of 11,.G0 indicates that iron (lll) oxide can 

duced spontaneously to iron with carbon monoxide. During 
bere f" 1· . 

etallurgy o ffOll , t 11s reaction occurs in the lower part of the 
11ien1 . 'd . . 

. fun1ace where iron ox1 e 1s reduced to iron. 
blast 

The concept of coupling of two reactions is very useful in 

biological systems. 

In our body, many biological reactions occur which involve 

. rease in Gibbs energy (11G = +ve). Therefore, these reactions 
1nc . . 

1118
y not be spontaneous. Adenosme tnphosphate (ATP) is energy 

·ch 1110Jecule. When ATP is hydrolysed in the presence of an 

:nzy111e it gives adenosine diphosphate (ADP) and a phosphate 

jon as: 
ATP+ Hp ~ ADP+ Phosphate ion 

11 G0 = -31 kJ mo1-1 ,. 

This reaction is coupled with various other necessary reactions 

in biological systems which are otherwise not spontaneous. For 

example, the biosynthesis of sucrose from glucose and fructose has 

allG2 of +23 kJ mo1-1. On coupling this reaction with hydrolysis 

of ATP, the reaction becomes spontaneous. 

Glucose + Fructose +ATP~ Sucrose + ADP 

/1 G8 = -8 kJ mo1-1 
r 

Therefore, ATP is regarded as centre of all activities of the cell. 

6.16.5 GIBBS FREE EN ERGY CHANGE AND 

EQUILIBRIUM 

\\'e know that for a chemical reaction to occur spontaneously, 

Giobs energy change should be negative. 

Now let consider a chemical reaction A ~B being carried in a 

closed vessel. As the reaction progress, the Gibbs energy decreases 

whether we start from reactants or products. The Gibbs energy of 

a reaction mixtures varies with composition of the mixture i.e., 

Gibbs energy decreases and composition of reaction mixtures 

changes gradually. Finally, a stage reaches when composition of 

reaction mixture becomes constant and hence the ratio [B]l[A] 

becomes constant. This ratio is called equilibrium constant (Ke/ 

This stage refers to equilibrium state. 

When we plot the Gibbs energy against its changing 

C-Omposition of reaction mixture with time, we get the curve 

as shown in Fig. 6.17. The reaction tends to proceed towards 
the composition at the lowest point of curve because that is the 

direction of decreasing Gibbs energy. The composition at the 

lowest point of the curve corresponds to the minimum Gibbs 

energy. This corresponds to equilibrium. Jt is clear from the 

figure that for a system at equilibrium, any change either in the 

forward reaction or reverse reaction would lead to increase in 

Gibbs energy. In other words, when the system attains equilibrium, 

any change in forward to reverse direction is not spontaneous. 

G8 (reactants) _ ____ ____ _ 

Direction of 
spontaneous 

V'"''~ 
I 

Equilibrium 1 
• I 

Reactant 

mixture- , 
I 
I 

Product 

Thermodynamics 6.83 

-
GrcJ (products) 

Fig. 6.17 The equilibrium composition of a reaction corresponds to 
minimum Gibbs energy change 

The following important generalisations can be made from 

the above figure: 

• When the Gibbs energy minimum lies very close to the 

products, the equilibrium composition strongly favours 

products. In other words, the reaction goes nearly to 

completion, i.e., Keq >> 1. This is shown in Fig. 6.18(a). 

• When the Gibbs energy minimum lies very close to the 

reactants, the equilibrium composition favours the reactants 

and the reaction forms only a small amount of products. 

In other words, the reaction does not proceed much i.e., 

K << 1. This is shown in Fig. 6.18(b ). 
eq 

i 
c.:, 

~ 
5 
Cl) 

.0 

.0 

c3 

Reactants 

Equilibrium 
mixture 

Products 
(a) 

i / 
c.:, / 

&'a _/ t 
5 '-, 

c5
i! :~ Equilibrium 

I • 

I llllXhll'l' 
I 

I I 
Ro11c111111s Prududs 

{b) I 
Ftg. 6.18 Relative amounts of reactants and products at equilibrium 

• When the Gibbs energy minimum lies approximately hali\vay ~ 
between the reactants and the products, both reactants and 
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~6-~8~4__!'.P~hy~s~ic~al~C~he~m~i~st~ry~ ---------------------:-- --::--::=-:~=~~~ ~::=:----------------where F - faraday - 96500 coulomb -------..___ 
products are present in almost equal concentrations at 
equilibrium i.e. , K is close to 1. E = emf of the cell 

Relationship between standard free energy change (AG0) and n = Number of electrons involved in bat 
electrochemical reaction anced equilibrium constant (K~q) 

Consider a reversible reaction, A + B ~ C + D. If the reactants and products are in their standard state s, then 
The Gibbs energy ofreaction, AG is related to the composition AG0 = _ nFE8 

of the reaction mixture and the standard reaction Gibbs energy, 

AG8 as: 

AG = AG8 + RT In Q 

where AG is the Gibbs energy change of the reaction and AG
0 

is the difference in standard Gibbs energies of fonnation of the 
products and the reactants both in their standard states. Q is the 

reaction quotient and Q = [C] [D] . R is the gas constant having 
[A][B] 

the value 8.314 J K- 1 11101- 1. 

