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:CiH'EMICAL,THERMOOYNAMICS 

AN'O THERMOCHEMISTRY 

INTRODUCTIO~ 

Thermodynamics is a Greek word. Its literal meaning is motion 
or flow (dynamics) of heat (thermos). However, the term is used 
in a more general way. Thermodynamics is the branch of 
science which deals with all changes in energy or transfers of 
energy that accompany physical and chemical processes. It is 
concerned with interconversion of various forms of energy. 

Chemical thermodynamics is the branch of 
thermodynamics which deals with the study of processes in 
which chemi,cal energy is involved. 

, ,Or 

Chemical thermodynamics is one of the branches, of 
physical ~emistry which deals with transport of heat either 
as a result of physical change or as a result of chemical 
change. 

Chemical thermodynamics is concerned with the following 
questions: 

(i) When two or more substances are put together, will they 
react? 

(ii) If they do react, what energy changes will be associated 
with the reaction? 

(iii) If a reaction occurs, at what concentrations of the 
reactants and their products will equilibrium be established? 

Thermodynamics is not concerned with the total energy of the 
. body but only with energy changes taking place during the 
transformation. The study of thermodynamics is based on three 
generalisations derived from experimental results. These 
generalisations are known as first, second and third law of 
thermodynamics based on human experience and there is no 
formal proof for them. Scientists are of the view that nothing 
contrary to these laws will ever occur. 

Limitations of thermodynamics: (i) The laws of 
thermodynamics apply only to the matter in bulk, i.e., 
macroscopic system and not to individual atoms or molecules of 
the macroscopic system. Thermodynamics does not deal with 
internal structure of atoms and molecules. (ii) Thermodynamics 
can only predict the feasibility or spontaneity of a process under a 

given set of conditions but does not tell anything about the rate at 
which the given process may proceed. It is only concerned with 
initial anel final states of the system. For example, 
thermodynamics predicts that the reaction between oxygen and 
hydrogen is possible under ordinary conditions but does not tell 
whether the reaction is fast or slow. 

.7.2 TERMS USED IN THERMODYNAMICS 
Before we study the laws of thermodynamics, it is necessary to 
define some of the basic terms which are frequently used in its 
discussion: 

(i) System, Surroundings and Boundary: A system is 
defined as a specified part of the universe or specified portion 
of the matter which is under experimental investigation and 
the rest of the universe, Le., all other matter which can 
interact with the system, is surroundings. 

Anything which separates system and surroundings is called 
boundary. The boundary may be real or imaginary; it may 
be rigid or non-rigid; it may be a conductor or a non-conductor of 
heat. The terms diathermic wall and adiabatic wall are used for 
conductor and non-conductor of heat boundaries respectively. 

For example, a reaction is carried out in a beaker. The contents 
of the beaker constitute the system, beaker serves as boundary 
and the beaker, the air and anything else in the vicinity constitute 
the surroundings . 

(ii) Types of System: There are three types of system: 
(a) Isolated system: This type of system has no interaction 

with its surroundings. The boundary is sealed and insulated. 
Neither matter nor energy can be exchanged with surroundings. 

, A substance contained in an ideal thermos flask is an example of 
an isolated system. 

(b) Oosed system: This type of system can exchan~e 
energy in the form of heat, work or radiations but not matter WIth 
its surroundings. The boundary between system arid 
surroundings is sealed but not insulated. For example, liquid in 
contact with vapour in a sealed tube forms a closed system. Heat 
can be transferred through the walls of the tube to the 
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surroundings but total amount of matter remains the same as 
vapours cannot escape. 

(c) Open system: This type of system can exchange matter 
as well as energy with surroundings. The boundary is riot sealed 
and not Prsulated. Sodium reacting with water in an open beaker 
is an &'ample of open system as hydrogen escapes and heat ofthe 
reaction is transferred to the surroundings. 

On the basis of composition, there are two types of systems: 
(1) Homogeneous system: A system is said to be 

. homogeneous when it is completely uniform throughout. A 
homogeneous system is made of one-phase only. Examples are: a 

. pure single solid, liquid or gas, mixture of gases and a true 
solution. 

(2) Heterogeneous system: A system is said to be 
heterogeneous when it is not uniform throughout, i. e. , it consists 
two or more phases. Examples are: ice in contact with water, tw<1 
or more immiscible liquids, insoluble solid in contact with ·a 
liquid, a liquid in contact with vapour, etc. 

(iii) Thermodynamic Properties: These are of two types: 
(a) Iutensive properties: The properties which do not. 

depend upon the quantity of matter present in the system or size of 
the system are called intensive properties. Pressure, temperature, 
density, specific heat, surface tension, refractive index, viscosity, 
melting point, boiling point, volume per mole, concentration, etc.,' 
are the examples of intensive properties of the system. 

(b) Extensive properties: The properties whose magnitude 
depends upon the quantity of matter present in the system are 
called extensive properties. 

Extensive property is an additive propertY of the system. For a 
heterogenaous system consisting of several phases, the total 
value of.. extensive property will be equal to the sum of 
contributions from several phases. 

The following are some salient features of these properties: 
(i) In a system having two or more substances, the extensive 

property will depend not only on the independent variables but 
also on the number of moles of different componerits present in it. 

(ii) If an extensive property is expressed per mole or per gram, 
it becomes intensive property. For example, mass and volume are 
extensive properties but density (mass per unit volume) and 
specific volume (volume per unit mass) are intensive properties. 

(iii) The product, sum and ratio of intensive properties are also 
intensive properties. Let X and Ybe two intensive properties, then 

(X Y) XY 
X aX .. . + ; ; ; - are mtensIve propertIes. 
Y ay 

(iv) Let X and Ybe the two extensive properties, then 
(a) (X + Y) will also be an extensive variable. 

(b) X d ax '11 b' . . bl an - WI e mtensIve varia es. 
Y ay 

Extensive and intensive properties 

IDtensive properties 

Molarity 

Molality 

Concentration 

Heat capacity 

Mass 

Volume 

i 

/ 

Density 

Temperature 

Pressure 

Mole fraction 

Molar enthalpy 

Molar entropy 

Refractive index 

Specific heat 

Viscosity 

Surface tension 

Dielectric constant 

Number of moles 

Gibbs free energy 

Enthalpy 

Entropy 

Internal energy 

When the total mass, temperature, volume, number of moles 
and composition have definite values, the system is said to be in a 
definite state. When there is any change in anyone of these 
properties, it is said that the system has undergone a change of 
state. ' 

(iv) State Functions or State Variables: Fundamental 
properties which determine the state of a system are referred to as 
state variables or state functions or thermodynamic 
parameters. The change in the state properties depends only 
upon the initial and final states of the system, but is independent 
of the manner in which the change has been brought about. In 
other words, the state properties do not depend upon a path 
followed. 

Following are the state variables that are commonly used to 
describe the state of the thermodynamic system: 

1. Pressure (P) 2. Temperature (T) 
3. Volume (V) 4. Internal energy (E) 
5. Enthalpy (H) 6. Entropy (8) 
7. Free energy (G) 8. Number of moles (n) 

(v) Thermodynamic Processes: When the thermodynamic 
system changes from one state to another, the operation is called a 
process. The various types of the processes are: 

(a) Isothermal process: The process is termed isothermal 
if temperature remains fixed, i. e. , operation is done at constant 
temperature. This can be achieved by placing the system in a 
constant temperature bath, i. e., thermostat. Fer an isothermal 
process dT = 0, i. e. ,heat is exchanged with the surroundings and 
the system is not thermally isolated. 

(b) Adiabatic process: If a process is carried out under 
such condition that no exchange of heat takes place between the 
system and surroundings, the process is termed adiabatic. The 
system is thermally isolated, i. e., dQ = O. This can be done by 
keeping the system in an insulated container, i. e. , thermos flask. 
In adiabatic process, the temperature of the system varies. 

(c) Isobaric process: The process is known as isobaric in 
which the pressure remains constant throughout the change, i. e. , 
dP=o. 

(d) isochoric process: The process is termed as isochoric 
in which volume remains constant throughout the change, i. e., 
dV=O. 
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(e) Cyclic process: When a system undergoes a number·of 
different processes and finally returns to its initial state, it is 
termed cyclic process. For a cyclic process dE = 0 ani! dH = O. 

(1) Reversible process: A process which occurs 
infinitesimally slowly, i. e., opposing force is infinitesimally 
smaller than driving force and when infinitesimal increase in the 
opposing force can reverse the process, it is said to be reversible 
process. In fact, a reversible process is considered to proceed 
from initial state to final state tbrough an' infinite series of 
infmitesimally small stages and at every stage it is virtually in 
state of equilibrium. A reversible process is an ideal process and 
canp.ot be realised in practice. 

(g) Irreversible process: When the process . goes from 
initial to final state in single step in fmite time and cannot be 
reversed" it is termed as irreversible process. I.n such a case 
equilibrium state exists only at the initial and fmafstages of the 
process. An irreversible process is spontaneous in nature. It is 
real and canbe perforined in practice. All natural procefises are 
irreversible in nature. 

ReverSibte process . Irreversible proeess 

.1. It is an ideal process and takes It is. a spontaneous process and 
infinite time. takes finite time. 

2. The driving force is infinitesi- The driving force is' much 
mally greater than the opposing greater than the opposing force. 
force. 

3. It is in equilibrium at all stages. Equilibrium exists in the initial 
and final stages only, 

4. Work obtained is maximum. ,Work obtained is not maximum. 

5. It is difficult to realise in It can be performed in practice. 
prllctice. 

Nature of Work and Heat 

Work is a mode, of energy transfer to or from a system with 
reference to the surruundings. If an object is displaced tbrough a 
distance d x against a force ofF, then the amount of work done is . 
defined as 

Wo··Fxdx 
There are many types of work and all of them could be 

expressed as the product of two factors: 
(i) an intensity factor, 

(ii) a capacity factor. 
Some ofthem are: 
( a) Gravitational work = (mg ) X h 

where, m = mass of body, g = acceleration due to gravity, 
h = height moved. . ' 

(b) Electrical work charge x potential 
QXV 

where, Q = charge, V == potential gradient 
(c) Mechanical work = Pext (V2 VI) Pext AV 

where, Pext = external pressUre, AV increase or decrease in 
volume. ' 

Work. associated with change in volume of a system against 
external pressure is called mechanical work. 

Pext == intensity factor 
A V capacity factor 

Work (w) is a path-dependent function, it is a manifestation of 
energy. Work done on a system increases the energy of the system 
and work done by the system decreases the energy of the system. 

Work done on the system, w + ve 
Work done by the system, w == - ve 

Heat may be defined as the quantity of energy which flows 
between a system and its surroundings on account oftemperature 
difference. Heat always flows from high temperature to low 
temperature. 

Heat absorbed or evolved, ~Q = ms At 
where, m mass of substance, s:::: specific heat . 

and At "'" temperature difference. 
(i) Heat flowing into the system, ~Qor MI + ve. 

The process in this case is endothermic in which the 
temperature ofthe system is raised and that ofthe surroundings is 
lowered. 

(ii) Heat flowingout of the system, AQor MI::::- ve. 
The process in this case is exothermic in which the 

temperature of the system is lowered and that ofthe surroundings 
is raised. 

Units of Heat and Work: The unit of heat is calorie (cal). It 
is defined as the quantity of heat required to raise the temperature 
of one gram of water by loe. 

Since, heat and work are interrelated, S1 unit of heat is the 
joule(J). 

I joule ~ 0.2390cal 

l.calorie = 4.184 J 

1 kcal =4.184 kJ 

1 litre -atrn =1 0 1.3 J 

1.013 X 109 erg 
= 24.206 cal 

:.; ::::a_SoME SOLVED ExAMPLES\::::::: 

i,·Example 1. A gas expands by 0.5 litre against a constant 
pressure of one atmosphere. Calculate the work done in joule and 
calorie. 

Solution: Work = - Pext X volurnechange 

:::: -1 x 0.5 0.5 litre -atrn 

:::: 0.5 x 101.328J = - 50.664 J 

0.5Iitre-atrn -0.5 x 24.20cal =-12.l0cal 

. ,Example 2. One mole of an ideal gas is put through a 
series of changes as shown in the graph in which A, Band C 
mark the three stages of the system. At each stage the variables 
are shown in the graph .. 

(a) Calculate the pressure at three stages of the system. 
(b) Name the processes during the following changes: 

(i) A to B (ij) B to C (iii) C to A and (iv) overall change. 
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Solution: (a) At stage A: 

V 24.0L;T=300K;n l;R 0.08211itre-atmK-1 mol-:1 

Substituting these values in the ideal gas equation, . 

PV=nRT, 

P = 1 x 0.0821 x 300 = 1.026atm 
24.0 

At stage B: Volume remains the same but temperatUre 
changes from 300 K to 600 K. Thus, according to pressure law, 
the pressure will be doubled at B with respect to A. 

Pressure at B 2 x 1.026= 2.052 atm 
At stage C: Temperature is 300 K and volume is half that of 

stage A. Thus, according to Boyle's law, the pressure at C will be 
doubled with respect to A. 

Pressure at C = 2 x 1.026= 2.052atm 

(b) (i) During the change from A to B, volume remains 

constant, "'the process is isochoric. 
(ii) During the change from B to C the pressure remains 

constant, the process is isobaric. . 
(iii) During the change from C to A, the temperature remains 

constant, the process is isothermal. 
(iv) Overall; the process is cyclic as it returns to initial state. 

Example 3. The diagram shows a P-V graph of a 
. thermodynamic behaviour of an ideal gas. Find out from this 

graph (i) work done in the process A -7 B, B -7 C, C -7 D and 
D -7 A, (it) work done il'! the complete cycle 
A -7B""-)C -7D -7 A. 

Solution: (i) Work done in the process A -7 B (the process 

is expansion, hence work is done by the gas) 

i 12 A B 

",10 

~ 8 
~ 6 .(1) 
c: 

'" 4 0 
:s 
Il. 2 D C 

2 3 4 5 6 
V (litre) -

=-PxdV= 12x 105 x 5x 10-3 

= 6000J 
Work done in the process B -7 C is zero as volume remains 

constant. 
Work done in the process C -7 D (The process is contraction, 

hence work is done on the gas) 
. =P x dV =2x 105 x5x 10-3 

= 1000J 
(ii) Work done in the. process D -7 A is zero as volume 

remains constant. 

Net work done in the wl;1ole cycle = - 6000 + 1000 5000 J 

i. e. , net work is done by the gas. 

;Example 4. Calculate tlie work done when 1.0 mole; of 
water at 373 K vaporizes against an atmospheric pressure ofl.O 
aimosphere. Assume ideal gas behaviour. 

Solution: Thevolume occupied by wateris very small and 
thus the volume change is equal to the volume occupied by one 
gram mole of water vapour. 

V nRT l.Ox 0.0821 x 373 31.0 litre 
P 1.0 

W=-Pext xAV -(1.0)x(31.0)litre-atm 

= - (31.0) x 101.3 J = - 3140.3 J 

Example 5. Identify different steps in the following cyclic 
process: 

I 
p 

v-

Temperature At A ,B 
and F is 11 and at C, 
DandEisT2 . 

Tl >T2 

Solution: (i) A -7 B (Temperature and pressure are 

. constant). 
:. It is isothermal and isobaric process. 

(ii) B -7 C: It is adiabatic expansion in which temperature 
falls from Tl to T2 . 

(iii) C -7 D (Temperature and volume are constant) 
:. This process is isothermal and isochoric .. 

(iv) D -7 E (Temperature and pressure are constant) 
:. It is isothermal and isobaric contraction. . 
(v) E -7 F (It is adiabatic compression inwhich temperature 

increases from T2 to T[ ) . 

(vi) F -7 A (Temperature and volume are constant). 
.:. It is isothermal and isochoric process. 

··Example 6. One mole of a monoatomic gas is subjected to 
following cyclic process: 

I 
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p 

. T1, 20 atm. T 20 t 201't 

A~r am, 'ffi 

C 
T1, 2 atm, 10 litre 

v
(a) Calculate TI and T2. 

(b) Calculate !lE, q and W in calories in each step of cyclic 
ptocess. 

Solution: (a) At A : 

AtB: 

PV = nRT 

20 x 1= 1 x 0.0821 X TI 

Ii 243.6K 

PV nRT 

20x 10= I x 0.0821 X T2 

T2 = 2436.05 K 

(b) Path AB: Isobaric process (!lE = 0, q = W ) 

W = P8V = 20x 9= 180litre~atm 

:= 180x 101.3 cal 
4.185 

= 4356.9 cal (Work in compression is positive) 

Path BC: Isochoric process 

w=o 
. 3 

qv = 8U = n C v 8T = ] x - R x (2436 - 243.6) 
2 

:::: ~ X 2 x 2192.4= 6577.2 cal 
2 

It is cooling process: qv == 6577.2 cal 

Path CA: It i.~ i"athermal compression dEo 

q = W = 2.303 nRT log, V2 

VI 
. 10 

q = W 2.303 x 1 x 2 x log -- = 1122.02cal 
I 

INTERNAL ENERGY 
Every !';ystem having some quantity of matter is associated with a 
definite amount of energy. This energy is known as internal 
energy. The exact value of this energy is not known as it includes 
all types of energies of molecules constituting the given mass of 
matter such as translational, vibrational, rotational, the kinetic 
and potential energy of the nuclei and -electrons within r!"e 
individual molecules and the. manner in which the molecules 1\' 

linked together, etc. The internal energy is denoted by E. 

E E translational + E rotational + E vibrational + E bonding + E electronic + , . , 
,\ccurate measurements of some forms of energy which 

contribute to 'the absolute value of internal energy for a given . 
substance in a given state is impossible. But one thing is certain 
that the internal energy of a particular system is a definite 
quantity at the given moment, irrespective of the manner by 
which it has been obtained. Internal energy like temperature, 
pressure, volume,' etc., is a state function, i.e., total of all 
possible kinds of energy of a system is called its internal 
energy*. 

It is neither possible nor necessary to calculate the absolute 
value of internal energy of a system. In thermodynamics, one is 
concerned only with energy change which occurs when the 
system moves from one state to another. Let dE be the difference 
of energy of the initial state (E j ) and the final state (Ef ), then 

!lE=Ef -
!lE is positive if E f > E i and negative if E f < E j' 

A system may transfer energy to or from the surroundings as 
heat or work or both, 

Characteristics of Internal Energy 
(i) Internal energy of a system is an extensive property. 

(ii) Internal energy is a state property. 
(iii) The change in the internal energy does not depend on the 

path by which the final state is reached. 
(iv) There is no change in internal energy in a cyclic process. 

Thermal Equilibrium and Zeroth Law of 
Thermodynamics . 

When a hot body is kept in contact with a cold body, the cold 
body warms up and the hot body cools down. The internal energy 
of the hot body decreases and that of cold body increases. The 
transfer of energy from the hot body to a cold body is a 
non-mechanical process. The energy that is transferred from one 
body to the other, without any mechanical' work involved , is 
called heat. 

Two bodies are said to be in thermal equilibrium if no transfer 
of heat takes place when they are placed in contact. 

The temperature concept can be stated precisely by the fact 
that systems in therm(11 equilibri;!m with each other have the 
same temperature. 

Courses of thermodynamics usually deal with the three laws: 
the first, second and third laws, which constitute the subject 
matter of thennodynamics. However, at present an ever 
increasing use is made in thermodynamics of the law of thennal 
equilibrium formulated by R. Fowler in 1931, i.e., the Zeroth law 
of the,'7Tlodynamics. This law was formulated after the first and 
the second laws had been enunciated. 

This law states: If two systems are in thermal equilibrium with a 
third system, they are also in thermal equilibrium with each other. . 

Conversely, the law can be stated as follows: 
If three or more systems are ill thermal contact with each other 

by means of diathermal walls alld are all in thermal equilibrium 
together, then any two systems taken separately are in thermal 
equilibrium with each other. 

Now let us consider three systems A, Band C a') shown in Fig. 
7.1. It is an experimental fact that if system A is in thermal 

*The word internal is often omitted and the word energy implies internal energy of a system. 
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equilibrium with system C and system B is also in thermal 
equilibrium with system C, then A and B are in thermal 
equilibriUl\1 with each other. 

Fig. 7.1 Systems in therma.1 equilibrium 

[,lit, FIRST LAW OF THERMODYNAMICS 

This law has been stated in vario¥s forms but is merely the law of 
conservation of energy. It was given by Robert Mayer and 
Helmholtz. 