If the species are gases, these concentrations are expressed 
in partial pressures and the reaction quotient ~ill be Qp and if the 
species are in solution, the reaction quotient will be expressed in 

terms of molar concentrations as QC-

At equilibrium, Q =Kand AG= 0 because the reaction mixture 
has no tendency to change in either direction. Therefore, the above 

equation becomes: 

0 = t!iG2 + RTlnK 

or !::iG2 = -RTln K 

or !:lG2 = -2.303 RT log K 

The above equation may also be written as: 

K = e-t:P9tRT 

or = 1Q-t,G9 /23 03RT 

This equation is very important in chemical thermodynamics 
because it gives relation between equilibrium constant for any 
process (physical or chemical) and standard Gibbs energy change. 
We can also conclude: 

K < 1 when .t:.GS > 0 

K > I when .t:.GrJ < 0 

We also know that 

!:.Gr.,, = .t:.Jr:, - T .t:.GrJ = - RT 1n K 

This also means that the equilibrium constant is related to M/0 
and .t:.S:::., . For strongly endothermic reactions, M-18 may be large 
and positive. In such case, value of K will be much smaller than 
I. This means that the reac-tion is unlikely to form the products. 
In case of exothermic reac..,1.ions, /1.l-f./ is large and negative and 
AG0 is also large and negative. fn i,uch ea1,1e1,1 , K will be larger than 
1. Therefore, we generally expeet Htrong exothermic.: reactionf-l to 
have large Kand henee these go to near completion . 

Relationship between free energy charnge 11nd elcctrlc11l work 
done in a cell 

Free energy change in electrochemieal eell !l is related to the 
electrical work done in the eel I. 

!).G and emf of the cell (E) are related by the following relation: 

!).G = -nFE 

where £ 0 = standard emf of the cell 

Notes: 

t. Gibb's energy criteria is better than entropy criteria . 
. Th ' . b tn determining the spontaneity. 1s 1s ecause the form 

refers to syst~m only while the latter refers to both syst~ 
and surroundings. 

2. AG8 = - n FE8 

where n = number of moles of electrons, F = Faraday and 
£ 0 = standard e .m.f. 

3. AG0 = -2.303 RT log K 

where t::,,.G8 = standard Gibb's energy change and K = 

eqµilibrium constant 

4. The decrease in Gibb's free energy is equal to useful work 
done. 

5. (-!::,,.G)T,P ~ T!::,,. stotal 

6. Standard Gibb's energies of formation of all elementary 
· substances a're taken as zero. 

7. ,J:l~e temperature: It is the maximum temperature of-flame 
zone which a system attains if the changes in the system 
are_ carried out under adiabatic conditions and at coostanc 
pressure. 

8. Absolute value of internal energy, enthalpy and free energ:,· 
caru;iot be determined whereras absolute value of entro-py 
of any substance in any state at any temperature can re 
determined. 

h LLu■+¥Tu;J;~ 6 , 140 ) 

The emf of the cell reaction 

Zn(s) + Cu2+(aq) ~ Zn2+(aq) + Cu(s) 

is 1.1 V. Calculate the free energy change for the reaction. Iftl:~ 
enthalpy of the reaction is - 216.7 kJ m0 1- 1, calculate me~'f~ 
change for the reaction. 

~ - 6.G8 = n x F x £0 = 2 x 96500 x I. I = '212 .3 kJ 

.t:.G0 =-212,3 kJ 11101- 1 

!).G0 = i1H0 - r w ) 
6.Hu - 1':i.GL) - 216.7 - 1- 21 2.J) 6.S )= ----- \ 

T 29S 
1 = - 0.01476 kJ K' 1 mo1- 1 = - 14.76 J K- 1 mol-

1''•\ I',~~' ~ ~~--{"~-'!IJ'-l.l1\l1"",•,.,.-• 

I I ' I',•,,~ ........ ,14,.'•• ii~~ 

C1tloulat~ equilibrium constant for the following reaction: 

Cu(i,) + 2AgEB(aq) ~ eu2+ (aq) + 2Ag(s) 

At 250c , £0ccu 0 .47 V, R = 8.314 J K- 1 mo1- 1, F == 96500 C. 