(i) Energy cannot be created or destroyed but it can be 
converted from one form to another. 

(ii) The total energy of the universe is constant. 
(iii) Whenever a quantity of one kind of energy disappears, an 

exactly equivalent quantity of energy in some other form must 
appear. 

(iv) It is impossibie to construct a perpetual motion machine 
which could produce work without consuming energy. 

(v) The total energy of an isolated system remains constant 
though it may change from one form to another. 

When a system is changed from initial state to the final state, it 
undergoes a change in the internal energy from E i to E f' Thus, 
!:lE can be written as: 

M'='Er ~-Ei 
The change in internal energy can be brought about in two 

ways: 
(a) Either by allowing the heat to flow into the system 

(absorption) or out of the system (evolution). 
(b) By doing work on the system or the work done by the 

system. 
Consider a system whose internal energy is El . If the system is 

supplied q amount of heat, the internal energy of the system will 
become E1 + q. Now if work w is also done on the system, the 
final internal energy becomes E 2 • Thus, 

E2 '='E1 +q+w 
or E1 = q+ w 
or M q+w 

This is the mathematical statement of the first law of 
thermodynamics. In this statement, q is the heat absorbed and w is 
the work done on the system. 

In case q is the heat absorbed and w the work done by the 
system, then the relationship becomes 

M=q+ (-w)""q-w 
The first law of thermodynamics may also be stated as: 

1he net energy change of a dosed system is equal to heat 
ab~orbed plus the work done on the system. 

Or 
The net energy change of a dosed system is equal to heat 

absorbed minus the work done by the system. 
Or 

It is impossible to construct a mobile or perpetual machine 
that can work without consumption of any fuel energy. 

;':Jl:,,,ample 7. If 500 calorie of heat energy are added to a 
system and the system does 350 calorie of work on the 
surroundings, what is the energy change of the system? 

Solution: Heat absorbed, q 500cal 

Work done by the system, w 350cal 

Applying the first law of thermodynamics, 

M = q + w 500+ (-350)= 150calorie 

Example 8. If 100 calorie of heat are added to the same 
system as in example 1 and a work of 50 calorie is done on the 
system, calculate the energy change of the system. 

Solution: Heat absorbed, q = 100 cal 

Work done on the system, w + 50 cal 

Applying the first law of thermodynamics, 

I:lE = q + w = (100 + 50) = 150calorie 
In the above two examples, the final state is same but the paths 

adopted are different. Thus, the change in energy of the system 
depends on the initial and final states but does not depend on the 
path by which the final state has reached, q and ware, therefore, 
not state functions but M is a state function. 

Some useful conclusions drawn from the first law: 
!:lE = q + w 

(i) When a system undergoes a change !:l E 0, i. e. , there is . 
no increase or decrease in the internal energy of the system. the 
first law of thermodynamics reduces to 

o q+w 
m q w 
(heat absorbed from surroundings work done by the system) 

m w=-q 

(heat given to surroundings = work done on the system) 

(ii) If no work is done, w = 0 and the first law reduces to 
M=q 

i. e. , increase in internal energy of the system is equal to the heat 
absorbed by the system or decrease in internal energy of the. 
system is equal to heat lost by the system. 

(iii) If there is no exchange of heat between the system and 
surroundings, q = 0, the first law reduces to 

M w 

It shows that if wmk is done on the system, its internal energy 
will increase or if work is done by the system, its internal energy 
will decrease. This occurs in an adiabatic process. 

(iv) In case of gaseous system, if a gas expands against the 
constant external pressure, P, let the volume change be !:lV. The 
mechanical work done by the gas is equal to -P x !:lV. 
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Substituting this value in M = q + w, 

M=q-P/).V 

When /).V 0, 

M = q or qv 
The symbol qv indicates the heat change at constant volume. 

. Example 9. A gas contained in (l cylinder fitted with a 
frictionless piston expands against a constant pressure 1 
atmospherefrom'a volume of 4 litre to a volume of14litre. In 
dolng so, it absorbs 800 J thermal energy from surroundings. 
Determine M for the process. 

Solution: Given, q = 800 J 

/).V (14 4);"'10 litre 
w=-Px/).V lxlO 10 litre -atm 

But 0.082 litre -atm 1.987 cal 

So, w=_10X1.987 -242.3cal 
0.082 

But 1 calorie =4.184 J 
So, w= -242.3x 4.184= -1013.7 J 
Substituting the values in equation, 

M == q + w = (800- 1013.7) 213.7 J 

7.5 ENTHALPY 
Heat content of a system at constant pressure is called enthalpy 
denoted by 'H ' . 

From first law of thermodynamics; 
Q=E +PV ... (i) 

Heat change at constant pressure can be given as 
/).Q /).E + P:/)' V ... (ii) 

At constant pressure heat can be replaced by enthalpy. 
f:.,.H M + P /). V ... (iii) 

Constant pressures are common in chemistry as most of the 
reactions are carried out in open vessels. 

At constant volume, /).V = 0; thus equation(ii) can be written 
as 

.' /).Q M 

:.' AH == Heat change or heat of reaction (in chemical process) 
at constant pressure 

¢.E = Heat change or heat of reaction at constant volume. 
(i) In case of solids and liquids participating 'in a reaction, 

f:.,.H M (P /). V "" 0) 

(ii) Difference between f:.,.H and M is significant when gases 
are involved in a chemical reaction. 

f:.,.H M + P /). V 
!!Jl = AE + /).nRT 

Here, P/).V == MRT 
./).n == Number of gaseous moles of products - Number of 

gaseous moles of reactants, 
Using the above relation we can interrelate heats of reaction at 

constant pressure and at constant volume. 

7.6 HEAT CAPACITY 

Heat capacity of a system is defined as the quantity of heat 
required to raise the temperature ofthe system by one degree. Let 
a very small quantity of heat dq be given to a system and the 
temperature of the system rises by dT. 

dq 
Thus, Heat capacity =-

dT 
The heat capacity of a system, particularly in a gaseous 

system, determined at constant volume, is different from that 
determined at constant pressure. 

At constant volume, q = M 

. (aE) . So, Heat capacity at constant volume, C v = ar v 

At constant pressure, q /).E + P/).V = f:.,.H • 

. ". . faR) 
So, Heat capa~ity at constant pressure, C p == l aT· p 

For 1 mole pf a gas, heat capacities at constant volume and 
constartt pressure are denoted by C v and C p ,respectively. These 
are termed as molar heat capacities. Thus, for 1 mole of a gas, 

Cv = (~;)v 
Cp=(aR) 

aT p 
and 

The difference between C p and C v is equal to the work done 
by 1 mole of gas in expansion when heated through 1°C. 

Work done by the gas at constant pressure = P A V. 
For 1 mole of gas PV RT. 
When temperature is raised by 1°C, the volume becomes 

V+AV; 

or 

So; P(V + AV)= R(T+ 1) 

P /).V R 

Hence, Cp -Cv =PAV=R 

Ratio of heat capacity ( y ~:) depends on atomicity of gas. 

C 
Atomleity Cy Cp=Cy+R y=J.. 

Cy 

Monoatomic He, Ne, ~R ~R 5/2R 
1.66 Y --

Aretc. 2 2 3/2R 

matomic ~R !.R = 7/2R =1.40 °2 , N2, H2, Clz . 2 2 Y 5/2R 

Tri and polyatomic 3R 4R 4R 
y:- = 1.33 

CO2, NH3, S03 3R 
N02 , CH4 etc. 

Let nl and n2 moles of two non-reacting gases A and Bare 
mixed then heat capacity of the mixture may be calculated as. 

(CV)mixture 
nl (CV)I +n2 (Cv h 
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7~7 EXPANSION OF AN IDEAL GAS 

(i) Isothermal Expan'Sion 
In an isothermal expansion, heat is allowed to flow into or ou}

of the system so that temperature remains constant throughout the . 
process of expansion. Since, for an ideal gas, the internal energy, 
llE, depends only on temperature, it follows that at constant 
temperature, the internal energy of the gas remains constant, i. e. , 
llE is zero. 

llE=O 

According to first law of thermodymimics, 

llE q+w 

Since, for isothermal process, llE 0, hence 

q=-w 

This shows that in isothermal expansion, the work is done by 
the system at the expense of heat absorbed. The magnitude of q or 
w depends on the manner in which the process of expansion is 
carried out, i. e. ,whether it is carried reversibly or irreversibly. 

Calculation of A Hcan be done according to the following 
equation: 

or 

or 

H=oE+PV 
AH = llE + A(PV) 

AH = llE + A.(nRT ) 

Since, for isothermal process, llE and AT are zero 
. respectively, hence, 

AH 0 

Work done in reversible isothermal expansion 
Consider an ideal gas enclosed in a cylinder fitted with a 

weightless and frictionless piston. The cylinder is not insulated. 
The external pressure, Pex! , is equal to pressure of the gas, P gas' 

Let it be P. 

Pex! Pgas P 
If the external pressure is decreased by. an infinitesimal' 

amount dP, the gas will expand by an infmitesimal volume, dV. 
As a result of expansion, the pressure of the gas within the 
cylinder fans to P gas - dP, i. e., it becomes again equal to the 
external pressure and,· thus, the piston comes to rest Such a 
process is repeate~ for a number of times, i. e. ,in each step the gas 
expands by a volume dV. 

Since, the system is in thermal equilibrium with the 
surroundings, the infinitesimally small cooling produced due to 
expansion is balanced by the absorption of heat from the 

Pe xl dp 

}dV 

Pgas 

Fig. 7.2 

surroundings and the temperature remains constant throughout 
the expansion; • 

The work done by the gas in each step of expansion can be 
given as, 

d w (P~X! -dP)dV=-Pext ·dV=-PdV 
dP· dV, the product of two infinitesimal quantities, is neglected. 

The. total amount of work done by the isothermal reversible 
expansion of the ideal· gas from volume VI to volume V2 is, 
therefore, 

or 

For an ideal gas, 

So, 

Integrating, 

w=_fV2 PdV 
VI 

p=nRT 
V 

w -nRT fV2 dV 
JVI V 

V2 • 
W = - nRT log e - = - 2.303nRT log 

VI VI 

At constant temperature, acc.ording to Boyle's law, 
PIVI =P2V2 

V2 =~ 
VI P2 

So, W = - i.303nRT log 
P2 

Isothermal compression work of an ideal gas may be derived 
similarly and it has exactly the same value with positive sign. 

. V . 
wcompression 2.303nRT log ..J... = 2.303nRT log 

V2 PI 

Work done in irreversible isothermal expansion 

Two types of irreversible isothermal expansions are observed, 
i. e., (i) Free expansion and (ii) Intermediate expansion. In free 
expansion, the external pressure is zero, i. e. , work done is zero 
when gas expands in vacuum. In intermediate expansion, the 
external pressure is less than gas pressure. So, the work done 
when volume changes from P1 to V2 is given by 

W = - f V
2 

Pext X dV = - Pex! (V2 - Vi ) 
VI 

Since, Pext is less than the pressure of the gas, the work done 
during intermediate expansion is numerically less than the work 
done during reversible isothermal expansion in which Pex! is 
almost equal to P gas' 

Maximum work: The work done by the system always 
depends upon the external pressure. The higher the value of P ext , 

the more work is done by the gas. As Pex! .cannot be more than 
P gas' otherwise compression will occur, thus the largest value of 
Pex! can be equal to P gas . Under this condition when expansion 
occurs, the maximum work is done by the gas Qn the surroundings. 

(ii) Adiabatic Expansion 

In ·adiabatic expansion, no heat is allowed to enter or leave the 
system, hence, q Q Whenthis value is substituted in first law of 
thermodynamics, AE q + w, we get llE = w. 

In expallsion, work is done by the system on the surroundings, 
hence, w is negative. Accordingly AE is also negative, i.e., 

I 



428 G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS 

internal energy decreases and therefore, the temperature of the 
system falls. In case of compression, M is positive, i.e., internal 
energy increases and therefore, the temperature of the system 
rises. 

The molar specific heat capacity at constant volume of an 
ideal gas is given by . 

Cv = (~~)v 
or dE=Cv ·dT ... (i) 
and for finite change M = Cv AT ... (ii) 

So, w=M=Cv AT ... (iii) 
The value of AT depends upon the process whether it is 

reversible or irreversible. 

Reversible adiabatic expansion 

Let P be the external pressure and AV the increase in volume. 
Thus, the work done by the system is 

w= P AV ... (iv) 

If AT is the fall in temperature, then 
Cv AT -P AV ... (v) 

For very small change in reversible process, 

RT 
CvdT PdV - -' dV (for I mole of the gas) 

V 

dT dV 
Cv ·-. =-R·- ... (vi). 

T V 
Integrating the above equation between temperatures 1j and 

Tz when corresponding values are VI and Vz , 

or 

or 

or 

or 

C V IT2 dT = - R J V2 dV 
T} T VI V 

Cv loge 

T 
log -"l:.. 

1j 

We know that, 

v V 
- R log -"l:.. = R log -.l. 

TI eVe V 
1 2 

R V R VI log -"l:.. -log-
Cv VI Cv Vz 

CpTCv=R 

Cp -l=~ 
Cv .Cv 
I 

R 
I (y 1)=

Cv 

Putting the value of ~ in eq. (vii), 
Cv 

T V, 
log -"l:.. = (y - 1) log -.l. 

TI V2 

( )

Y-I 

= log ~: 

... (vii) 

... (viii) 

... (ix) 

or (~r I ... (x) 

or (~r I 
P2V2 

or PI V; Y P2V/ 

or PVY constant 

... (xi) 

... (xii) 

Thus, knowing y, Vi , V2 and initial temperature, TI , the final 
temperature, Tz, can be readily evaluated. 

ModifYing the eq. (x), 

or' ... (xiii) 

Thus, knowing y, PI 'P2 and initial temperature, the final 
temperature, T2 , can be evaluated. 

From eq. (v), 

Workdone=Cv ·AT=Cv,rz R (T 1:) 
(y I) 2 - I 

nR 
For n moles = (T2 1j) 

(y -I) 

Irreversible adiabatic expansion 
In free expansion, the external pressure is zero, i. e. , work done 

is zero. Accordingly, AE which is equal to w is also zero. If Mis 
zero, AT should be zero. Thus, in free expansion (adiabatically), 
AT = 0, M:= 0, w = 0 and AH = O. 

In intermediate expansion, the volume changes from VI to V2 
against external pressure, Pc'!.t • 

. W = - Pcxt (V2 - VI ) 

xR 

or w=Cv (Tz Td -RPext 
T2PI T1P2_J 

P1P2 

Heat 
Intema} 

Proeess Condition change, energy Work done 
change AU 

Free (U) constant 0 o asP 0 
expansion (V) constant AU nCvAT OasAV 0 
Isochoric 

Isothermal (T) constant W 0 2.303 nRT 

10g(~J 
1= 2.303 nRT 

• 

10g(;J 
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-

Isobaric (P) constant nCp AT nCvfJ.T P (V2 - VI) 

= nR(T2 -TI) 

Adiabatic (q) constant 0 W Cv (TI -T2) 

nR 
= --

y-l 
(TI - T2) 

1 
---

y-l 
(i>tVI - P2V2 ) 

Cyclic w 0 Area of 
process cycle 

;l~l; GRAPHICAL REPRESENTATION OF 
VARIOUS THERMODYNAMIC 
PROCESSES AND THE CALCULATION 
OF WORK DONE BY GRAPHICAL 
METHODS 

1. Graphically, different processes can be represented as follows. 

i _--+---Isobaric process 

Isothermal process 

Adiabatic process 
Isochoric process 

Volume ----to-

Fig. 7.3 (a) 

Expansion 
Compression. 

i i ~ p p 

Volume ----to- Volume ----to-

Fig. 7.3 (b) Fig. 7.3 (c) 

2. Let a gas is compressed from Vi or VI by an external 

pressure of Pext ' The work done on the gas can be calculated by 
the shaded a:rea of the graph represented in following Fig. 7.4. 

Work done on the gas, w== - Pext (VI - Vi) 

= + ve work, Since VJ < Vi 

i 
. I!! ~ •.• .,----<Il--...,. 

:::l 
Cf) 

~ a.. 

VI Vi 
Volume ----to-

Fig. 7.4 Single step compression of ideal gas against 
external pressure Pext 

.. 

3. Let compression of gas takes place from volume Vi to VI in 
the finite number of stages then the work done on the gas can be 
calculated by summing up the work of all stages. 

Work done on the gas Shaded area ofthe diagram. 

VI Vi 
Volume -----.. 

Fig. 7.5 Indicator diagram (P-V) plot in which the compression 
took place in the finite number of steps with varying pressure 

4. Graphically, the work of expansion can also be determined. 
In case, if a graph is plotted between P and V, then the area under 
the curve gives the external work done by the gas. 

i 

V1 V2 
Volume ----to-

Fig. 7.6 Shaded area gives the work done by the gas when 
pressure remains constant 

i 

wexp == - Pext (V2 - Vi ) 
= - ve work 

V, V2 
Volume ----to-

Fig.7.7 Shaded area represents the work done by the gas 
when both pressure and volume vary 

5. Work done by a gas undergoing cyclic process : It is 
detennined with the help of following three graphs. 

I!! 
:::l 
Cf) 
Cf) 

I!! a.. 

(~~~1T1) i 
~P2V2T~~ 
• • Cf) 

:. : m : ~ 

PN1T, 

NPN2T2 

Volume ----+- Volume ----to- Volume ----to-
(a) (bj (c) 

Shaded area Shaded area Shaded area 
gives the work gives the work gives the net work 
~~~~ ~oo~~ ~~~~ 

Fig. 7.8 Complete cyClic process of a gas 
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6. Work done by the gas in a closed path ABCA. 

ip2"'~',A ", 
:!! 
:::l , ' 

~ P .... C 
!1l 1 B' • 
0: .: .: . . 

V1 V2 ' 
Volume ----II> 

Fig. 7.9 The gas in closed cyclic process ABCA 

Work done = Area of shaded triangle 
I' , , 

= -' x Length of base x Length of perpendicular 
2 
I = - X (V2 VI )(P2 - PI ) 
2 

7. Let a system of gas passes from initial state A to B in 
following three ways. The work done by the gas will be 
calculated by the shaded area, 

V ----II> 

(a) 

A, 

~B 

V ----II> 

(e) 

Fig. 7.10 Graphical proof that the work is not a state 
function 

8. Work done in Clockwise and anti~clockwise cyclic 
process: 

i 
P o 

, V----II> 
(a) 

i o P 

,Fig. 7.11 Representation of closed cyclic process in 
clockwise and anti-clockwise direction 

Shaded area represents the net work done in the, cyclic 
process. 

C.ase I : If the ~yclic process is in clockwise direction then 
work done will be negative because the net work will he done by 
~~~m, " 

Case II : If the cyclic process is in ,anti-clockwise direction 
then w<,>rk done will be positive because the net work is done on' 
the system. 

,t 

9. Ifthe state of a system changes in such a way that its volume 
remains constant, the process is called isochoric. Following three 
plots represent isochoric process. 

P 

V ----II> 
(a) 

it----
V 

T ----II> 
(bl 

i 
P 

Fig.7.12 Isochores of Ideal Gas 

10. If the state of system changes in such a way that pressure is 
constant, the process is called isobaric. ' 

P 

V ----II> 
(a) 

V 

T ----II> 
(b) 

P 

Fig.7.13 Isobars of Ideal Gas. 

T ----.. 
(el 

11. If the state of a system changes in such a way that 
temperature remains constant, the process is called isothermal. 

i 
V P 

T----II> T~ 
(b) (el 

Fig.7.14 Isotherm of Ideal Gas 

7.9· JOULE-THOMSON EFFECT 

An ideal gas is defined as the gas in which intermolecular forces 
of attraction are absent. If such a gas expands into vacuum 
adiabatically, no cooling is produced in the process, i. e., there is 
no change in the int.emal energy which only depends upon the 

, temperature. 
However, when a real gas is forced through a porous plug into 

a region oflow pressure, it is found that due to expansii~m, the gas 
on the side.oflow pressure gets cooled. The greater the difference 
in pressure on the two sides, the higher shall "be difference in 
temperature. 