------------------------~ ~ ~;~~~~~~ ~ ih~ermod-:inamks = '3 x (-'311 .01)-(-lS%'2.0) -== +l\s~s ~ s apply Nernst equation at equilibrium . · \ k] mo\- \ 
~ 

Hence, the reactlon cannot occur, since ~Ge . (\_) == ~ log10 Kc 
is Positive 

r, cell 11 
A\so, 

0.0591 
o.47 = ~ loglO Kc 

K - antilog[0.4
7 

x 
2

] = 8.5 x 1015 
C - 0.059\ 

~ tlTRATICN L 1 •'iD 
The standard enthalpy and entropy changes for the reaction in equilibrium for tl1e forward direction are given below: 

CO(g) + Hp(g) COi(g) + Hi(g) 
Afl-=' l00 K = -41.16 kJ mo1- 1 

~5'2300 K = -4.24 x 10-2 kJ mo1- 1 

Afl'°\200 K = - 32.93 kJ mo1-1 

• c0 = - 2 96 x 10-2 kJ mol- 1 D>J - 1200 K · 

Calculate K at each temperature and predict the direction of p 

reaction at 300 K and 1200 K, when P co = P co
2 

= P tt
2 

= P tt
2
o 

= I atm at initial state. 

Iii) At 300 K: t:,.G8 = Af-10 - T t:,.ga 

= --41.16 - 300 X (--4.24 X 10-2) 
=-28.44 kJ 

Since, t:,.G8 is negative, hence reaction is spontaneous in 
forward direction. 

!).(fa = -2.3O3RT log KP 
-28.44 = -2.303 x 8.314 x 10-3 x 300 log10 KP 
KP= 8.93 x 104 

At 1200 K: t:,.G8 = Af-10 - T t:,.ga 

= -32.93 - 1200 (-2.96 X 10-2) 

= +2.59 kJ 
Positive value of t:,.G0 shows that the reaction is spontaneous 
in backward direction 

6.G:, = - 2.3O3RT log10 KP 
2.59 = - 2.303 x 8.314 x 1 o-3 x 1200 log KP 
KP= 0.77 

ly.ullJ'JI.W)QH 6.1 43 ) 
Determine whether or not it is possible for sodium to reduce aluminium oxide to aluminium at 298 K . Also, calculate 
equilibrium constant for this reaction at 298 K. 

1\ GSAl20 i s) = - 1582 kJ moJ- 1 

!).rG0 Nap{s) = - 377 .7 kJ mo1- 1 

A1i0is) + 6Na(s) ~ 3Nap(s) + 2Al(s) 
!).,G8 = t:,.

1Ge (Nap) - 1:,.
1

G8 (Alp3) 

t:,. Ge = 2.3O3RT log K ,. 
⇒ 45 l.2 l = - 2.303 x 8.314 x 10-3 x 298 log K 

K cq ⇒ logKcq = - 79.0 ⇒ eq = 1.0 x \Q- 79 

For the reaction: 

N20ig) ~ 2N0i(g) 
Calculate t:,.p of the system in a mixture of 5 mol ofN2Q

4
(g) and 5 mo) ofNOi(g) at 298 Kat a total pressure of20 atm. Use the following data in kJ moJ-1: 

t:,.1G8 (N02, g) = 50; Li1G8 (N20 4, g) = 100 

tRll) We need to calculate t:,.,G. 
Use : t:,.p= t:,.,G8 + RT In Q 

So, first calculate t:,.,G8 using: 

Li,Ge = L G8 (Products) - L G8 (Reactant) 

= L (!:,. 1G0 )(Products) - L (!:,. 1G8)(Reactants) 
[ ·: At standard conditions: G8 compounds= t:,.1G0 compound] 

= 2 X t:,.,G0(NQ2, g)- 1:,.p0(Np4, g) 
= 2 X 50 - 100 = Q 

and t:,.,G= t:,.,G8 + RTln Q 

= 0 + 8.314 x 298 ln ( \
0
;) = 5.70 kJ mol-1 

For the reaction: 

CO(g) + H20(g) ~ COi(g) + Hi(g) 
(!:,.,H)300 K = -41.2 kJ mo1- 1 
(!:,./1)1200 K = - 33.0 kJ mo1- 1 
(!:,.,Shoo K = -4.2 x 10-2 kJ mo1- 1 

(!:,.,S)1200 K = - 3.0 x 10-2 kl mo1- 1 
Predict the direction of spontaneity of the reaction at 300 Kand 1200 K. Also calculate log 101\) at 300 Kand \200 K. 

l]iL) Using; t:,.,.G = I\H - T t:,.,S 
Al 300 K: (!:,.,.G)300 K = -4 \.2 - 300 X (-4.2 X 1 o-2) 