The phenomenon of producing lowering of temperature 
when a gas is made to expand adiabatically from a region of 
high pressure into a region of'low pressure, is known as 
Joule-Thomson effect. 
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The experimental set-up is shown in Fig. 7.15. It consists of a 
thermally insulated tube fitted with a porous plug and two 
weightless and frictionless pistons X and Y. Two sensitive 
thermometers are fitted on both the sides of the porous plug to 
record temperature. 

x 

1 
1 
I 
I 
I 
I 
1 

-------1 
I 

Fig. 7.15 

Porous plug 

Y 

I 
I , 
I 
I , , 
}----_. 
I 

Consider that a certain amount of the gas is passed through the 
porous plug by slow movement of piston X, i. e. , a volume Vt -I)f 
the gas at pressure PI be forced through the plug on the left side 
of the plug. The gas in the right hand chamber is allowed to 
expand to volume V2 and pressure P2 by moving the piston Y. The 
change in temperature is recorded from the thermometers. 

Most of the gases are found to undergo cooling on expansion 
through the porous plug. However, helium and hydrogen are 
exceptions as these get warmed. 

The gas is compressed on left hand side. Thus, work is done 
on the gas. It is equal to PI VI . The work done on right hand side 
by the gas is equal to P2V2 • 

Total work done by thegas PtVI P2V2 

As q 0, the work done by the gas lowers its internal energy 
and consequently temperature falls. . 

or 

or 

AE PI VI - P2V2 

E2 -EI =PtVI -P2V2 

(E2 + P2V2 ) - (EI + PI Ji! ) = 0 

H2 HI =0 

. Mf=O 

Thus, Joule-Thomson effect occurs at constant enthalpy. 

Joule-Thomson Coefficient 
The number of degrees of temperature change produced per 

atmospheric drop in pressure under constant enthalpy conditions 
when the gas. is allowed to expand through porous plug is called 
Joule-Thomson coefficient. It is denoted by It. 

dT 
It=dP 

When It has positive value, the gas cools on expansion. If it 
has negative value, the gas warms on expansion. Every gas has a 
definite value of t~1T'perature when the . sign . changes from 
negative to po:;iti':"; fhis temperature is termed inversion 

temperature. Most of the gases have inversion temperature near 
about room temperature and thus cool at room temperature when 
expansion is done. However, the inversion temperature for H2 is 
- 80° C. Thus, at room temperature hydrogen warms on 
expansion. In order to produce further cooling by Joule-Thomson 
effect in hydrogen, it is necessary that it should be first cooled to 
- 80° Cby either cooling devices. 

The value of inversion temperature has been calculated by 
using van der Waals' equation, . 

2a 
T= 

, Rb 

Thus, inversion temperature depends· upon van der Waals' 
constants a and b of the gas. 

: : : : ::I_SOME SOLVED EXAMPLES\ a:::: : : . 
.. Example 10. 1 mole ofFe203 and 2 mole of Al are mixed at 

temperature 25°C and the reaction is completed to give: 

Fe203 (s) + 2AI(s) ~ Al20 3 (s)+ 2Fe(I); Ml - 850kJ 

The liberated heat is retained within the products, whose 
combined specific heat over a wide temperature range is about 
o.8Jg- I K -I. The melting point of iron is 1530"C. Show that the 

quantity of heat liberated is sufficient to raise the temperature of 
the product to the melting point r'f iron in order to get it welded. 

Solution: Mass of products 
= Mass of one mole Al20 3 + Mass of two mole Fe 

=214g 

q ms ~T = 214 x 0.8 x (1803 - 298) 

= 257656J= 257.656kJ 

Heat required is less than heat released, hence the temperature 
can be easily raised to the required value. . 

. Example 11. Calculate wand AEfor the conversion of 0.5 
mole of water at 100° C to steam at 1 atm pressure. Heat of 
vaporisation of water at 100° C is 40670 J mol -I. 

Solntion: Volume' of 0.5 mole of steam at 1 atm.pressure 

= nRT = 0.5 x 0.0821 x 373 = 15.3 L 
P 1.0· 

Change in volume Vol. of steam- Vol. of water 

= 15:3 - negligible = 15)L , 
Work done by the system, 

w Pext X yolume change 

= 1 x 15.3 15.31itre-atm 

-= 15.3x 10l.3J 1549.89J 

'w' should be negative as the work has been done by the system 
on the surroundings. 

w -1549.89J 

Heat required to convert 0.5 mole of water at 100° Cto steam 

0.5 x 40670 J 20335 J 

According to first law of thermodynamics, 

AE q + w 20335 1549.89= 18785.llJ 
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~"lfi;''Example 12. Calculate the work done when 50 gof iron is 
dissolved in HCl at 25° C in (t) a clo.',ed vessel and (iI) an open 
beaker when the atmospheric pressure is I atm. 

Solution: (i) When the reaction is carried in a closed vessel, 
the change in volume is zero. Hence, the work done by the system 
will be zero. (ii) When iron dissolves in HCI, hydrogen is 
produced. 

Fe + 2HCI ~ FeCI2 + 
56g 
50 g 

Vohnue of hydrogen produced at 25° C 

nRT 50 0.0821 x 298 
=-- -x-----

P 56 1 

H2 
I mole 

2. x 50 mole 
56 

21.84 L 

This is equal to volume change when the reaction is carried in 
open beaker. 

Work done by the system = - P!3.V -l.Ox 21.84 
21.84 litre -atm = 2212.39 J 

Example 13. 5 mole of oxygen are heated at constant 
volume from 10° C to 20° C. What will be the change in 
the internal energy of gas? The molar heat of oxygen at constant 
pressure, (!p 7.03 cal mol-I deg- I and R 8.3IJ mor l 

deg- I • 

or 

Solution: R 8.311 mol -I deg- I 

= 1.99 cal mol-I deg- I 

-Cv R 

8.31 1 I-I d -I ca mo eg 
4.18 

We know that, 

Cv =Cp R = 7.03 1.99= 5.04 cal mol-1 deg-I 

Heat absorbed by 5 mole of oxygen in heating from 10° C to 
20"C 

5 x Cv x!3.T = 5x 5.04 x 10= 252cal 
Since, the gas is heated at constant volume, no external work 

is done, . 

£~, w=O 
So, change in internal energy will be equal to heat absorbed, 

!lE q + w 252+ 0= 252 cal 

Example 14. Calculate the amount of work done by 2 
mole of an ideal gas at 298 K in reversible isothermal expansion 
from 10 litre to 20 litre. 

Solution: Amount of work, done in reversible isothermal 
expansion, 

Given, n = 2, R 
VI lOL. 

w= - 2.303nRT log • . Vi 

8.314JK- I mol- I ;T=298K,V2 =20Land 

Substituting the values in above equation~ 

w = - 2.303 x 2 x 8.314 x 298 log 20 
. 10 

2.303 x 2 x 8.314 x 298 x 0.3010 = - 3434.9 J 

i. e. , work is done by the system. 

"Ex8ltaple 15. 5 moles of an ideal gas expand isothermally 
and reversiblyfinm a pressure oflOatm to 2atm at 300K. What is 
the largest mass which can be lifted through a height ofl metre in 
this expansion? 

Solution: Work done by the system 
p,' P 

= - nRT log _I := - 2.303nRT log _-L 
e p. p. . 

Z 2 

10 
=: 2.303 x 5.x 8.314 x 300 log -:= 20.075 X 103 J 

2 

Let M be the mass which can be lifted through a height of 1 m. 

\Vork done in lifting the mass 

=Mgh = M x 9.8x 11 

So, M x 9.8 = 20.075 x 103 

M := 2048.469 kg 

~~~EX'ample 16. Two moles of an ideal monoatomic gas at 
NTP are compressed adiabatically and reversibly to occupy a 
volume of 4.48 dm 3

• Calculate the amount of work done, AE, 
final temperature and pressure of the gas. Cv for ideal gas 

12.45J K -I mol-I. 

Solution: For an ideal gas, y = C p 1.667 
Cv 

Initia!,volume, Vi 2 x 22.4 44.8dm3 

Initial pressure, PI = 1 atm 
Initial temperature, 1] = 273 K 

Final volume, V2 :::: 4.48dm3 

Let th~ final pressure be P2 and temperature be T2 • 

Applying PI V; Y PzV/ 

or =: lI'V2)Y (4.48)1.667. 
P2 VI 44.8 

. or (10)1.667 

Pz (1 0i'667 (PI I given) 

log P2 = 1.667 log 10= 1.667 

Pz 

pzV. 2·7'1 Final temperature 1, 

PI Vi 

antilog 1.667:= 46.45 atm 

46.45 x 4.48 x 273 
1 x 44.8 

1268K 

Work done on the system = n'Cv ·!3.T 

:::: 2 x 12.45 x (1268 273) 

2 x 12.45 x. 995:= 24775.51 

From the first law of thermodynamics, 

!lE = q+ w 0+ 24775.5:: 24775.51 
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Example 17. A certain volume of dry air at NTP is 
expanded reversibiy to four times its volume (a) isothermally 
(b ) adiabatically. Calculate thefinal pressure and temperature in 
each case, assuming ideal behaviour. 

(~; for air = 1.4) 
Solution: Let VI be the initial volume of dry air at NTP. 

(a) Isothermal expansion: During isothermal expansion, 
the temperature remains the same throughout. Hence, final 
temperature will be 273 K. . 

Since, 

= 0.25atm 

(b) Adiabatic expansion: 

Final pressure: 

1', (V. J y-I ---.!...=-.-l. 
T2 VI 

273 = 4VI ' = 40.4 
( )

14-1 

Tz VI 

. 273 
T2 =- = 156.79K 

4°·4 

PI = (V2) ~ 
P2 VI 

( )

1.4 

~= 4VI =41.4 
P2 VI 

I 
P2 == 0.143atm 

.'Example 18. Calculate q, w, AE and AIlfor the reversible 
isothermal expansion of one mole of an ideal gas at 127° C from a 
volume oflOdm3 to 20dm3

• 

Solution: Since, the process is isothermal, 
AE=AIl=O 

From first law of thermodynamics, 

AE=q+w=O 

q= w 

w = - 2.303nRT log 
VI 

20 = - 2.303 x 1 x 8.314 x 400 log-
10 

2.303 x 1 x ~.314 x 400x 0.3010 

= - 2305.3 J (Work is done by the system) 

q = - w == 2305.3 J (Heat is absorbed by the system) 

'i,'L~i~_a ... ple 19. A gas expands from a volume of3.0dm3 to 
5.0dm3 against a constant pressure of3.0atm. The work done 
during expansion is used to heat 10.0 mole of water of 

te,mperature 290.0 K. Calculate the final temperature of water . 
(specific heat of water = 4.184 JK -I g-I).. (lIT 1993) 

or 

Solution: Work done P x dV = 3.0 x (5.0- 3.0) 

= 6.0 litre -atm = 6.0 x 10 1.3 J 

. =607.8J 

Let IlT be the change in temperature. 

Heat absorbed = m xs x IlT 

Given, 

= to.Ox 18x 4.184 x IlT 

P x dV = mX sX IlT 

IlT P x dV ____ 60_7_.8 __ 
mXs 1O.0x 18,Ox 4.184 

0.807 

Final temperature 290 + 0.807 = 290.807 K 

:.> . Example 20. 109 of argon gas is compressed isothermally 
and reversibly at a temperature of 27° C from 10 litre to 5 Utre. 
Calculate q, w, AE and AIl for this process. 

R = 2 cal K -I mol -I , log 2 0.30. Atomic weight of Ar= 4U 

(lIT 1997) 

Solution: 
V. 

w = - 2.303nRT log -.-l. . Vi 
10 5 

2.303 x - x 2 x 300 log - = 103.635cal 
40 10 

AE=O 

q=AE-w 

q = w = -103.635 cal 

.• ·~;;:~ExamJile 21. Calculate· the maximum work done in 
expanding 16 g of oxygen at 300 K and occupying a volume of 
5 dm3 isothermally until the volume becomes 25 dm3 

• 

Solution: Reversible work is maximum work. 

w = - 2.303nRT log (~ ) 
. . 16 . 25 3 
2.303 x - x 8.314 x 300 log 2.01 x 10 joule 32 . . . 5 

~' •. ·Exampl~22.. How much heat is required to change 109. 
ice at 0° C "to steam at 100° C? Latent heat of fusion and 
vaporization for H 2 o are 80 cal i g and 540 oall g. respectively. 
Specific heat of water is r cuUg. 

Solution: Total heat absorbed 

= AIl fusion + AIl temp. rise +-Mf vap. , 

== lOx 80+ lOx I x 100+ lex;S~O.=.7200cal 
" ",' 

S;:>!"lliJtalD.ple23. A swimmer coming out Of a pool is covetted 
. 'witli afllm of water weigh in. ftbout 80g.1fow much heat must be 
supplied to evaporate this water? . 

Soiution: q = mL 

= 80 x 40.79 
18 

= 181.28kJ 
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1. 5 moles of an ideal gas at 27°C ex~ands isothermally and 

reversibly from a volume of 6 L to 60 L. The work done in kJ 
is: 
(a) -14.7 (b) -28.72 (c) +28.72 (d) ~56.72 
[Ans. (b)] 

[Hint: W == - 2.303nRT log 
VI 

/ 60 = - 2.303 x 5 x 8.314 x 300 log 
6 

= -28.72 kJ] 

2. . 10 moles of an ideal gas confmed to a volume of 10 L is 
released into atmosphere at 300 K whe,re the pressure is I bar. 
The work done by the gas is: 
(R = 0.083 L bar K -I mol-I) 

(a) 249 L bar (b) 259 L bar (c) 239 L bar (d) 220 L bar 
[Ans. (e)] . . 

[Hint: Initial volume, VI =10 L 

V
2 

(final) == nRT == 10 x 0.083 x 300 :: 249L 
p 1 

W = P L\V = I x (249 10) 

== 239 L bar] 

3. ·1 litre~atm work is approximately equal to: 
(a) 101.3 J (b) 8.314 J (c) 931 J(d) 19.2 J 
[Ans. (a)] 
[Hint: 0.0821litre-atm == 8.314 J (values of gas constant) 
:.llitre-atm = 10l.3 J] 

4. A system absorb~ 20 kJ heat and also does 10 kJ of work. The. 
net internal energy of the system: 
(a) increases by lO kJ (b) decreases by 10 kJ 
(c) increases by 30 kJ (d) decreases by 30 kJ 
[Ans. (a)] 
[Hint: L\U =)q + w = 20 -10 = 10 kJ] 

5. One mole of a gas is heated at constant pressure to raise its 
temperature by 1'lC. The work done in joules is: 
(a) 4.3 (b)-8.314 
(c) ~16.62 (d) unpredictable 
[Ans. (b)] 

[Hint:' w = -nR L\T or w= -P L\V 

= -1 x 8.314 x 1 = _ P ( n~2 _ n~l) 
=-8.314J] 

6. In open system: 
(a) there will be exchange of both matter and energy 
(b) there will be no exchange of matter and energy 
(c) there will be exchange of energy only 
(d) there will be exchange of matter only 

[Ans. (a)] 

[Hint: Open system has imaginary boundary, therefore, both 
energy and mass can be exchanged.] 

'A\I\Q, THERMOCHE;MISTRY 
Thermochemistry is !.t branch of physical c~emistry which is 
concerned with energy changes accomJpanying chemical 
transformations. It is also termed as chemical energetics. It is 
based on the frrst law of thermodynamics. 

Chemical reactions are accompanied by evolution or 
absorption of heat energy. When reactants combine together to 
form new products, there is readjustment of energies. During a 
chemical reaction, the chemical bonds between atoms in the 
reactant molecules are rearranged in the product molecules, i.e., 
chemical bonds in the reactants are broken down and new 
chemical bonds are formed in the products. Energy is needed to 
break the bonds of reactants and energy. is released in. the 
formation of new bonds of products. 

Exothermic Reactions 

Heat is evolved in these chemical reactions. It is possible 
when the bond energy of reactants is less than the bond energy of 
products. 

At constant pressure, 

!JJI (Hp HR ) -ve, 

At constant volume, 

i.e., Hp <HR 

AE=(Ep ER ) ve, i.e., Ep <ER 

Endothermic Reactions 

Heat is absorbed in these chemical reactions. It is possible 
when the bond energy of reactants is greater than the bond energy 
of products. . 

At consti,lnt pressure, 

!JJI =Hp - HR + ve, i.e., Hp >HR 
At constant volume, 

AE = E pER = + ve, 

Sign conventions: 

Exothermic 
Endothermic 

AQ AE !JJI 
(-) (-)/{-) 
(+) (+f (+) 

Exothermic and endothermic chemical equations can be 
. represented as: 

{

NaOH(aq.) + HCI(aq.) ~ NaCI(aq.) + H20(l) 
Exothermic ..' + 13.7 kcal 
. NaOH(aq.) + HCI(aq.) ~ NaCI(aq.) + H20(l); 

!JJI = - 13.7 kcal 

Endothermic {C(S.) + H20(g)~ CO(g) + H2 (g)- 31.4 kcal 
C(s)+ H20(g)~ CO(g) + H20(g); 

!JJI = + 31.4 kcal 

{i~4r HEAT OF REACTION OR ENTHALPY 
OF REACTION 

Heat of reaction is defmed as the amount of heat evolved or 
absorbed when quantities of the substances indicated by the 
chemical, equation have completely reacted. The heat of reaction 
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(or enthalpy of reaction) is actually the difference between the 
enthalpies of the products and the reactants when the quantities 
of the reactants indicated by the chemical equation have 
completely reacted. Mathematically, 

Enthalpy of reaction (or heat of reaction) 

Mf mp -IRR 

For example, the equation 

H2 (g) + CI2 (g) = 2HC1(g) + 44.0 kcal orMf = :.....44 kcal 

indicates that when 2 g of hydrogen ( 1 mole) completely reacts 
with 71 g of chlorine (l mole) to form 73 g ofHCI (2 mole), the 
amount of heat evolved is 44.0 kcal or the enthalpy decreases by 
44.0 kcal or the reactIng system loses 44.0 kcal of heat or the 
enthalpy change of the reaction, Mf = - 44.0 kcal. 

Consider the following reaction: 

CZH4 (g)+ 3°2 (g) = 2COz + 2HzO(I);!ill = -335.Skcal 

The equation indicates that reaction has been carried between 
1 mole of C2H4 and 3 mole of oxygen at constant volume and 
25° C. The heat evolved.is 335.S kcal or the internal energy of the . 
system decreases by 335.S kcal. 

Consider another reaction: 

Os) + H20(g)=CO(g)+ H2 (g) - 31.4 kcal 

or Mf 31.4kcal 

This reaction indicates that 1 mole of carbon (12 g) reacts with 
1 mole of steam (IS g) to form I mole of CO and I mole of 
hydrogen and 31.4 kcal of heat is absorbed. The enthalpy of the 

. system increases by 31.4 kcal or the total enthalpy of the products 

. is 31.4 kcal more than the enthalpy of reactants. 

Factors which Influence.~he Heat of Reaction 

There are a number of factors which affect the magnitude of 
heat of reaction. 

(0 Physical state of reactants and products: Heat energy 
is involved for changing the physical state of a chemical 
substance. For example, in the conversion of water into steam, 
heat is absorbed and heat is evolved when steam is condensed. 

Considering the following two reactions: 
·1· . 

H2 (g)+ -02 (g)=H20(g); Mf = -57.Skcal 
·2· 

H2(g)+.! 0z(g)= H20(l); Mf = - 6S.32kcal 
2 

It is observed that there is difference in the value of Mf if 
water is obtained in gaseous or liquid state. Mf value in second 
case is higher because heat is evolved when stearri condenses. 
Hence, physical state always affects the heat of reaction. . 

(il) AUotropic forms of the element: Heat energy is also 
involved when one allotropic form of an element is converted 
into another. Thus, the value of MI depends on the allotropic 
form used in the reaction. For example, the value or'Mf is 
different when carbon in the form of diamond or in amorphous 
form is used. 

C (diamond) + 02 (g) ----'? CO2 (g ); Mf = '- 94.3 kcal 

C (amorphous) + 02 (g) ----'? CO2 (g); Mf 97.6kcal 

. The difference between the two values is equal to the heat 
absorbed when 12 g of diamond is converted into 12 g of 
amorphous carbon. This is termed as heat of transition. 

C (diamond) ----'? C (arriorphous); Ml 3.3 kcal 

(iii) Enthalpies of solution: Enthalpies of reaction differ 
when in one case dry substances react and in another case when 
the same substances react in solution. For example, in the 
reaction between hydrogen sulphide and iodine, . 

H2 S(g)+ 12(g)----'?2Hl + S; I1l;I = -17.2kcal , 
H2 S(g ) + 12 (solution) ----'? 2Hl (solution) + S; 

Mf = _. 21.93 kcal 
(iv) Temperature: Heat of reaction or enthalpy of reaction 

also depends on the temperature at which the reaction is cat:rj.ed 
out. This is due to variation in the heat capacity of the system 
with temperature. Due to this reason, entlullpies of reaction are 
calculated and expressed at a standard temperature of 25° Cor 
298 K. However,if the reaction is not carried out at 25° C, the 
temperature at which the reaction is performed, is indicated. 

(v) Reaction carried out at constant pressure or constant 
volume: When a chemical reaction occurs at constant volume, 
the heat change is called the enthalpy of reaction at constant 
volume. However, most of the reactions are carried out at 
constant pressure; the enthalpy change is then termed as the 
enthalpy of reaction at constant pressure; The difference in the 
values is negligible when solids and liquids are involved in a 
chemical change. But, in reactions which involve gases, the 
difference in two valueS is considerable. For this purpose see 
section 7.5. 

or 

/ 
!ill+6.nRT=Mf 

qy + 6.nRT = qp 

qv == heat change at constant volume, . 
q p = heat change at constant pressure. 
6.n = total number of moles of products - total number of moles 

of reactants 

Bcill,aDlple 24. The heat of combustion of ethylene at 18° (: 
and at constant volume is -335.S kcal when water is obtained in 
liquid state. Calculate the heat of combustion at constant 
pressure and at I'so C. 

Solution: The chemical equation for the combustion of 
C2 H4 is 

C2 H4 (g)+ 30.3(g)= 2C02(g) + 2H20(1);!ill= - 335.8 kcal 
I mole 3 moles 2 moles 

No. of moles of reactants =(1 + 3) = 4 

No. of moles of products = 2 

So, 6.n = (2 - 4) = - 2 

Given,!ill = - 335.Skcal, 6.n 2, R 2x 10-3 kcal 

and T (1S + 273) = 291 K 

Applying Mf = llE + 6.nRT 

=-335.S+ (-2)(2 x 10-.3 )(291) 

== -336.964 kcal 
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i1ftil"lPple 25. The enthalpy of formation of methane at 
constant pressure and 300 K is -75.83 kJ. What will be the heat of 
formation at constant volume? (R = 8.3 J K -I mol -1 ) 

Solution: The equation for the fonnation of methane is 

C(s)+ 2H
2
(i) CH4 (g); AH", -75.83 kJ 

2 moles 1 mole 

an == (1- 2) -1 
Given,AH = -75.83kJ,R = 8.3 x 10-3 kJK-1 

morl ,T= 30CK 

Applying AH = M + anRT 

So, 

-75.83"" M + (-1)(8.3 X 10-3 )(300) 

M = - 75.83 + 2,49 

73.34 kJ 

IIfI ENTHALPY OF FORMATION OR HEAT 
, OF FORMATION ' 

The process in which a compound is fonned from its constituent 
elements in their standard state is called formation., 

,;i' The amount of beat absorbed or evolved when 1 mole of the 
substance is directly obtained from its constituent elements is 
called heat of formation. 

C (amorphous) + O2 (g) -----1 CO2 (g); AH == - 97.6 kcall mol 

Enthalpy of formation of CO2 is -97.6 kcal 

H2 (g) + Cl2 (g) -----12HCl(g); AH = - 44 kcal 

Thus, enthalpy offonnation ofHCI is -22 kcal per mot 
Standard enthalpy ,of formation: The enthalpy of 

formation depends upon the conditions of formation, i. e. , 
temperature, pressure and physical states (gas, solid or liquid) or 
allotropic state of the reactants. If all substances of the chemical 
reaction are in their standard states (i. e. , at 25 ° Cor 298 K and 1 
atmospheric pressu,re), the heat of fonnation or enthalpy . of 
formation is called standard heat of formation or standard 

enthalpy of formation. It is denoted by M f (volume constant) 

or!1Hf (pressure constant). 

It is very difl1cult to determine absolute values of enthalpies of 
substances. However, relative enthalpies, of substances can be 
determined if the enthalpies of free elements at 25° C and I 
atmospheric pres.sure are taken arbitrarily as zero. 

. Consider th~ reaction between carbon and oxygen at 25° Cto 
form carbon dioxide under atmospheric pressure. 

C(S)+02(g.)=C02(g); AH=AHf ==-393.5kJ 
'/ 

, AHf =AH=Hp -HR =-393.5kJ 

H R = 0, i. e., enthalpies of free elements are taken as zex:o. 

S?, AHf = AH = lip = enthalpy of CO2 = - 393.5 kJ 

Thus, ' otlli'f 393.5 kJ. 

TI;le compounds which have positive enthalpies of formation 
are called endothermic compounds and are less stable than the 
reactants.' The compounds which have negative enthalpies of 
formation are known as, exothermic compounds and are more 
stable than reactants. 

The knowledge of standard heats _.. <onnation of various 
substances can be used to calculate the heats of reactions under 
standard conditions, i. e. ,~ . 

'AHO for' [swnof thestan?ard] [swnof thesta~d] 
th 

.= heats of formation - heats of formation 
e reaction 

of products of reactants 

i. e. , ~ = 1: tJIf (products) - 1: tJIf (reactants) 

The heats of fonnation of all the elements in their standard 
states are arbitrarily assumed to be zero. 

.Intrinsic energy: It may be defined as: 

Intrinsic energy Heat of formation 

"Additional amount of energy whicbone gram mole of the 
compound possesses above tbat Of its constituent elements.'" 

Let us consider the combustion of carbon. 

C(s) + 02 (g) -----1 CO2(g );AH - 94.38 kcal 

When I mole CO2 is formed, 94.38 kcal heat is evolved. It 
means, energy content of CO2 is less than energy content of C( s ) 
and 02 (g) by 94.38 kcaL Thus, intrinsic energy of CO2 is 94.38 
kcal. 

If we assume that intrinsic energy of elements is zero, then 
intrinsic energy of compound may be calculated in the form of 

. heat of fonnation. Hence, intrinsic energy may not be considered 
as internal energy of the compound. 

m~il~~lnp.~ 26. Calculate the enthalpy change for the 
following reaction: 

CH 4 (g) +'202 (g) -----1 CO2 (g) + 2H 20( I) 

given, enthalpies offormation ofCH 4, CO2 and H 20 are -74.8k.J 
mol-I, -3915 kJ moZ-1 and -'-286.2kJ mol ",1 respectively. 

Solution: 
"6 0 \ 

AHo ':" AH f (products) - AH f (reactants) 

= [AHf (C02) + 2AHf (H:P) ] [AHf (CH4) + 2AHf (02) ] 

;:= [-393.5+ 2x(-286.2)] [-74.8+ 2x 0] 

= - 393.5 - 572.4 + 74.8 

= -891.1kJ 

~,~j:#.nple 27. The standard heats of formation at 298 Kfor 
CCI4 (g),H20(g),C02(g)andHC1(g) are -25.5, -57.8,-94.1 

and-22.1 kcal mol-l respectively. Calculate L1H~98 for the 

reaction. 

CC14 (g ) + 2H 20(g) -----1 CO2 (g) + 4HCI(g) 

Solution: 
AHO AHo, AUO = f (products) - UJ.l f (reactants) 

;:= [AHf(COil + 4AHf(HO)] - [AHf(CCl4) + 2AH/(H20)] 

;:= [-94.1 + 4 x (- 22.1)] [- 25.5 + 2x (- 57.8)] 

=-94.1-88.4+25.5+ 115.6 

= -182.5+ 141.1 = 41.4 kcal 
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~~;f:~~\E~ample 28. The molar heat offormation ofNH4N03 (s) 
is -367.5kJ and those ofN zO(g )and H 20(1 ) are + 8 1.46 kJ and 
-285.78 kJ respectively at 25°C and 1 atmospheric pressure. 
Calculate the All and IlE for the reaction, 

NH4N03 (s) ----" N 20(g) + 21120(1 ) 

Solution: AlI° All! (products) - All! (reactants) 

= [AlIf (N;P) + 2x AlIf (H;P}] - [All! (NH4N03)] 

'" 81.46+ 2x (-285.78) (-367.5) 

= 81.46- 571.56+ 367.5 

-122.56 kJ 

We know that, All IlE + AnRT 

or IlE All AnRT 

An = I; R = 8.314 X 10-3 kJmol-1 K-1 ; T = 298K 

IlE = -122.56 - (l )(8.314 X 10-3 )(298) 

:::: -122.56 - 2.477 

=-125.037kJ 

"~if:3'~ ENTHALPY OF COMBUSTION OR 
HEAT OF COMBUSTION 

Enthalpy of combustii.)U is the amount of heat evolved or 
decrease in enthalpy when 1 mole of the substance (compound or 
element) is completely oxidised. The enthalpy of combustion, 
i. e., All is always negative. For example, 

CH4 (g) +,20~ (g) ----" CO2 (g) + 2H20; 

All = - 890.3 kJ 

C2 Hs OH(I) + 30z (g) ----" 2COz (g) + 3H2 0( I); 

All :::: - 1367.4 kJ 

2Cz H6 (g) + 70z (g) ----" 4COz (g ) + 6H20(l); 

All = -745.6kcal 