= - 28.6 kJ mo1- 1 

At 1200 K: (Li,.G)l 200 K = - 33.0 - 1200 x (-3.0 x 10-2) 
= - 3 kJ mol- 1 



!6-~B!6~Ph~y~si~ca~l ~Ch~e~mi~st~ry1_ _______ _________________ -=----~-=---------------o K 6. 80 6..He "' 

Since 11,.G is negative at 300 K and positive at 120 . , 
::::.L- -=.r__ t with ln Keq = R - RT 

reaction is spontaneous at 300 K and non-spontaneous a · 1200 K. 
Also, 6. G8 = -RT\n K ,. . eq 
Since. 11,.G is negative at 300 K and positive at 1200 K, reaction is spontaneous at 300 K and non-spontaneous at 1200 K. 
Also 6. G8 = - RT ln K ,. cq 
Since 11,.G,.., is not given, assume (6.,.G8 ) = (11,.Ghoo K 
At 300 K: - 28.6 = -(8 .314 x 1 o-3) x 300 ln KEq 

= 4.98 
⇒ 1og

10
(Ke

9
)
300 K [ ·: ln x = 2.303 log1o,X] 

and at 1200 K: - 28.6 = -(8.314 x 1 o-3) x 1200 ln Keq 
⇒ \og10(Keq)1200K = 1.24 

~ USTRATION 6. 1 46 i 
Calculate t:i,.G8 at 298 K for the following reaction if the reaction mixture consists of 1 atm ofN2, 3 atm ofH2, and 1 atm ofNH3. 

Ni(g) + 3H
2(g) W ~ 2NHig); 6.,.G8 = -33.32 kJ 

[Sol.J Ni(g) + 3Hi(g) ~ 2NH3(g); 6.,.G8 =-33.32 kJ 
Usino: 6. G = 6. G8 + RTln Q e> r r 

2 
p NH i2 1 where Q= / · 1 X 32 = 27' PN2P H2 

T = 298 K; R = 8.314 J mo\-1 K- 1 

1 ⇒ t:i,.G = -33 .2 + (8 .314 x 10-3) x 298 x 2.303 log
10 -

27 ⇒ -33.2 - 8.16 = -41.36 kJ mo1-1 

L Thermodynamic efficiency of a cell is given by: 
a. -Aff/b.G b. -nFE!b.G c. -nFEIM-1 d. -nF£0 

IL The temperature dependence of equilibrium constant of a reaction is given by 

1n Kt:!:!= 4.8-
2
~

9
. Find b.,G8 , b.,J/0, b.,$3. 

UL What is the sign of b.G8 and the value of K for an electrochemical cell for which £ 8 cell = 0.80 volt? 
!!.G"",, K 

a. - >I 
b. + > ] 
c. + <] 
d. - <1 

[Sol. J 
I. c.-nFEl!lfl 

2059 II. Compare In Keq = 4.8 - T 

11 s0 
We have: R = 4.8 

⇒ 6. S3 = 4 .8 x 8.314 J K- 1 = 39.9 J K - 1 I 

HG 

~=2059 
R 

⇒ 6.J-f0=2059 x 8.314JK- 1 
I 

= 17.12 kJ K- 1 

and 6.,.Ge = 6.,JI8 - T 6.p = 17.12 - 298 x 39.9 x IO-J 
= 5.31 kJ K- 1 

III. a. We know that 

6.G8 =-nFE8 

When E8 = 0.80 

Then 6.G8 = -ve 

and K = antilog ( - (6.G
0

) ) 

-2.303 RT 
= antilog (+ve) 

:. K> 1 

M-18 and ~ for the reaction: 

Bri(l) + Cli(g) ~ 2BrCl(g) 
at 298 Kare 29.3 kJ mol-1 and 104.1 JK-1 moi-1, respccri11-cl~ Calculate the equilibrium constant for the reaction. 

[iiD !)..G8 = M-18 - T~ 

=29.3 x 103 -298 x 104.1 =-1721.8Jmo11 

logK= 

K= 2.003 

!)..GO 

2.303 RT = __ -_1_7_2_1._8 __ = O.301~ 
2.303 X 8.314 X 298 

•"•"w!'t e. , 49 J 
Calculate the standard free energy change for the reactil)n: 

Zn+ Cu2+(aq)~ Cu+ zn2+(aq),& = UOY 
~ We know that 

b.G8 =-nFE8 

Zn + Cu2+ ~ Cu + Zn2+ 
n = 2, £0 = l.l0 V, 
F = 96500 C 

:. !)..G0 = - 2 x (96500 C) x (1.10 V) 
= -212300 J = -212.3 kJ CV

,, )) 
(': 




























































































































































































































































































































































































































