Since, 2 mole of Cz H6 are involved, hence enthalpy of 
combustion of ethane 

:::: _ 745.6 _ 372.8 kcal 

1
2

, 
C(s)+ 2 °2(g)----"CO(g);AH=-26:0kcal, 

C(s) + 02 (g) ----" CO2 (g); All = - 94.3 kcal 

The enthalpy of combusti'on of carbon is not -26.0 kcal as 
combustion is not complete because carbon monoxide can further 
be oxidised to carbon dioxide. The enthalpy of combustion of 
carbon is thus -94.3 kcal. 

The enthalpies of combustion have a number of applications. 
Some of these are described below: . 

(1) Calorific values o,f foods and fuels: Energy is needed 
for the working of all machines. Even human body is no 
e~ception. Coal, petroleum,' natural gas, etc., serve as the 
principal sources of energy for man-made machines, the food 
which we eat serves as a source of energy to our body. These 

Isubstances undergo oxidation or combustion and release energy. 

/ 

These substances are, therefore, termed as fuels. An adult 
requires 2500 to 3000 kcal of energy per day. Since, the values of 
enthalpies of combustion of different food articles are known; it 
becomes easy to calculate our daily requirements and thus select 
the articles ~f food so as to secure a balanced diet. 

The grading of food articles and various fuels can be done on 
the basis of the values of enthalpies of combustion. 

The energy released by the combustion of foods or fuels is 
usually compared in terms of their combustion energies per gram. 
It is known as calorific value. Tbe amount of beat produced in 
calorie or joule wben one gram of a substance (food or fuel) is 
completely burnt or oxidised. 

When methane bums, 890.3 kJ 11101-1 of energy is released. 

CH4 (g) + 202 (g ) ----" CO2 (g) -+ 2Hz 0(1), 
1 mole(16g) 

AHrn4 ':"- 890.3 kJ 

So, the calorific value of methane:::: - 890.3 :::: - 55.6 kJ/ g 
16 

Caiorific values of some important foodstuffs and fuels are 
iven below: 

FUel " Calorftte, value (kJ/g) " ~FoOd Ciiloflfle value (kJ/iJ::: 

Wood 17 Milk 
Charcoal 33 Egg 

3.1 
6.7 

Kerosine 48 Rice 16.7 
Methane 55 Sugar 17.3 
LPG 55 Butter 30.4 
H dro en 150 Ghee 37.6 

Out of the fuels listed, hydrogen has the highest calorific 
value; H;owever, it is not used as domestic or industrial fuel due to 
some technical problems. Of the various constituents of our food, 
fats and carbohydrates serve as the main sources of energy. The 
calorific value of proteins is quite low. 

(U) Entbalpies of formation: Enthalpies of formation of 
, various compounds, which are not directly obtained, can be 

calculated from the data of enthalpies of combustions easily by 
the application of Hess's law. 

Heat of reaction == 1: Heat of combustion of reactants 

- 1: Heat of combustion of products 

l:~_.npie 29. The heats of combustion of CH 4 and C 4H1O 
are-890.3kJmor1 and-2878.7kJmor1 respecti~ely. Which of 
the two has greater efficiency as foe/per gram? ' 

Solution: Molar mass of methane = 16 

890.3 
Heat produced per gram of methane:::: - -- = - 55.64 kJ 

16 

Molar mass of butane = 58 
, , 2878.7 

Heat produced per gram of butane:::: - --= - 49.63 kJ 
58 

Thus, methane has greater fuel efficiency than butane. 
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ii!Jt;,*a ... ple 30. In a Gobar gas plant, gobar gas is formed by 
bacterial fermentation of animal refuse . .It mainly 'contains 
methane and its heat of combustion is -809 kJ mol ~l according 
to follOwing equation: 

CH4 +202 ~COz +2HzO; AH=-809kJmorl 

How much gobar gas would have to be produced per day for a 
small village of 50 families, if it is assumed that each family 
requires 20,000 kJ of energy per day? The methane content in 
gobar gas is 80% by mass. 

Solution: Energy consumption of 50 families per day 

50 x 20,000 kJ = Ix 106 kJ 

. 809 kJ of energy is obtain~d by h.urning methane = 16 g 

I x 106 kJ of energy will be obtained by burning methane 

16 x 106 = 1.98 x 104 g 
809 

= 19.8 kg 

Since, methane content in gobar gas is 80% by mass, hence, 
the mass of gobar gas needed . 

100 
=- x 19.8= 24.7Skg 

80, 

~jample31. The standard molar heats of formation of 
ethane, carbon dioxide and liqUid water are -21.1, -94.1 and 

. - 68.3 kcal respectively. Calculate the standard molar heat of 
combustion of ethane. . 

Solution: The required chemical equation for combustion 
of ethane is 

2CzH6 (g)+ 702 (g) 4COz(g) + 6HzO(I); tlHo =? 

The equation involves 2 moles ofCzH6 ; heat of combustion 
AHo 

of ethane will be 
2 

AHo = ~(products) - ~(reactants) 

= [4 x AHf P'J2) + 6AHf (HP)] - [2AHf (CZH6) + 7 tlH; (02)] 

= [4 x (-94.1)+ 6x (- 68.3)] - [2 x (-21.1)+ 7x 0] 

= - 376.4 - 409.8 + 42.2 

= - 744.0 kcal 

AHO H f' b" f h 744.0 -- :::: eat 0 com ustlon 0 et ane = - --= 372.0kcal 
2 2 

.~!~ple 32. An intimate mixture of ferric. oxide and 
aluminium is used as solid fuel in rockets. Calculate the foel 
value per cm3 of the mixture. Heats o.fformation and densities 
are as follows: 

Density of Fez03 = 5.2 g lcm3; Density of Al 2.7 g I cm3 

Solution: The required equation is: 

2Al + Fez03 ~ A1zC 3 + 2Fe; AH ? 

AH = AH I (products) -' AH I (reactants) 

[AHI(A1ZO) +2AHI (Fe)]-[2AHI (A1) + AHJ(FcZ0 3)j 

= (-399+ 2 X 0)- [2x 0+ (-199)] 

= - 399+ 199= -200kcal 

At. mass of aluminium = 27, Mol. mass of Fez 0 3 = 160 

Volume of reactants 160 + 2x27 =50.77cm3 
S.2 2.7 

Fuel value per cm3 = 200 = 3.92 kcal 
SO.77 

r~l{E~ample 33. When 2 mole of C zH 6 are completely burnt, 
3129 kJ of heat is liberated. Calculate the heat of formation' of 
CZH6 • AHI forCOz and HzOare -39SkJ and -286kJ respec
tively. 

Solution: The equation for the combustion of Cz H6 is: 

2CzH6 +70z ~4C02 +6HzO; AH=-3129kJ 

AH AH I (products) - AH I (reactants) 

=[4x AHI (C02) +6x AH(Hp)]-[2x tlHI (CZH6) 

+ 7 AHI (02)] 

-3129=[4 X (-39S)+ 6x (-286)] [2x AHf{C2Ho) + 7x 0] 

or 2 x AHf(C2H6) = -167 

So, AH - 167 = - 83.5 kJ I (C2H6) 2 . 

~;;E:Jiample 34. The standard heats oJ formation of CH 4 (g ), 
COz~g) and H 20(g) are -76.2, -398.8 and -241.6 kJ mol ~I 

r(!spectively. Calculate the amount of heat evolved by burning 1 m3 

of methane measured under normal conditions. (lIT 1990) 
Solution: The required equation for the combustion of 

methane is: 

AH = AH( (products) - AH I (reactants) 

= AHI(C02) + 2x AHI (H20 ) - AHf{CH 4) 2AHI (02J 

=-398.8- 2x 241.6- (-76.2)- 2x 0 

80S.8 kJ mol- 1 

Heat evolved by burning 22.4 litre (I mole) methane 
805.8 kJ. So, heat evolved by burning 1000 litre (1 n? ) 

methane 

= ~ 80S.8 X 1000 35973.2 kJ 
22.4 

.... ~t.~ple 35. A gas mixture of 3.67 litre of ethylene and 
methane on complete combustion at 25° C produces 6.11 litre of 
COz. Find out the heat evolved 011 burning 1 litre of the gas 
mixture. The heats of combustion of ethylene and methane are 
-1423and-891kJmol-1 at2SoC. (liT 1991) 
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Solution: C2H4 + 302 ---72C02 + 2H20 
a litre 2a litre 

CH4 + 202 ---7 CO2 + 2H20 
(3.67 - a) litre (3.67 - a) litre 

Given, 2a + 3.67 - a = 6.11 

a = 2.44 litre 

Volume of ethylene in mixture = 2.44 litre 

Volume of methane in mixture = 1:23 litre 

Volume of ethylene in I litre mixture = 2.44 = 0.6649.1itre 
3.67 

Volume of methane in llitre mixture = 1.23 = 0.335i litre 
3.67 

24.45 litre of a gas at 25° Ccorrespond to 1 mole. 
Thus, heat evolved by burning 0.6649 litre of ethylene 

= - 1423 x 0.6649 = - 38.69 kJ 
24.5 

and heat evolved by burning 0.3351 litre of methane 

=_ 891 x0.3351=-12.21kJ 
24.45 

So, total heat evolved by burning 1 litre of mixture 

=-38.69- 12:21 

=-50.90kJ 

7.1.4 ENTHALPY OF SOLUTION OR HEAT 
OF SOLUTION 

The amount of heat evolved or absorbed when 1 mole solute is 
dissolved in excess of solvent (about 200 mole) is called heat of 
solution. 

Some examples, of heat of solution are: 

H2S04 (/) + aq. = H2S04 (aq.); 

KC1(s) + aq. = KC1(aq.); 

KOH(s) +aq. = KOH(aq.); 

Heat of ideal solution is taken zero. 

Mf = - 20.2 kcal 

Mf= 4.4 kcal 

Mf = -13.3 kcal 

Generally, dissolution of substances in a solvent is a 
disintegration process. This process needs energy. In such cases, 
energy is absorbed, i. e., Mf is positive. But in some cases, 
besides the process of breaking or ionisation, there is hydrate 
formation. During hydration heat is evolved. The net result is that 
heat is either evolved or absorbed. There are also cases in which 
heat of separation of ions is just equal to the heat of hydration and 
there is very little heat effect as in the case of sodium chloride. 
The heat of solution of NaCl is very small as the heat of 
ionisation is nearly equalto the heat of hydration. 

'1~~5 ENTHALPY OF NEUTRALISATION OR 
HEAT OF NEUTRALISATION 

The heat of neutralisation (or enthalpy of neutralisation) is 
defined as the heat evolved or decrease in enthalpy when 1 gram 

equivalent of an acid is neutralised by 1 gram equivalent of a base 
in dilute solution. Some examples are: 

Strong acid +,Strong base = Salt + Water; Mf = -13."7 kcal 
~ . 

HN03 (aq.) t ~ilOH(aq.) = NaN03 (aq.) + H20(/); 

Mf = -13.7 kcal 

HC1(aq.) + NaOH(aq.) = NaCl(aq.) + H20(/); . 

Mf = -13.75 kcal 
1 1 
- H2S04 (aq.) + NaOH(aq.)=- Na2S04(aq.) + H20(/); 
22. 

Mf = -13.7kcal 

It is observed that heat of neutralisation of a strong acid 
against a strong base is always nearly the same, i.e., 13.7 kcal or 
57 kJ, no matter what acid or base is employed. This constant 
value is explained with the help of theory of ionisation. Both acid 
and base are present in aqueous solution in the form of ions and 
when mixed, the following reaction oCcurs: 

H+ +A- + B+ +OH- B+ +A- +H
2
0; Mf=-13.7kcal 

Strong acid Strong base Salt 

Cancelling the ions which are common on both the sides, 

H+ +OH- =H20; Mf=-13.7kcal 

Thus, beat of neutralisation of a strong acid and a strong 
base is merely the heat of formation of water from H + and 
OH- ions. This is the common reaction whenever a strong acid 
and a strong base are mixed and that is why the heat of 
neutralisation is same. 

However, when a strong acid and a weak base or a weak acid 
and a strong base or a weak acid and a weak base are mixed in 
equivalent amount, the heat evolved or change in enthalpy is less 
than 13.7 kcal. This is shown in the following examples: 

HC1(aq.) + NH40H(aq.)= NH4Cl(aq.) + H20(l); 
Strong Weak 

Mf = -12.3 kcal 

HCN(aq.) + NaOH(aq.) = NaCN(aq.) + H20(l); 
Weak . Strong 

Mf = -12.3 kcal 

CH3 COOH(aq.) + NH40H(aq.) =CH3COONH4 (aq~) +H20(l); 
Weak Weak . 

Mf= -11.9 kcal 

The reason for the lower value is that part of the heat energy 
evolved is utilised in the complete ionisation of a weak acid or a 
weak base or both. Hence, the net heat of neutralisation is less 
than 13.7 kcal. The neutralisation of NH40H withHCl can be 
explained in the following way: 

NH40H(aq;)=NH; (aq.) + oir (aq.); Mf =Q 
and NH; (aq.) + Cl- (aq.) + H+ (aq.) + OH- (aq.)=NH; (aq.) . 

+ Cl- (aq.) + H20(l); 

Mf =-13.7kcal 

or NH40H(aq.) + H+ (aq.) + Cl- (aq.) =NH; (~q.)+ Cl- (aq.) 

+ H2°(l); 
Mf = -12.3 kcal 
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So, Q-13.7::::-12.3 

or Q:::: 13.7 - 12.3 1.4 kcal 

Hence, 1.4 kcal of heat energy is absorbed for ionisation of 
NH4 0Hwhich get subtracted from 13.7 kcal. Thus, the observed 
value of heat of neutralisation is not-13.7 kcal but -12.3 kcal. 

Determination·of Heat of Neutralisation 
The heat of neutralisation 

of an acid or base can be, 
easily detennined in the" 
laboratory with the help of 
polythene or polystyrene, 

r----Thermometer 

bottle. Bottle is fitted with Polythene 
rubber cork through which a bottle 

thennometer and a stirrer are ijlllll~ fitted as. shown in the Fig. Solution 
7.16. 100 mL each of acid and 
alkali of equal normality are 
taken in separate bottles. The 
temperature of each solution 
is regularly recorded. When 

Fig. 7.16 

constant temperature is attained, the alkali solution is added to the 
acid solution. The mixture is quickly stirred and the maximum 
temperature attained is noted. 

CalCulations: 

Suppose, the initial temperature of acid and .base 

Final temperature of soiution after mixing 

Rise in temperature:::: T2 .:.. 11 
For the purpose of simplicity, the heat capacity of the bottle 

may be neglected as it is very small in comparison to that of 
solution. The specific heat capacity of the solution is assumed to 
be the same as that of water. 

Q = Heat change in. reaction = Mass of solution 

x sp. heat x (T2 -11 ) 
Q is the heat evolved by the neutralisation. 

Therefore, the enthalpy of neutralisation:::: x 1000 x .! 
. 100 x 

where, x = normality of the acid or base. 

I:~riaple 36. 150 mL of 0.5 N nitric acid solution at 
25.35°C was mixed with 150 mL of 0.5 N sodium hydroxide 
solution at the same temperature. The final temperature was 
recorded to be 28.77° C. Calculate the heat of neutralisation. of 
nitric acid with sodium hydroxide. 

Solution: Total mass of solution = 150 + 150 300 g 

Q= Total heat produced:: 300 x (28.77 25.35)cal 

= 300 x 3;42 1026cal 

Heat of neutralisation :::: S?- x I 000 x I 
. 150 0.5 

1026 I 
== -- x 1000 x - ::: 13.68 kcal 

150 0.5 

Since, heatis liberated, heat of neutralisation should be negative. 
So, heat of neutralisation = - 13.68 kcal. 

~l:E~lUple 37. Whenever an acid is neutralised by a base, 
the ·net reaction is 

H+(aq.)+0I1(aq.)~H20(1); AJI=-57.lkJ 

Calculate the heat evolved for the following experiments: 
(I) 0.50 mole of HCI solution is neutralised by 0.50 mole of 

NaOH solution. 
(il) 0.50 mole of HN03 solution is mixed with 0.30 mole of 

KOH solution. 
(iiI) 100 mL of 0.2 M HCI is mixed with 100 mL of 0.3 M 

NaOH solution . . 
(iv) 400 mL of 0.2 M HiS04 is mixed with 600 mL of 0.1 M 

KOH solution. 
Solution: According to the reaction, 

H+ (aq.)+ OH (aq. )----7H20(1);AJI = -57.lkJ 

when I mole of H+ ions 'and 1 mole of OH- ions are neutralised, 
1 mole of water is fonned and 57.1 kJ of energy is released. 

(i) 0.50 mole HCl == 0.50 mole H+ ions 

0.50 mole NaOH 0.50 mole OH - ions 

On mixing, 0.50 mole of water is fonned. 
Heat evolved for the formation of 0.50 mole of water 

(ii) 

= 57.1 x 0.5 = 28.55 kJ 

0.50 mole HN03 == 0.50 mOle H + ions 

0.30 moleKOH 0.30 mole OH - ions 

i. e. , 0.30 mole of H + ions react with 0.30 mole of OH- ions to 
fonn 0.30 mole of water molecules. 

Heat evolved in the formation of 0.3 mole of water 

= 57.1 x 0.3 17.13 kJ 

(iii) 100 mL of 0.2 M HCl will give 

( 0.2 x 100J = 0.02 mole of H + ions 
. 1000 

and 100 mL of 0.3 M NaOH will give 

0.3 x 100) 0.03moleofOH- ions 
1000 

i.e., 0.02 mole ofH + ions react with 0.02 mole ofOH ions to' 
fonn 0.02 mole of water molecules. 

Heat evolved in the formation of 0.02 mole of water 

==0.02x 57.1= 1.142kJ 

(iv) 400mLofO.2M H2S04 will give 

x 0.2 x 4001 =O.l6moleof H + ions 
1000 ) 

and 600 mL of O. 1M KOH will give 
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(~X6001 0.06moleofOH ions 
1000 ) . 

i. e. ,0.06 mole of H + ions react with 0.06 mole of OH - ions to 
form 0.06 mole of water molecules. 

Heat evolved in the formation of 0.06 mole of water 

0.06x 57.1 3.426kJ 

Example 38: 100 cm3 of 0.5 N HCI solution at 299.95 K 
were mixed with 100 cm3 0.5 N NaOH solution at 299.75 K in a 

. thermos flask. The final temperature was found to be 302.65 K. 
Calculate the enthalpy of neutralisation of HCI. Water eqUivalent 
of thermos flask is 44 g. 

Solution: . The initial average temperature of the acid and the 
base 

299.95 + 299.75 = 299.85 K 
2 

Rise in temperature (302.65 299.85) 2.80 K 

Heat evolved during l1eutralisation 

(100+ 100+ 44)x 4.184 x 2.8= 2858.5J 

Enthalpy of neutralisation 2858.5 x 1000 x _. 1_ 
100 0.50 

57.17kJ 

. Example 39. When a studen.t mixed 50 mLoflM HCI and 
50 mL ofl M NaOH in a coffee cup calorimeter. the temperature 
of the resultant solution increases from 2}o C to 27.5° C. . 
Assuming that the calorimeter absorbs only a negligible quantity . 
of heat, that the total volume of solution is 100 mL, its density 
I g mL-1 and that its specific heat is 4.18 J / g. Calculate : 

(a) the heat change during mixing, 
(b) . the enthalpy change for the reaction, 

HCI(aq.) + NaOH{aq. ) ~ NaCI(aq.) + H 20{aq. ) 

Solution: (a) Number of moles ofHCI and NaOH added 

MV = I x 50 = 0.05 
1000 1000 

Mass of mixture· = V x d 100x 1= 10~g 
Heat evolved, q ms AT = 100 x 4.18 x (27.5 - 210) 

= 100 x 4.18 x 6.5J = 2717 J =2.717 kJ 

(b) The involved reaction is: 

HC1(aq.) + NaOH(aq.)~NaCl(aq.)+ H2 0 

AH Heat evolved per mol 

-2.717 =-54.34kJ 
0.05 

. LExample 40. The enthalpies of neutralisation of a strong 
acid HA and weaker acid HB by NaOH are -13.7 and -12.7 
kcal/eq. When one equivalent of NaOH is added to a mixture 
containing I eqUivalent of HA and HB ; the enthalpy change was 
-13.5kcal. In what ratio is the base distributed between HA and 
HB? . 

So.lution: Let x equivalent ofHA and yequivalent ofHB are 

taken in the mixture 

x+ y 1 

x x 13.7 + yx 12.7= 13.5 

Solving eqs. (i) and (ii), we get 

x=0.8,y 0.2 

x:y=4:1 

... (i) 

.... (ii) 

7;1:~' ENTHALPIESOF PHYSICAL CHANGES 
(Phase Changes) 

Heat energy is involved whenever a physical state of a substance 
is changed. Some important enthalpies of physical changes are 
defined below:· 

(i) Enthalpy of fusion: It is the enthalpy change in 
converting 1 mole of the substance from solid state to liquid state 
at its melting point. The enthalpy of fusion equals latent heat of 
fusion per gram multiplied by the molecular mass. The value of 
enthalpy of fusion gives an idea about the strength of the 
intermolecular forces operating in a solid. The values of 
enthalpies of fusion for iomc solids are much more than 
molecwarsolids in which molecules are held together by weak 
van der Waals' forces. 

Melting 
H20(S)--~> H29(l); AH = 1.44 kcal 

Freezing 
H20(l) H20(s); . AH(freezing) = -1.44 kcal 

(ii) Enthalpy of vaporization: It is the enthalpy change in 
converting 1 mole of the substance' from liquid state to gaseous 
state (or vapour state) at its boiling point. 

H2 0(1) --~ H20{g); AH = 10.5 kcal 

Condensation 
H20{g) ---~) H20(l); AH(condensation) = -105 kcal 

Enthalpy of vaporization of a liquid gives an idea about the 
strength of intermolecular forces operating' between the 
molecules Of the liquid. . 

(iii) Enthalpy of sublimation: Sublimation is the process 
in which a solid on heating is directly converted into vapour state. 
It is the heat change in converting 1 mole of a solid directly into 
its vapour at a given temperature below its melting point. 

12(s)~ 12(g); AH = 14.9kcal 
The enthalpy of sublimation of a solid is equal to the sum of 

enthalpy of fusion and enthalpy of vaporization. 

AH sublimation AH fus + AH vap 

l<i11: HESS'S LAW (The Law of Constant 
Heat Summation) 

This law was presented by Hess in 1840. According to this 
law, if a chemical reaction can be made to take place in a 
number of ways in one or in several steps, the total enthalpy 
change (total heat change) is always the same, i. e., the total 
enthalpy~change is independent of intermediate steps involved 
in the change. The enthalpy change of a chemical reaction 
depends on the initial and final stages only. Let a substance A 
be changed in three steps to D with enthalpy change from A to 

• 
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B Mfl calorie, from B to C Mf 2 calorie and from C to D Mf 3 
calorie. Total enthalpy change from A toD will be equal to the 
sum of enthalpies involved in various steps. 

Total enthalpy change 

Mfsteps Mfl + Mf2 + Mf3 

Now if D is directly converted into A, let the enthalpy change 
be Mf direct. According to Hess's law Mf steps + Mf direct = 0, i. e. , 
Mf steps must be equal to Mf direct numerically but with opposite 
sign. In case it is not so, say Mf steps (which is negative) is more 
than Mfdirect (which is positive), then in one cycle, some energy 
will be created which is not possible on the basis of first law of 
thermodynamics. Thus, Mf steps must be equal to Mf direct 

numerically. 
Hess's law can also be verified experimentally with the help of 

following examples: 
(i) Formation of carbon dioxide from carbon: 
First method: Carbon is directly converted into CO2 (g). 

C(S) + 02(g) = CO2 (g); A H = -94.0kcal 
Second method: Carbon is first converted into CO(g) and 

then CO(g) into CO2 (g ), i. e. ,conversion has been carried in two 
steps: 

1 
C(s) + - 02 = CO(g); Mf = - 26.0 kcal 

2 
I 

CO(g) + - 02 = CO2 (g ); Mf = - 68.0 kcal 
2 , 

'Totalenthalpy change C(s) to CO2 (g); . Mf:::: -94.0kcal 

(ii) Formation of ammonium chloride from ammonia and 
hydrochloric acid: 

First method: 
NH3 (g) + HCI(g) = NH4 CI(g); 

NH4 Cl(g ) + aq. = NH4 CI( aq.); 

NH3 (g) + HCl(g) + aq. = NH4 CI( aq.); 

Second method: 
NH3 (g) + aq. = NH3 (aq.); 
HCl(g) + aq. = HC1(aq.); 

NH3(aq·) + ijCl(aq. )=NH4CI(aq.); 

NH3 (g)+ HC1(g) + aq.=NH4 CI(aq.); 

Conclusions 

"'Mf 42.2 kcal 
Mf "" + 4.0 kcal 

Mf :::: - 38.1 kcal 

Mf 8.4kcal 
Mf = -17.3 kcal 
Mf "" -12.3 kcal 

Mf 38.0kcal 

(i) The heat of formation of compounds is independent of 
the manner of its formation.' . 

(ii) The heat of reaction is independent of the time consumed 
in the process. . 

. (iii) The heat of reaction depends on the sum of enth~pies of 
products minus sum of the enthalpies of reactants. 

(iv) Thermochemical equations can be added, subtracted or 
mUltiplied like algebraic equations. 

Applications of Hess's Law 
(i) For the determination of enthalpies of formation of those 

compounds which cannot be prepared directly from the 
elements easily using enthalpies of combustion of 
compounds. 

(ii) For the determination of enthalpies of extremely slow 
reactions. 

(iii) For the determination of enthalpies of transformation of 
one allotropic form into another. 

(iv) For the determination of bond energies. 
Mfreaction = k Bond energies of reactants 

- k Bond energies of products 
(v) For the determination of resonance energy. 

(vi) For the determination oflattice energy. 
Thermochemical calculations: For making thermochemical 

calculations, the following points are kept in mind: . 
(i) Write down the required thermochemical equation. For 

example, if heat of formation of methane is to be 
determined, write down the following equation: 

C(s)+ 2H2(g)= CH4(g); Mf=? 
(ii) Try to obtain the required equation from the given data. 

This can be done in two ways: 
(a) By adding, subtracting and multiplying the various 

given thermochemic!l1 equations. Or 
(b) Heat of reaction:::: Total enthalpies of products - Total 

enthalpies of reactants 
Note: In case of calculation of heat of fonnation, the enthalpies of free 

elements can be arbitrarily fixed as zero at 250 C and 1 
atmospheric pressure. 

\,.J!:~mple 41. Calculate the standard heat of formation of 
carbon disulphide (I). Given that the standard heats of 
combustion of carbon (s), sulphur (s)and carbon disulphide (I) 
are -393.3,293.7 and -1108.76 kJ mol -\ respectively. 

Solution: Required equation is 
C(s)+2S(s) CS2 (1); Mfl =? 

Given, 

C(s)+ °2 (g)---+ CO2 (g) (Mf= -393.3 kJ) ... (i) 

S(s) + 02(g)---+ S02(g) (Mf:::: - 293.72 kJ) ... (ii) 

CSz (I) + 302 (g) CO2 (g)+ 2S02 (g) ... (iii) 

(Mf :::: -1108.76 kJ) 
First method: Multiply the eq. (ii) by 2. 

2S(s) + 202 (g) 2S02 (g) ... (iv) (Mf:::: - 587.44 kJ) 

Adding eqs. (i) and (iv) and subtracting eq. (iii), 

[c(s) + 2S(s) + 302 (g) CS2 (I) - 302 (g) 

CO2 (g) + 2S02 (g)- CO2 
C(s) + 2S(s) ---+ CS2 (I) 

This is the required equation. 

Thus, Mf( =-393.3 587.44+1108.76::::128.02kJ 

Standard heat of formation of CS 2 (l ) = 128.02 kJ 
Second method: 
C(s) + 02 (g) ---+ CO2 (g); (Mf:::: - 393.3 kJ) 
S(s) + 02 (g) ---+ S02 (g); (Mf:::: ~ 293.72 kJ) 
CS2 (I) + 302 (g) ---+ CO2 (g) + 2S02 (g); 

(Mf::; -1108.76 kJ) 
From eqs. (i) and (ii), 

Enthalpy of CO2 == - 393.3 kJ 
Enthalpy of S02 "" - 293.72 kJ 

2S02 ] 

... (i) 
... (ii) 

... (iii) 
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Enthalpy of 02 = 0 

Mf of eq. (iii) = Enthalpies of products 

(By convention) 

- Enthalpies of reactants 
-1108.76= 393.3 + 2 X (- 293.72) - MfcS].(l) 
MfCS2 (l) (1108.76- 980.74) = 128.02 kJ 

Enthalpy of CS2 (I) = 128.02 kJ . 

~;(>;"Example 42. Calculate the heat of formation of acetic 
acid from the following data: 

CH3COOH(I)+ 202 (g)----72C02 (g) + 2H20(l) ... (i) 
(Mf = - 207.9 kcal) 

C(s)+ O2 (g )----7C02 (g) (Mf = - 94.48 kcal) ... (ii) 
1 

H 2 (g) + - O2 (g ) ----7 H 20(1 ) (Mf == - 68.4 kcal) ... (iil) 
2 

Solution: First method: The required equation is 
2C(s) + 2H2(g)+ 0z(g) "'CH3COOH(I); Mf =? 
This equation can be obtained by multiplying eq. (ii) by 2 and 

also eq. (iii) by 2 and adding both and finally subtracting eq. (i). 

[2C + 202 + 2H2 + 0z - CH3 COOH(I) - 202 

----72C02 +2H20-2C02 -2H20] 

MfCH,COOH(l) 2 x (-94.48)+ 2 x (- 68.4)- (- 207.9) 

-188.96- 136.8+ 207.9 

-325.76+ 207.9 -117.86 kcal 

Second method: From eqs. (ii) and (iii) 

Enthalpy of CO2 = - 94.48 kcal 

Enthalpy of H2 ° = - 68.4 kcal 

Enthalpy of 02 = 0 (by convention) 

Mf of eq. (i) = Enthalpies of products - Enthalpies of reactants 

207.9 2x (-94.48)+ 2(-68.4)- MfCHj:OOH(I) 

MfCHf:OOH(I) = -188.96- 136.8+ 207.9 
=-325.76+ 207.9=-117.86 kcal 

~,~::Jh~~ple 43. Given the following standard heats of 
reactions : 

(a) heat of formation of,. water = - 68.3 kcal, (b) heat of 
combustion ofC2H 2 = -310.6kcal and (c) heat of combustion qf 
ethylene 337.2kcal. Calculate the heat of the reaction for the 
hydrogenation of acetylene at constant volume and at 25° C. 

Solution: The required equation is 
C2Hz (g)+ H2 (g)----7 CZH4 (g); Mf? 

Given, 

(a) Hz(g)+ 10z (g)----7HzO(l) ... (i) (Mf 68.3kcal) 
2 

5 
(b) Cz Hz (g) + 0z (g) ----7 2COz (g) + Hz 0(1) ... (ii) 

2 
(Mf = - 310.6 kcal) 

(c) CZH4(g)+30z(g)----72C02(g)+2H20(l) ... (iii) 

(Mf = - 337.2 kcal) 
The required equation can be achieved by adding eqs. (i) and (ii) 
and subtracting (iii). 

C2H2 (g)+ Hz (g)+ 30z(g)- CZH4 (g)- 30z (g) 

----72COz + 2Hz 0(/) - 2C02 (g) - 2Hz 0(1) 

or C2Hz(g) + H2(g)----7C2H4(g) 

Mf == -68.3- 310.6- (-337.2)= -378.9+ 337.2=- 41.7kcal 

We know that, 

or 

Mf = AE + llnRT 

AE = Mf -llnRT 

lln (1 2)=-I,R=2xl0-3 kcalmor1K-1 

and T (25 + 273) = 298 K 

Substituting the values in above equation, 

AE = - 41.7 - (-I)(2x 10-3 )(298) 

=- 41.7+ 0.596=- 41.104 kcal 

:~~~Example 44. Determine the heat of transformation of 
C (diamond) ~. C (graphite) from the following data: 

C (diamond) + 02 (g) ----7 CO2 (g) ... (i) 
(Mf = - 94.5 kcal) 

C (gl'Ophite) + O2 (g) ----7 CO2 (g) ... (it) 

(Mf = - 94.0 kcal) 

Solution: Subtracting eq. (ii) from (i), the required equation 
is obtained. 

Mf transformation = - 94.5 - (-94.0) 

= - 94.5 + 94.0'= 0.5 kcal 

Example 45. Methanoi can be prepared synthetically by 
heating carbon monoxide and hydrogen gases under pressure in 
the presence of a catalyst. The reaction is 

CO(g) + 2H2(g)----7CH30H(l). 

Determine the enthalpy of this reaction by an appropriate 
combination of the following data: 

1 
C(gl'Ophite) + - 02 (g) ----7 CO(g) ... (i) 

2 
(Mf 110.5 kl mol-I) 

C (graphite) + O2 (g) ----7 CO2 (g) ... (it) 
(Mf - 393.5 kl mol-I) 

. 1 
H 2 (g ) + 2°2 (g) ----7 H zO(I ) ... (iii) 

(Mf = - 285.9 kl mol-I) 

CH 30H(I) + ~ 02 (g ) ----7 COz (g) + 2H z0(l) ... (iv) 
2 

(Mf 726.6kl mo/-1
) 

Solution: The required equation can be obtained in the 
following manner: 

- eq. (i) + 2 eq. (iii) + eq. (ii) - eq. (iv) = CO2 (g) + 2H2 (g ) 

----7 CH30H(g) 

So, Mf = 110.5- 571.8- 393.5+ 726.6=-128.2kJ mol- 1 

r~::~~t:l!:iample 46. How much heat will be required to make 
2 kg of calcium carbide (CaC2 ) according to the following 
reaction? 

CaO(s) + 3C(s)~CaC2(s)+CO(g) 

I 
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The heats offormation ofCaO(s), CaC2 (s) and CO(g) are 
-151.6, -14.2 and -26.4 kcal respectively. 

Solution: Ml = L MI'f (products) - LMI'f (reactants) 

= [Mtf (CaC2) + Mtf (CO) ] - [MfJ (CaO) + 3A H'f (C) ] 

=[-14.2- 26.4]- [-151.6+ 3x 0] 

= -40.6+ 151.6= 111.0 kcal 

For formation of 64 g of CaC2 111.0 kcal of heat is required. 

So, heat required for making 2000 g of . 

CaC2 111.0 x 2000 = 3468.75 kcal 
64 

"i.ij:lINFLUENCE OF TEMPERATURE ON 
.. THE HEAT OF REACTION 

OR 
KIRCHHOFF'S EQUATION 

Let us consider a reaction occurring at constant pressure. Heat of 
reaction at constant pressure may be given as: 

MI=Hp -HR 

Differentiating the above equation with respect to 'T' at 
constant pressure, we get: 

(d:t =(~; t (d;; t 
(Cp)p -(Cp)R =ACp . 

or d(MI)= ACp dT 

Integrating above differential equation within proper limit, we 
get: 

fT2 dMl = AC p rT2 dT 
T. JT. 

MlT2 MIT, ACp (T2 - T,) 
AN AN 

T2 TI =AC p 

Tz - Tl · 

Above equation is Kirchhoff's equation. It is. used to 
calculate heat of reaction at a temperatufe provided it is known at 
another temperature. 

Change in heat of reaction due, Ito per degree change in 
temperature is equivalent to heat capacity difference between 
reactant and product.' I 

Kirchhoff's equation at constant volume may be given as: 
AE -AE 

T2 TI =AC v 
. Tz -Tl 

'j;'~i. BOND ENERGY OR BOND ENTHALPIES 
When a bond is formed between atoms, energy is released. 
Obviously same amount of energy will be required to break the 

bond. The energy required to. break the bond is termed bond 
dissociation energy. The more precise definition is:' . 

The amount of energy required to break one mole of bond of a 
. particular type between the atoms in the gaseous state, i.e., to 

separate the atoms in the gaseous state under I atmospheric 
pressure and the specified temperature is called bond dissociation 
energy. For example, 

H-H(g)~2H(g); 

CI- Cl(g) ~ 2CI(g); 

H - Cl(g) ~ H(g) + CI(g ); 

I-I(g)~21(g); 

H-I(g)~H(g)+ I(g); 

MI = + 433 kJmol-1 

MI = + 242.5 kJ mol-1 

MI = + 431kJ mol-1 

MI + 15.1kJmol-1 

MI ~ + 299 kJ mol-' 

The bond dissociation energy of a diatomic molecule is also 
called bond energy. However, the bond dissociation energy 
depends upon the nature of bond and also the molecule in which 
the bond is p;resent. When a molecule of a compound 'contains 
more than one bond of the same kind, the average value of the 
dissociation energies of a given bond is taken. This average 
bond dissociation energy required to break each bond in a 
eompound is called bond energy.'" 

Consider the dissociation of water molecule which consists of 
two O--H bond.s. The dissociation occurs in two stages. 

H20(g)~H(g)+ OH(g); MI = 497.8 kJ mol-1 

OH(g ) ~ H(g) + O(g); MI = 428.5 kJ.mol-1 

The average of these tw() bonds dissociation energies gives the 
value of bond energy of O-H. 

497.8+ 428.5 _I 
Bond energy of 0-H bond == == 463.15 kJ mol 

2 

Sirni~arly, the bond energy ofN-H bond in NH3 is equal to 
one-third of the energy of dissociation ofNH3 and those ofC-H 
bond in CH4 is equal to one-fourth of the energy of dissociation 
ofCH4· 

. 1664 
Bond energy C-H=-- =416kJmol- 1 

4 

[CH4(g)~C(g)+ 4H(g); MI = 1664 kJrnol-1
] 

Application of Bond Energy 
1. Heat of a reaction = L Bond energy of reactants . 

L Bond energy of products 
Note:· In case of atomic species, bond energy is replaced by heat of 

atomization. 
2. Determination of resonance energy: When a 

compound shows resonance, there is considerable difference 
between the heat of formation as calculated from bond energk~.::...,
and that determined experimentally. 

Resonance energy. = Experimental or actual heat of formation 
- Calculated heat of formation. 

"'Bond energy isalsQcalled, theheatoffortnation of the bond from gaseous atoms constituting the bond with reverse sign. 
H(g)+ Cl(g)~H~Cl(g); All =-431kJmoF 1 

Bond energy ofH--:-Cl=.;.. (enthalpy offonnation) = - (- 431) =:; + 431 kJ mol-I 
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,; :::::I_SOME SOLVED EXAMPLES\ I:::::: 

:Jji;Ex~mple 47. Calculate the Mf of the reaction, 
H 

I 
H-C-CI(g)~C(s)+ 2H(g) + 2C1(g) 

I 
Cl 

Bond energy for C-H bond and C-Cl bond are 415 kJ and 
326kJ respectively. 

Solution: Mf = Swnof bond energies of reactants 

- Swn of bond energies of products 

=[2x (C-=-H) + 2x (C-CI)]- 0 

(All the products are free atoms) 

= 2x 415+ 2x 326 
= 830+ 652= 1482kJ . 

'3;~: :E:i~niple 48. Calculate the enthalpy of the following' 
reaction: 

H2C=CH2(g)+H~(g)~CH3 -CH3(g) 

The bond energies of C-H, C-C, C = C and H-H are 99, 
83,147 and 104 kcal respectively. 

Solution: The reaction is: 
H H H H 

I I I I 
C=C(g)+H-H(g)~H-C-C~H(g); Mf=? 

I I I I 
H H H H 

Mf = Sum of bond energies of reactants 
- Swnof the bond energies of products 

= [Mfc==c +4xMfC_H + MfH- H'] 

- [Mfc-{; + 6x MfC- fI ] 

= (147+ 4x 99+ 104)- (83+ 6x 99)=-30kcal 

~-i'i{f~'~3mple 49. The bond dissociation energies of gaseous 
ii;,CI2 and HCI are 104, 58 and 103 kcal mol-I respectively. 

Calculate the enthalpy of formation of HCI(g ). 
Solution: The required equation is 

iI' ' 
- H2(g)+- CI2(g)~ HCl(g); 
2 2 

Mf=? 

11, 
Mf,= [- MfH- H + - Mfcl-{;l] - [MfH-{;I] 

2 ' 2 

=~ xl04+~ x 58-103=-22kcalinol-1 

2 2 

I~~~i:x~ple 50. Calculate the enthq.lpy of formation of 
ammonia from the following bond energy data: ' , 

(N - H) bond = 389 kJ mol -"I; (I:( ~ H) bond = 435 kJ 

mo/-I and (N=:N)bond= 945.36kJ mol-I. 

Solution: 
H 

I 
N=N + 3(H- H) ~ 2 N-H; MJ=? 

I 
H 

Mf = [Mf(N:=N) + 3 x Mf(H-H)] - [6Mf(N-H)] 

= 945.36+ 3x 435.0- 6x 389.0 =-83.64kJ 

Heat of formation of NH3 = Mf = - 83.64 = - 41.82 kJ mol-I 
2 2 

"Example 51. Calculate the resonance ~nergy ofN 20 from 
the following data: 

Mfj of N 20 = 82kJ mol-I 

Bond energy of N ==N, N =N, 0=0 and N =0 bonds is 
946,418, 498and607 kJmol-1 respectively. (lIT 1991) 

Solution: N=N(g)+ ~ (O=O)~ N=N=O(g) 2 ' 

1 
Mf !(NfJ) = [Mf(N==N) + '2 Mf(O=4))] - [Mf(N=4)) + Mf(N=N)] 

1 
= (946+ - x 498) - (607 + 418) 

2 
= 946+ 249-607- 418 
= 1195 - 1025 = 170 kJ mol-I 

Resonance energy = Observed heat of formation 

~ Calculated heat of formation 

= 82~ 170= 88 kJ mol-I 

{£t'F~~llmple 52. The enthalpies for the following reactions at 
25°C'are given: 

1 1 
'2 H2 (g)+ '2 02(g)~OH(g); Mf= 10.06kcal' 

H2 (g)~ 2H(g); Mf= 104.18kcal 
O2 (g) ~ 20(g); Mf = 118.32 kcal 

Calculate the O-H bond energy in the OH group. 
Solution: Required equation is 

H(g)+ O(g)~O-H(g); AH=? 

Given:~ H2 (g) + ~ O2 (g) ~ OH(g); Mf = + 10.06kcal 
2 2 

1 
H(g) ~ '2 H2 (g); Mf = - 52.09 kcal 

1 
O(g)~'2 °2(g); 

Adding, H(g) + O(g) ~ OH(g); 

Mf= ~59.16kcal 

Mf = -101.l9kcal 

~'¥;fEiainple53. The standard molar enthalpies of formation 
ofcyclohexane (l)and benzene (I) at 25°C are -156and + 49kJ 
mol -I respectively. The standard enthalpy of hydrogenation of 
cyclohexene (l ) at 25° C is -119 kJ mol -I. Use these data to 

estimate the magnitude of resonance energy of benzene. 
(lIT 1996) 
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Solution: 
Cyclohexene(l) + H2 (g) ---7 Cyclohexane(l); MI 119 kJ 
Enthalpy of fo~tion of cyclohexane( I) = -156 kJ mol-I 

SO,enthalpy of fonnation of cyclohexane = - 156 - (-119) kJ 
=-37kJmol- 1 

Since, MI cyclohexane is -156 kJ rnol-I ,we can say that for every 

double bond the energy decreases by an amount +119kJ rnol-I 

and therefore for the introduction ofthree double bonds (present 
in benzene ring) the energy required 

= 3 x 1I9 kJ rnol- I 357kJ rnol- I 

Hence, theoretical MIf for benzene = (357 156)kJ rnol- I 

201 kJ rnol-1 

Resonanceenergy =Theoretical MIf Observed MI f 

(201~49)kJrnol-1 =152kJrnol-1 

:':"'Ex~mple 54~ Calculate heat of combustion of ethene: 

H) <H C=C' +30=0---720=C=0+2H-0-H 
H H 

from bond energy data: C =C, C 0====0, 0 - H 

BE kJ mol-I: 619 414 499 724 460 

Solution: 
MI Smn of bond energies of reactants 

, - Smn of bond energies of products 

::: [MI(c=(;) + 4MI(C_H) + 3 x MI(o=o) ] 

-:- [4 x MI(c=o) + 4 x M/(O-H) ] 

[619+4 x 414 + 3 x 499] [4 x 724 + 4 x 460] . 

=.:... 964 kJ rnol- I 

l~~;,(~xample 55. Using the data (all values are in kilocalorie 
per mole at 25° C ) given below, calculate the bond en,ergy of 
C-C and C-H bonds. 

MI;ombuslion of elhane == 372.0 

MI;ombuslion of propane 530.0 

MIO jOrC(graphite) ---7 C(g) = + 172.0 

Bond energy of H-H bond +104.0 

MIf of H20(1 )=-68.0 

MIl of CO2 (g) = - 94.0 

Solution: 

7 
C2 H6 (g) + '2 02 ---72C02 (g ) + 3H20(l); MI 372.0 

AHf (C2H6) == 2x (-94.0)+ 3x (-68.0)+ 372.0= -20kcal 

C3Hg (g) + 502 -: 3C02 (g) + 4H20(l); MI == 530.0 

MIl (ClHg) 2 x (- 94.0) + 4 x (- 68.0) + 530.0 == 24 kcal 

2C(s) + 3H2(g)---7 C2H6(g); 

.2C(g)---7'2C(s); 

6H(g ) ~ 3H2 (g ); 

'MI= 20.0 

MI 344.0 

MI -312.0 

Adding 2C(g) + 6H(g) ---7 C2 H6 (g ); MI - 676 kcal 

So, enthalpy of formation of 6C-B bonds and one C-C bond 
is':'" 676.0 kcal. . 

3C(s) + 4H2(g)---7 C3Hg(g); MI.= 24.0 • 

3C(g)---73C(s); MI 516.0 

8H(g)---7 (g); MI = -416.0 

Adding 3C(g) + 8H(g) ---7 C3 Hg (g); MI 956.0 kcal 

So, enthalpy of formation of 8C-H and 2C-C bonds is 

-956kcal. 

Let the bond energy of C-C be x and of C-H be y kcal. 

In ethane x + 6y == 676 

In propane 2x+ 8y 956 

On solving, x = 82 and y = 99 

Thus, bond energy of C-C 82 kcal and 
bond energy of C- H = 99 kcal 

Example 56. Using the bond enthalpy data given below, 
calculate the enthalpy of formation of acetone (g). 

Bond energy C - H 4114 kJ mol -I; 

Bond energyC -C 347.0kJ moZ-I; 

Bond energy C =0:::: 728.0 kJ mol-I; 

Bond energyO=O= 495.0kJ mol-I; 

Bond energy H - H == 435.8 kJ mol -I; 

MIsubC(S) 718.4 kJ marl 

Solution: 

3C(g) + 6H(g) + O(g) ---7 CH3 COCH3 (g ) 

In acetone, six C-H bonds, one C= ° bond and two C--C 
bonds are present. Energy released in the formation of these 
bonds is 

:::: -6x 413.4- 728.0- 2 x 347.0= - 3902.4 kJ rnol- 1 

The equation of the enthalpy off ormation of acetone is 
, I . ? 

3C(graphite) + 3H2 (g)+ '2 02 (g) ---7 CH3COCH3 (g); MI:=. 

This equation ,can be obtained from the following equations 
by adding: 

3C(g) + 6H(g) + O(g) ---7 CH3 COCH3 (g); 
MI = - 3902.4 kJ rnol- 1 

3C(s)---73C(g); MI = 2155.2kJ rnol- I 

, 1 
3H2 (g ) ---7 6H(g ); MI = 1307.4 kJ mol-
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and 
I 
- Oz(g)~O(g); 
2 

ill = 247.5 kJ mol-l 

3C(s) + 3Hz(g)+..!. Oz(g)~ CH3COCH3 (g); 
2 

7. 

8. 

9. 

ill = -192.3 kJ mol- l 

MI; 298 K of methanol is given by the chemical equation: 

(AIIMS 2005) 
I 

(a) CH4(g) + - 0z(g) ------7 CH30H(g) 2 . 

(b) C (graphite) + ..!. 0z (g ) + 2H2 (g ) -'-------7 CH30H(l) 
2 

(c) C (diamond) +..!. 02(g) + 2H2(g) ------7 CH30H(I) 
2 

(d) CO(g) + 2H2(g) ------7 CH30H(l) 
[Ans. (b)] 

[Hint: In the process of formation, the compound must be 
formed from constituent elements in their standard state.] 
The standard molar heat of fonnation of ethane, CO2 and H2 ° 

(I ) are respectively -21.1, -94.1 and --68.3 kcal. The standard 
molar heat of combustion of ethane will be: 
(a) -372 kcal (b) -240 kcal 
(c) 162 kcal (d) 183.5 kcal 
[Ans. (a)] 

, 7 
[Hint:. C2~(g) + - 02(g) ~ 2C02(g) + 3H20(g) 

2 

I1H = 2I1Jlf (CO z) + 3I1H.f(HzO) - I1JlJ (CZ H6) 

= 2(-94.1) + 3(-68.3) - (-211) = - 372 kcal] 

When ethyne is passed through a red hot tube, then fonnation 
of benzene takes place: 

ill; (C2H 2)(g) = 230 kJ mol-
l 

ill; (QjH6)(g) = 85 kJ mol-
l 

Calculate the standard heat of trimerisation of ethyne to 
benzene. 

3CzHz (g) ~ C6H6 (g) 
(a) 205 kJ morl (b) 605kJ mol- l 

(c) - 605 kJ mol-l (d) -205 kJ mol-l 

[Ans. (c)] 

[Hint: I1Jlreaction = 11Jl;(Q,H6) - 311Jl;(CzHz) 

= 85 - 3(230) 

= - 605 kJ mol-I] 

10. F2 (g ) + 2HCI(g ) ------7 2HF(g) + Cl2 (g ); 

MfO = - 352.18 kJ 

Mf; (HF) = - 268.3 kJ 

The heat of fonnation ofHCl will be: 
(a) -22 kJ mol-l (b) 88 kJ mol-I 

(c) -92.21 kJ mol-l (d) -183.8 kJ mol-l 

[Ans. (c)] 

11. 

12. 

[Hint: I1Jlr:'ction = 211Jl;(HF) - 211Jl;(HCl) 

-352.18 = 2 x (-268.3) - 2x 

2x = 2(-268.3)+ 352.18 

x = - 92.21 kJ moFl] 

Given two processes: . 
I 2 P4 (s) + 3Clz (g) ~ 2PC1 3 (l); ill = - 635 kJ 

PC1 3 (l) + Clz (g) ~ PCls (s); ill = -137 kJ 
The value of Mlf of PC Is is: 
(a) 454.5 kJ mol-l (b) - 454.5 kJ 

(c) -772 kJ mol-l 

[Ans. (b)] 

(d) - 498 kJ mol- l 

. 1 3 635 
[Hmt: - P4(s) + - CI2(g) ~ PCIs(l); I1Jl = - - kJ 
422 

PCI3(1) + CI2(g) ~ PCIs(s); I1Jl = -137 kJ 

On adding,.!. P4(s) + ~ CI2(g) ~ PCls(s); I1Jl = -454.5 kJ] 
4 2 

The enthalpy of combustion at 25°C of H2, cyclohexane 

(C6H12 ) and cyclohexene(C6HIO) are -241, -3920 and 
-3800 kJ/mol respectively. The heat of hydrogenation of 
cyclohexene is: [CBSE (Med.) 2006] 
(a) -121 kJ/mol (b) +121 kJ/mol 

(c) -242 kJ/mol (d) +242 kJ/mol 
[Ans. (a)] 

[Hint: H2(g)+.!.02(g)~H20(1) (11Jl=-241kJ) ... (i) 
2 

17 
C6HlO + "2 °2(g) ~ 6C02(g) + 5H20(l) ... (ii) 

(11Jl = - 3800 kJ) 

C6Hl2 + 902(g) ~ 6C02(g) + 6H20(I) ... (iii) 
(11Jl = - 3920 kJ) . 

Eq. (i) + eq. (ii) - eq. (iii) gives 
I1Jl = - 241- 3800 - (-3920) =-121 kJ 

for C6HlO + H2 ~ CJI12] 
13. Given that: 

2Fe(s) + ~ 0z (g) ~ Fe203 (s) (ill =-193.4 kJ) ... (i) 
2 

Mg(s)+..!. 0z(g)~MgO(s)(ill=-140.2kJ) ... (ii) 
2 

What is MI of the reaction? 
3Mg + FeZ0 3 ~ 3MgO+ 2Fe [JEE (Orissa) 2005) 

(a) ~227.2 kJ (b) -272.3 kJ 
(c) 227.2 kJ (d) 272.3 kJ 
[Ans. (a)] 
[Hint: Subtracting equation 1st from 2nd multiplied by 3, 

3 
2Fe(s)+ "2 0z(g) ~ Fez03(s) (11Jl ; -193.4 kT) ... (i) 

3 
3Mg(s) +"2 02(g) ~ 3MgO(s) (11Jl = -420.6kJ) ... (ii) 

Subtracting eq. (i) from (ii), 

3Mg(s) + Fez03 ~ 3MgO + 2Fe; I1Jl = -420.6 - (-193.4) 

= -227.2 kJ] 
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14. 

15. 

Given that: 
. 2C(s) + 202(g) ~ 2C02(g) (Ml 787 kJ) ... (i} 

1 
H2(g}+-02(g}~H20(l} (Ml -286kJ) ... (ii} 

2 '. 

~H2(g}+~. O~(g}~ 2C02(g} + H20(1) ... (iii} 

(LVI = -1301kJ) 
Heat offOlmation of acetylene is: [JEE (Orissa) 2005J 
(a)-1802kJ (b)+1802kJ 
(c) -800 kJ (d) +228 kJ 
[Ans. (d)] 

[Hint: Required equation is: 

2C(s) + H 2(g) ~ C2Hig) 

Eq. (i) + eq. (ii) eq. (iii) gives 

tili (-787) + (-286) - (-1301) 

== + 228 kJ] 

The enthalpy changes for two reactions are given by the 
equations: 

3 
2Cr(s)+ O2 (g)---7 Cr20 3 (s); LVI =-1130kJ 

2 . 
I 

C(s) + "2 O2 (g) ---7 CO(g ); m=-llOkJ 

What is the enthalpy change in kJ for the following reaction? 

3C(s) + Cr20 3 (s)---7 2Cr(s) + 3CO(g) 

. (a)-1460kJ(b)-800kJ (c)+800kJ (d)+1020kJ 
(e) +1460 kJ 
[Ans. (c)] 

3 
[Hint: 3C(s) + - 02(g) ~ 3CO(g); 

2 
Ml -330kJ 

tili = + 1130 kJ 

On adding, 3C(s) + Cr203(S) ~ 2Cr(s) + 3CO(g); 

tili == 800 kJ] 

16. The enthalpy change Ml for the neutralisation of I M HCI by 
caustic potash in dilute sQlutiQn at 298 K is: (DPMT 2005) 
(a) 68 kJ (b) 65 kJ 
(c) 57.3 kJ (d) 50 kJ 
[Ans. (c)] 
(Hint: Since. both HCl and KOH are strong. 57.3 kJ heat will 
be released.] 

17. . Enthalpy ofneutra1isation of the reaction between CH3COOH 

(aq. ) and NaOH( aq. ) is -13.2 keal eq -I and that of the reaction 

between H2S04 (aq.) and KOH(aq.) is -13.7 keal eq-I. The 

enthalpy of dissociation of CH3COOH( aq.) is:· 
(a) -0.5 keal eq-I (b) +0.5 kcal eq-l 
(c)~26.9 kcal eq-I . (d) +13.45 kcaleq-l 
[Ans. (b)] 
[Hint: Dissociation enthalpy of CH3COOH == 13.7 -13.2 
= 0.5 kcal eq -1. Thus; 0.5 kcal eq -I heat will be used to 

dissociate CH3COOH completely.] 

18 . 

19. 

20. 

21. 

Calculate the enthalpy change when 50 mL of om M 
Ca(OH)2 teactswith 25 mLofO.Ol MHCI. Given that Mlo 
neutralisation of a strong acid and a strong base is 140 kcal 
mol-I. 

(a) 14 kcal(b)35 cal (c) to cal (d)7.5 eal 
[Ans. (b)] 

[Hint: Number of moles ofHCI 
0.01 x 25 

1000 1000 

== 25 X 10-5 

HCl~H+ +Cl-

n + == 25 X 10-5 
H 

Number of rooles of Ca(OH)2 == MV == 0.01 x 50 = 50 X 10-5 

1000 1000 

n' = 2 x 50 X 10-5 = 10-3 
OH-

In the process of neutralisation' 25 x 10-5 mole H+ will be 
completely neutralised 

.. tili = 140 x 25 x 10-5 keal = 0.035 kcal =35 cal] 

Equal volumes of I MHO and I M H2S04 are neutralised by 

. I M NaOH solution and x and y kJ/equivalent of heat are 
liberated respectively. Which of the following relations is 
correct? 
(a)x=2y (b)x=3y (c)x 4y (d)x=Xy 
[Ans. (d)] 
[Hint: Since. H2S04 gives 2 moles W while HCl gives 1 
mole H+ from 1 mole after ionisation. Hence, H2S04 will 
release double amount of heat as compared to HC1. 

. Y 
i.e., y=2xorx=. ] 

2 

Which of the following acid will release maximum amount 
of heat when completely neutralised by strong base NaOH? 
(a) 1 MHCI (b) 1 MHN03 

. (c) I MHC]04 (d) 1 MH2S04 
[Ans. (d)] 
[Hint: Ionisation of H2S04 gives double amount ofW ions as 
compared to other acids. 

H2S04 ~ 2H~ + SO~- ] 

Detennine the heat of the following reaction: 
. FeO(s) + Fe203 (s) ---7 Fe30 4 (3) 

Given informations: 
2Fe(s) + 02(g)~ 2FeO(s); Mlo =-544 kJ 
4Fe(s)+302(g)~2Fe203(s); Mlo= 1648.4kJ 

Fe304(s)~ 3Fe(s)+ 202(g);Mlo +'11l8.4 kJ 
(a)-1074kJ (b)-22.2kJ (c)+249.8kJ (d)+2214.6kJ 
[Ans. (b)] 

[Hint: 2feO(s) ~ 2Fe(s) + 02(g); IlW.; + 544 kJ 

2F~03(S) ~ 4Fe($) + 302(g); 8.W = + 1648.4 kJ 

6Fe(s) + 402(g) ~ 2F~04(S); /ilie = ,::,1xII18.4 kJ 

On adding, 

2FeO(s) + 2F~03(S) ~ 2F~04(S); 

:. FeO(s) + F~03(s) ~ F~04(S); tili° = - 222 kJ] 
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22. Calculate the enthalpy of fonnation of I1Hf for C2HsOH 

from tabulated data and its heat of combustion as represented 
by the following equations: 

H2(g)+ ~02(g) H20(g) ... (i) 

(MIo -2418kJ mol-I) 

cO2 (g) ... (ii) 

(l1Ho 393.5 kJrnol- l ) 

3H20(g)+2C02 (g) ... (iii) 

(a) -2747.1 kJ mol-I 

(c) 277.7 kJ mol-1 

[ADS. (b)] 
[HiDt: Required equation: 

(MIo = -1234.7 kJ) 

(b) -277.7 kJ mol-1 

(d) 2747.1 kJ mol-I 

2C(s) + 3H2(g) + Yz02(g) C2HsOH(l) 

2C(s) + 202(g) 2COz(g); AHO = -2 x 393.5kJ 

3 
3H2(g) + 02(g) ---dHz0(g); AHo = - 3 x 241.8 kJ 2 . 

3HP(l) + 2C02(g) ---7 C2HsOH(l) + 302(g); 

AHo ::: + 1234.7 kJ 

On adding, 

2C(s) + 3H2(g) + I 02(g) ---7 CzHsOH(I); 
2 

AHo = -277.7 kJ mol-I 

23. . Which of the following methods for calculation of heat of a 
reaction is not correct? 

24. 

25. 

(a) I1H reaction 

(b) I1H reaction 

(c) I1H reaction 

(d) I1H reaction 
[ADS. (d)] 

~ I1H J products ~ 11H,. reactants 

~(BE)reacrants ~(BE)producls 
~l1Hcomb. (reactants) ~l1Hcomb. (products) 

~ solution (reactants) ~11H solution (products) 

Heat of combustion of diamond and graphite are -94.5 kcal 
and -94 kca1!mol respectively. What will be the heat of 
transition from diamond to graphite? 
(a) 0.5 kcal (b) +0.5 kcal (c) 1 kcal 
[Ans. (b)] 

(d)-1 kcal 

[Hint: AH AH ""mb. IdialOOnd) - AH comb. (graphite)] 

For the reaction, 
3NzO(g) + 2NH3 (g) ---7 4N2 (g ) + 3H20(g); 

If 45.9 kJ rnol- I
; 

I1Hj[ H20(g)] -:24L8kJrnol- 1 

then I1Hj[N20(g)] will be: 

(a) +246 kJ 
(c) -82 kJ 
[Ans; (b)] 

(b) +82 kJ' 
(d) -246 kJ 

M-fO = -: 879.6 kJ 

+ 2 AH/ [NH3 1} ] 

26. 

27. 

28. 

~9. 

The bond energies of C= C and C-C at 298 K are 590 and 

331 kJ mol-1 re~pectively. The enth~lpy of polymerisation 
per mole of ethylene is: 
(a)-70kJ (b)-12kI (c)12kI (d)-68kJ 
[Ans; (b)] 

[Hint: The polymerisation of ethene may be represented as 

nCH2 CHz -f-CHz -- CHz +/1 
one mole ofC C bond is decomposed and two molt;s ufC----C 
bonds are formed per mole of ethene. 

:. AH = 590 2 x 331 -72 kJ per mol of ethylene.] 

For the reaction, 
2H2(g)+02(g) 2H20(g); 11H=-571kJ 

bond energy of (H-H) 435 kJ; of (0==0) = 498 kJ; then 
calculate the average bond energy of (O-H) bond using the 
above data. (DeE 2005) 
(a) 484 kJ (b) - 484 kJ (c) 271 kJ (d) -271 kJ 
[Ans. (a)] 

[Hint: 2(H--H) + 0 =0 2(H-O-H) 

I1H ~(BE)reaclants ~(BE)prndl1CtS 

-571 == [2 x 435 + 498] 4 x (BE)o_H 

(BE)o_H 2 x 435 +4498 + 571 "" 484 kJ] 

Use the bond energies in the table to estimate I1H tor this 
reaction: 

CH CH CI 2= 2+ 2 ---7 CtCH 2- tHCl 2 

Bond. C-C C=C C-Cl C-H 

Bond energy 347 
(kJ/mol) 

(a) I1H = - 684 kJ 
(c) I1H = + 89 kJ 
[Ans. (b)] 
[Hint: 

612 331 414 

(b) I1H = -154 kJ 
(d)11H +177kI 

AH reaction ~(BE)rcactant' - ~(BE)prnducts 

[(BEk=c + 4(BEk_H + (BE)Cl_C1] 

O-Cl 

243 

- [4(BEk_H + 2(BEb_Cl + (BE)c_c] 

[(BE)c=c + (BEkl_C1] - [2(BEk_cl + (BEk_cl 

[612+243] [2x331+347]=-154kJ] 

Heat of tormation of 2 moles of NH] (g J is -90 kJ; bond 

energies of H-H and N-H bonds are 435. kJ and 390 kJ 
mol-I respectively. The value of the bond energy of N == N 

will be: 

(a) 412.5 kJ (b) - 945 kI (c) 412.5 kJ (d) 945 kJ mol-I 

[Ans. (d)] 

[Hint: N 

H 
I 

N + 3(H--H)---72N--H ; 
I . 
I 

H 

AHrcaction = ~(BE)reactants ~(BE)products 

AH == -90 kJ 

-90 [(BE)N=rN + 3(BE)H __ H]- [6(BE)N_H 1 
-90 x + 3 x 435 - 6 x 390 

x 945 kJ mol- 1
] 
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30. 

31. 

32. 

33. 
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If values of Mf; of ICI(g ), Cl(g) and I(g) are respectively 

17.57,121.34, 106.96 J mol-I. The value ofI-C1 (bond 
energy) in J mol-1 is: 
(a) 17.57 (b}210.73 (c) 35.l5 (d) 106.96 
[Ans. (b)] 
[Hint: The process will be: 

I(g) + Cl(g) ~ I-Cl(g); Mfo = 17.57 J morl 

Mf = Heat of atomisation of I(g) and Cl(g) 
- Bond energy of I-CI bond 

17.57 = 12L34 + 106.96 - x 
x = 210.73 J mol-I] 

Calculate the Mf in joules for: 
C (graphite) ~ C (diamond) 

from the following data: 
C (graphite) + 02 (g ) ~ CO2 (g); 

. C(diamond) + 02(g)~ CO2(g); 
MfO = - 393.5 kJ 
Mfo = - 395.4 kJ 

(a) 1900 

(c) 190000 

[Ans. (a)] 

[CET (J&K) 2006) 

(b) - ~8.9 x 103 

(d) +788.9 x 103 

[Hint: C (graphite) + 02(g) ~ CO2 (g) ; MfO = - 393.5 kJ 

CO2(g) ~ C (diamond) + 02(g); MfO =+ 395.4 kJ 

On adding, C (graphite) ~ C (diamond); Mf 0 = + 1900 J 
= + 19kJ] 

The enthalpy changes for the following processes are listed 
below: 

CI2 (g) ~ 2CI(g); Mf = 242.3 kJ mol-I 

12(g) ~ 21(g); Mf = 151.0kJ mol-I 

ICI(g) ~ I(g)+ CI(g); Mf = 211.3 kJ mol-I 

Mf = 62.76 kJ mol-I 

Given that, the standard states for iodine and chlorine are 
12 (s) and Cl2 (g ), the standard enthalpy of formation for ICI 
(g) is : (AIEEE 2006) 
(a) -14.6 kJ mol- 1 (b) -16.8 kJ morl 

(c) +16.8kJmol- 1 (d) +244.8kJ mol- 1 

[Ans. (c)] 

[Hint: The reaction is: 
1 1 

12(8) + Cl2(g) ~ IC1(g) 
2 2 

[
1 1 

tJ.f H I _ C1 = 2 tJ.H'2(S) -> 12(g) + 2 tJ.H1_ 1 

+ ~ tJ.HC1 - Cl J -[tJ.HI_ CI ] 

1 I 1 
=[-x62.76+ x151+-x242.3]-[211.3] 

2 2 2 
= 16.73 kJ mol-I] 

Given that: 

2C(s)+02(g)~2C02(g) (Mf=-787kJ) ... (i) 

H2(g)+ ~02(g)~H20(l) =-286kJ) ... (ii) 
CzH2(g)+ 2~02(g)~ 2C02 (g)+ Hz0(l) ... (iii) 

(Mf -131OkJ) 
The heat offormation of acetylene is: (VITEEE 2007) 
(a) 1802 kJ mol-1 (b) + 1802 kJ mol- 1 

(c) + 237 kJ moI-1 (d) - 800 kJ mol- 1 

[Ans. (c)] 
[Hint: Required equation is: 

2C(s) + H2(g) ~ C~2(g) 

It can be obtained by adding eqs. (i) and (ii) and then 
subtracting eq. (iii) from it. 
Heat of formation of acetylene 

= (-787) + (- 286) - (-1310) 
+237kJmol- l ] 

.7.~0 DETERMINATION OF LATTICE 
ENERGY (Born-Haber Cycle) 

Lattice energy of an ionic compound is defined as the amount of 
energy released when one mole of the compound is formed by the 
interaction of constituent gaseous cations and gaseous anions. 

A+(g)+B-(g)~A+B- + Energy 
I mole (Lattice energy) 

It is represented by the symbol, U. It is given negative sign as 
the energy is always released. Since, it is difficult to find the 
lattice energy by direct experiment, it is generally calculated by 
indirect method known as Born-Haber cycle which is based on 
Hess's law. The cycle can be easily explained by taking the 
example of the formation of sodium chloride (NaCl). The form
ation of sodium chloride can be schematically represented as: 

U NaCI ofi(------ Na+ + 

~ lp 
1 Na(s) SUblimation) Na(g) 

EA 

2 CI12(9) AHsub 

. Dissociation 
1.....-----=~=-----CI(g) 

~D 
Fig. 7.17 

The formation of sodium chloride can occur either by direct 
combination of sodium(s) and chlorine(g ) or in various steps. 

Let the heat of formation of sodium chloride by direct 
combination be -Q. 

The various steps in the formation of NaCl are the following: 
In each step, either energy is absorbed or released. 
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Steps involved Energy change 

(a) Solid sodium changes into gaseous sodium. 
Energy is absorbed. It is sublimation energy. 

Na(s) + sublimation energy ~ Na(g) 

(b) Gaseous sodium atoms change into gaseous 
sodium ions. In this step, energy equivalent 
to ionisation potential is absorbed. 

Na(g) + IP~Na+ (g) + e 

( c) Half mole of molecular chlorine dissociate 
into one mole of gaseous atomic chlorine. In 
this step, energy equivalent to one half of the 
dissociation energy is absorbed. 

1 1 "2 CI2(g) + "2 D = CI(g) 

(d) Gaseous chlorine atoms change into chloride 
ions by acceptance of electrons. In this pro
cess, energy equivalent to electron affinity is 
released. 

Cl(g) + e~ cr-(g) + EA 

(e) Sodium and chlorine ions are held together 
by electrostatic forces to form Na + cr. The 
energy equivalent to lattice energy is re
leased. 

Total energies involved in the above five steps 

Mi sub + 1 D + IP - EA + U 
2 

Thus, according to Hess's law 
I 

- Q Mi sub + 2. D + IP - EA + U 

+AHsub 

+IP 

I +-D 
2 

-EA 

u 

Example 57. Calculate the lattice energy for the reaction, 
Li + (g)+ CI- (g) -tLiCI(s) 

from the following data: 

Misub(LI) 160.67 kJ mol-I; ~ D(CI2 )= 122.17 kJ mol-' 
. 2 

IP(Li) = 520.07 kJ mol-'; EA(CI)= - 365.26kJ mol- l 

and Mif(LiCl)= -401.66kJ mol-i. 

Solution: Applying the equation 

Q Mi+~D+IP-EA +v 
and substituting the respective values, 

-401.66 160.67 + 122.17 + 520.07 - 365.26+U 
U 839.31kJmol-' 

Example 58. When a mole of crystalline sodium chloride 
is prepared, 410kJ ofheatis produced. The hea(ofsublimation of 
sodium metal is ISO.Sk.l. The heat of dissociation of chlorine gas 
into atoms is 242.7 k.l. The ionisation energy ofNa and electron 
affinity of CI are 493.7 kJ and - 36S.2 kJ respectively. Calculate 
the lattice energy of NaCl. . 

Solution: Applying the equation 

1 
-Q Misub +-D+IP-EA +U 

2 

and substituting the respective values, 

- 410 10S.S + 1 x 242.7 + 493.7 - 36S.2 + U 
2 

U -765.65kJmol- l 

7~21 EXPERIMENTAL DETERMINATION OF 
THE HEAT OF REACTION 

The heat evolved or absorbed in a chemical reaction is measured 
by carrying out the reac~on in an apparatus called calorimeter. 
The principle of measurement is that heat given out is equal to 
heat taken, i. e. , , . 

Q (W+m)xsx(T2 -Tl ), 

where, Q is the heat of the reaction (given out), W is the water 
equivalent of the calorimeter and mis the mass of liquid in the 
calorimeter and s its specific heat, T2 is the final temperature and 
T, the initial temperature of the system. Different types of 
calorimeters are used but two of the common types are: 

(i) Water calorimeter and 
(ii) Bomb calorimeter 

(i) Water calorimeter 
It is a simple form of a calorimeter which can be conveniently 

used in the laboratory. It is shown in Fig. 7.IS. 
It consists of a large vessel A in which a calorimeter B .is held 

on corks. In between the calorimeter and the vessel, there is a 
packing of aninsulati~g material such as cotton wool. Inside tne 
calorimeter there are holes through which a thermometer, a stirrer 
and the boiling tube containing reacting substances are fitted. A 
known amount of water is taken in the calorimeter. Known 

Thermometer 

Stirrer . 

B 

Fig. 7.18 

amounts of reacting substances are taken in the boiling tube. The 
heat evolved during the reaction will be absorbed by the water. 
The rise in temperature is recorded with the heip of thermometer. 
The heat evolved is then calculated from the formula 

(W + m) x s x (T2 - Tj ) 

-,. 
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(ii) Bomb calorimeter 
This is commonly used to find the heat of combustion of 

organic substances. It consists of a sealed combustion chamber, 
called a bomb. A weighed quantity of the substance" in a 
dish along with oxygen under about 20 atmospheric pressure 
is placed in the bomb which is lowered in water contained 
in an insulated copper vessel. The vessel is fitted with a 
stirrer and a sensitive thermometer. The arrangement is shown in 
Fig. 7.19. . 

Stirrer 

Ignition 
wires 

III----Thermometer 

Fig. 7.19 

Heat insulating 
container 

Steel bomb 

The temperature of the water is noted and the substance is 
ignited by an electric current. . After combustion, the rise in 
'temperature of the system is noted. The heat of combustion can 
be calculated from the heat gained by water and calorimeter. 

Since, the reaction in a bomb calorimeter proceeds at constant 
voluine, the heat of combustion measured is AE. 

AE == (W + m)(T2 -1j )x s x M kcal 
WI 

Where, M is the molecular mass of the substance and WI is the 
mass of substance taken. 

ll.H can be calculated from the relation, 
ll.H = AE + AnRT 

Example 59. 0.5 g of benzoic acid was subjected to 
combustion in a bomb calorimeter at 15°C when the temperature 
of the calorimeter system. (including water) was found to rise by 
0.55°C. Calculate the heat of combustion of benzoic acid (0 at 
constant volume and (if) at constant pressure. The thermal 
capacity of the calorimeter including water was found to be 23.85 
kJ. . 

Solution: (i) Heat of combustion at constant volume, AE 
Heat capacity of calorimeter and its contents 
.. . MoL mass of compound 

x nse In temperature x . . 
Mass of compound 

23.85 x'0.55 x 122 3200.67 kJ 
0.5 

i.e., AE = - 32QO.67 kJ nlUi 

(ii) We know that, ll.H == AE + AnRT 
15 

C6HsCOOH(s) + - O2 (g) ~ 7C02 (g) + 3H20(l) 
2 

An=7 7.5=-0.5;R=8.314xlO-3 kJK-1 mol-I ;T=288K 

Substituting the values in the above equation, 
ll.H == - 3200.67 + 8.314 x 10-3 x (- 0.5) x 288 

= - 3200.67 - 1.197 == -3201.867 kJ mol-1 

Example 60. A sample of 0.16 g CH 4 was subjected to 
combustion at 27° C in a bomb calorimeter. The temperature of 
the calorimeter system (including water) was found to rise by 
0.5° C. Calculate the heat of combustion of methane at 
(i) constant volume and (ii) constant pressure, The thermal 
capacity of calorimeter system is 17.7 kJ K -I and 
R == 8.314 J K -I mol-I, (liT 1998) 

Solution: (i) Heat of combustion at constant volume, AE 
:::: Heat capacity of calorimeter system x rise in temperature 

Mol. mass of compound 
x-------~~--

Mass of compound 
16 = 17.7x 0.5x- = 885 

0.16 
i.e., AE:::: 885 kJ mol-1 

(ii) CH4 (g) + 202 (g) -? CO2 (g) + 2H20(l) 
An=I-3::::-2,T 300K,R== 8.314 X 10-3 kJK-1 mol-I 

ll.H AE + AnRT 
:::: - 885 + (-2) x 8.314 x 10-3 x 300 

:::: - 885 - 4.988 == -889.988 kJ mol-I 

. Example 61. The heat of combustion of ethane gas is -368 
kcallmol. Assuming that 60% of heat is useful, how many m3 of 
ethane measured at NTP must be burned to supply heat to convert 
50 kg of water at 10° Cto steam at 100° C? 

Solution: Heat required per gram of water 

=(90+ 540)cal 630 cal 
Total heat neede4 for 50 kg of water 

:::: 50x 103 x 630 cal 

As the efficiency is 60%, the actual amount of heat required 

:::: 50 x 10
3 

x 630 x 100 == 52500 kcal 
60 

No. of mole of ethane required to produce 52500 kcal 

52500 142.663 mole 
368 

Volume of 142.663 mole at NTP = 142.663 x 22.4 
3195.65 litre = 3.195 m3 

1~22' LIMITATIONS OF FIRST LAW OF 
THERMODYNAMICS 

The essence of first law of thermodynamics is that all physical 
and chemical processes occur in such a way that the total energy 
of the system and surroundings is constant. The law correlates the 
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various fonns of energy, i. e., their interconversion into one 
. another in exactly equivalent amounts. The law has stood the test 

of time as no transfonnation has violated the principle of 
conservation of energy. However, the first law of 
thennodynamics has a number of limitations. 

1. The law does not give any information about the 
direction in which flow of energy takes place. For 
example, if two systems A and B which are capable of 
exchanging heat are brought in contact with each other, 
the first law of thennodynamics will only tell us that one 
system loses energy and other system gains the same 
amount of energy. But the law fails to tell whether the 
heat will flow from system A to B or from system B to A. 
In order to predict the direction of the flpw of heat, one 
more parameter, i. e., temperature is required. The heat 
actually flows from a system which has higher 
temperature. The process continues till both the systems 
attain the same temperature. The law fails to answer why 
heat energy does not flow from cold system to hot system 
though the energy is conserved in this way also. 

2. The law does not explain why the chemical reactions do 
not proceed to completion. 

3. The law does not explain why natural spontaneous 
processes are irreversible. 

4. The law does not contradict the existence of self-acting 
refrigerator. 

5. The law does not contradict the existence of 100% 
efficient engine. 

6. The difference between spontaneous and 
non-spontaneous processes is insignificant in view of the 
first law. 

The answers to above limitations are provided by second law of 
thennodynamics. However, before we study this law, let us 
understand the terms spontaneous, entropy and free energy. 

1~18:1 SPONTANEOUS AND 
NON-SPONTANEOUS PROCESSES 

One of the main objectives in studying thennodynamics, as far as 
chemists are concerned, is to be able to predict whether or not a 
reaction will occur when reactants are brought together under a 
special set of conditions (for example, at a certain temperature, 
pressure and concentration). A reaction that occurs under the 
given set of conditions is called a spontaneous reaction. If a 
reaction does not occur under specified conditions, it is said to be 
non-spontaneous. 

The term spontaneity means the feasibility of a process. In 
nature, we observe many processes which occur of their own. For 
example, water flows down the hill without the help of any 
external agency, heat flows from a conductor at high temperature 
to another at low temperature, electricity flows from high 
potential to low potential. There are processes which require 
some initiation before they can proceed. But once initiated, they 
proceed by themselves. The burning of carbon, burning of fuels 
and petrol, etc., require some initiation. These processes are 
tenned· as spontaneous on account of their feasibility, i. e. , these 
can occur without the help of external work. 

A process which has an urge 'or a natural tendency to occur 
either oj its own or after proper initiation under the given set oj 
conditions is known as spontaneous process. 

Spontaneous process does not mean that it takes place 
instantaneously. It simply implies that the process has an urge to 
take place and is practicaify feasible. The actual speed of the 
process may vary from very low to extremely fast. The rusting of 
iron is a slow spontaneous process while the neutralisation 
reaction between an acid and an alkali is a fast spontaneous 
process. It is a matter of experience also that all natural processes 
are spontaneous and are irreversible, i. e. , move in one direction 
only. The reverse process which can be tenned as non
spontaneous can be made to occur only by supplying external 
energy. For example, water can be made to flow upward by the 
use of some external agency or energy is always required to lift 
the ball from the ground. The natural (spontaneous) processes 
follow a non-equilibrium path and as such are irreversible but 
these processes proceed up to establishment of equilibrium. At 
equilibrium state, the process stops to occur any further. Heat 
flows from a hotter body to a colder body till the temperature of 
both bodies becomes equal; there is no further flow of heat and 
we say that the system has attained equilibrium. Some of the 
familiar examplesof spontaneous processes are listed below: 

(a) Spontaneous processes where no initiation is required 
(i) Dissolution of sugar or salt in water 

Sugar + water ~ Aqueous solution of sugar 

" 
Salt + water ~ Aqueous solution of salt 

(ii) Evaporation of water from water reservoirs such as 
ponds, lakes, rivers, sea, open vessels, etc. 

H20(l)~ H20(g) 

(iii) Flow of heat from a hot body to a cold body. 
(iv) Mixing of different gases. 
(v) Flow of water down a hill. 

(vi) Reaction between Hz (g ) and 12 (g )to fonn HI(g). 

H2 (g)+ I2(g)~2HI(g) 

(vii) Reaction between nitric oxide gas and oxygen to fonn 
nitrogen dioxide. 

2NO(g) + 02 (g ) ~ 2NOz (g) 

(viii) Melting of ice into water. 

H20(S)~H2°(l) 

(ix) A piece of sodium metal reacts violently with water t() 
fonn sodium hydroxide and hydrogen gas. 

2Na(s)+ 2H20(l)~2NaOH(aq.)+ H 2 (g) 

(x) When a zinc rod is dipped in an aqueous solution of 
copper sulphate, copper is precipitated. 

CuS04 (aq.) + Zn(s) ~ Zns04 (aq.) + Cu(s) 

(b) Spontaneous processes where initiation is required 
(i) Reaction between H2 and ° 2 : This reaction is initiated 

by passing electric spark through the mixture. 
Electric 

2H2 (g) + 02 (g) ----+ 2H 20(/) 
spark 
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(ii) 

(iii) 

Coal bums in oxygen or air when ignited, Coal keeps on 
burning on,?e initiated. 

Ignition 
C(s)+ 02(g)~COz(g) 

Methane burns with o~ygen when ignited. 
CH4 (g) + 20z.(g ) ~C02 (g) + 2H20(l) 

(iy) A candle made up of wax burns only when ignited. 
(v) Calcium carbonate evolves carbon dioxide upon heating. 

" Heat" 

CaC03(s)~ C~0(S)+C02(g) 

A process which can neither occur by itself nor by initiation is 
called a non-spontaneous process. 

Or 
A process which has no natural tendency or urge to occur is 

said to be a non-spontaneous process. 
Few examples of non-spontaneous processes are: 
(i) Flow of heat from a cold body to a hot body. 

(ii) Dissolution of gold or silver in water. 
(iii) Flow of water from ground to overhead tank. 
(iv) Hydrolysis of sodium chloride. 
(v) Decomposition of water into hydrogen and oxygen. 

(vi) Diffusion of gas from a low pressure to a high pressure. 
It- is not always true that non-spontaneous processes do not 

occur at alL Many of the non-spontaneous processes or changes 
can be made to take place when energy from some external 
source is supplied continuously throughout the change. 
(However, the processes that occur spontaneously in one 
direction cannot, under the same conditions, also take place 
spontaneously in the opposite direction). For example, the 
decomposition of water into hydrogen and oxygen (non
spontaneous process) can occur when electrical energy is 
supplied to water. The process stops when the passage of 
electrical energy is stopped. 

Drivi~g fone for a spontaneous process: After having 
learnt about spontaneous processes, a very obvious question 
arises in our minds that why some processes are spontaneous? 
Obviously there must be some kind of driving force which is 
i:esponsible for driving the process or a reaction in a particular 
direction. 

The force which is responsible for the spontaneity of a process 
is called the driving fOl'Ce. 

Let us now discuss the nature of the driving force. 
1. Tendency to acquire minimum energy: We know that, 

lesser is the energy, greater is the stability. Thus, every system 
tends to acquire minimum energy. For example: 

(i) Heat flows from high temperature to low temperature so 
that heat content of hot body becomes minimum. 

(ii) Water flows down a hill or a slope to have minimum 
energy (potential). 

(iii) A wound watch spring tends to unwind so that 
mechanical energy of watch becomes minimum. 

All the above processes are spontaneous because of a 
tendency to acquire minimum energy. 

It has been observed that most of the spontaneous chemical 
reactions are exothermic. For example: 

H2 (g) + ~ O2 (g ) ~ H20(I); 

C(s)+ Oz(g)~C02(g); 

" Mf = - 286.2 kJ morl 

Mf = - 395 kJ morl 

N2(g)+3Hz(g)~2NH3(g); Mf= 92.4kJmol-1 

In exothermic reactions, heat is evolved from the system, i. e., 
energy is" lowered. Thus, exothermic reactions occur 
spontaneously on account of decrease in enthalpy of system 
(Mf=-ve). 

Hence," it can be concluded that the negative value of Mf 
may be the criterion of spontaneity. 

Limitations of the criterion for minimum energy 

(a) SpOiltaneous endothermic reactions or processes: . A 
number of endothermic reactions and processes are known whIch 
are spontaneous, i. e. , when Mf is +ve. Some examples are given 
below: 

(i) Evaporation of water or melting of ice takes place by 
absorption of heat from surroun4ings, i. e., these processes are 
endothermic (t:Jl + ve). 

H20(s)~H20(1); Mf=+6.0kJrnOl-1 

H20(1)~H20(g); Mf +44kJmol-1 

(ii) The decomposition of CaC03 is non-spontaneous at room 
temperature but becomes spontaneous when the temperature is 
raised. 

CaC03(s)~CaO(s)+ CO2 (g); Mf = + 178.3kJ mol-1 

(iii) Compounds like NH4 CI, KCl, etc., dissolve in water by 
absorption of heat from water. Temperature of the water 
decreases. 

NH4CI(s)+ aq. ~NH: (aq.)+ Cl-(aq.); 

Mf = + 15.lkJ mol-I 

(iv) Dinitrogen pentoxide (N z 0 5 ) decomposes spontan~"" 
ously at room temperature into NOz and Oz, although the 
reaction is highly endothermic. 

2N205(g)~4N02(g)+02(g); 
Mf = 219kJ mol- l 

(v) The decomposition of HgO becomes spontaneous on 
heating. 

2HgO(s) ~ Hg(l) + Oz (g); 

Mf = 9O.3kJ mol-1 

(b) Occurrence of reversible reaetions: A large ni.unber of 
reactions are reversible in nature. In these reactions, both forward 
and backward reactions occur simultaneously in spite of the fuct 
that one reaction is exothermic (Mf = ve) and other 
endothermic (Mf = + ve) . 

(i) H2 (g) + 12 (g ) ~ 2HI(g) ; 

2HI(g)~Hz(g).+ Iz(g); 

Hz (g)+ 12(g)~2HI(g) 

Mf=-ve 

Mf=+ve 
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(ii) N2 (g) + 3H2 (g) ~ 2NH3 (g); 

2NH3(g)~ N2 (g)+ 3H2 (g); 

N2(g)+ 3H2(g)~2NH3(g) 

!JJ[= -ve 

!JJ[= +ve 

(c) Reactions having zero!JJ[: A number of reactions are 
known in which neither energy is evolved nor absorbed, but these 
are spontaneous. For example, esterification of acetic acid is a 
spontaneous process. !JJ[ ofthis reaction is zero. 

CH3COOH + C2HsOH~ CH3COOC2Hs + H20 

(d) Exothermic reactions fail to achieve completion: 
Every exothennic reaction rarely proceeds to completion even 
though !JJ[ remains negative throughout. In fact, all spontaneous 
reactions proceed in a direction until an equilibrium is attained. 

Since, some spontaneous reactions are exothermic and others 
are endothermic, it is clear that enthalpy alone cannot account for .. 
spontaneity. There must be some other factor responsible for 
spontaneity or feasibility of a process. 

2. Tendency to acquire 'maximum randomness: There is 
another natural tendency that must be taken into account to 
predict the direction of spontaneity. 

Nature tends to move spontaneously from a state oflower 
probability to one of higher probability, i.e., things tend to 
change from organized to disorganized. To illustrate what this 
statement means, we consider a spontaneous process of 
intermixing of two inert gases for which !JJ[ is zero. Two 
different inert gases, let us say helium (He) and neon (Ne), are 
originally contained in different glass bulbs, separated by a 
stopcock as shown in Fig. 7.20(a). 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 heat 
change during intermixing is negligible. The process of 
intermixing is a spontaneous process. If the proce~s 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. The final distribution is clearly much more 
probable than the initial distribution. There is, however, another 

-He oNe 
Fig. 7.20 (a) Fig. 7.20 (b) 

Inert gases before mixing Inert gases after mixing 

useful way oflooking at this process. The system has gone from a 
highly ordered state (all the helium molecules on the left, all the 
neon molecules on the right) to a more disordered or random 
state. Mixed gases cannot be separated on their own. Thus, 
diffusion is a spontaneous process acquiring more randomness. 

In general, nature tends to move spontaneously from more 
ordered to more random states, or a process proceeds 

spontaneously in a direction in which randomness qf the system 
increases. 

Another example of achieving more randonmess is the sugar 
dissolving in water. Before· the solid sugar dissolves, the sugar 
molecules are organized in a crystal. As the molecules' dissolve, . 
they become distributed randomly and uniformly throughout the 
liquid. The opposite process never occurs, i. e. , sugar cubes do riot 
form from the solution. 

Thus, the second factor which is responsible for the 
spontaneity of a process is the tendency to acquire maximum 
randomness. 

On the basis of second factor we may also explain the 
spontaneity of endothermic processes. 

(i) Decomposition of calcium carbonate: 

CaC03 (s) ~. CaO(s) + CO2 (g); !JJ[ = +178.3 kJ mot~l 

This process is spontaneous because the gaseous CO2 produced 
is more random than solid calcium carbonate. 

(ii) Evaporation of water: 

H20(/)~H20(g); !JJ[=+44kJmol-1 

The gaseous state of a substance is more random than the liquid· 
state. Thus, evaporation of water is spontaneous which proceeds 
in the direction of more randomness. 

Similarly, fusion of ice is also spontaneous because the 
process again proceeds in the direction of more random state, i. e. , 
liquid state is more random in comparison to solid state. 

H20(s)~H20(l); !JJ[= +6.06kJ mol-I 

(iii) Dissolution of NH 4 Cl in water: 

NH4CI(s) + aq. ~ NH; (aq.) + Cl- (aq.); 

!JJ[ = + IS.lkJ mol-1 

When solid NH4 Cl(s) is dissolved in water, its ions become free. 
Free ions move randomly in all directions. Thus, the solution is a 
more random state as compared to solid NH4 Cl. Thus, the 
process of dissolution will be spontaneous because randomness 
increases on dissolution. 

(iv) Decomposition of merClfric oxide: 
\ 

2HgO(s)~2Hg(/)+ 9i(g); !JJ[ = +9Q3kJ mol-I 

Here again the process will be spontaneous because the product 
is more random than reactant due to presence of gaseous °2 , 

Limitations of the criterion for maximum 
randomness: Like energy factor, the randonmess factor has 
also certain limitations. For example, in the liquefaction of a gas 
or in the solidification of a liquid, the randonmess of the particles 
decreases but still these processes are spontaneous. Thus, like 
energy factor, randomness alone cannot be the sole criterion for 
the spontaneity of a process. . 

Overall tendency as driving force for a spontaneous 
process 

From the above discussion, it is apparent that the spontaneous 
processes occur because of the two tendencies: 

(i) Tendency of a system to achieve a state of minimum 
energy. 
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(ii) Tendency of a system to achieve a state of maximum 
randomness. 

The overall tendency of a process to be spontaneous depends 
on the resultant of the above two factors. The resultant of the two 
tendencies or overall tendency for a process to occur is termed 

, the driving force. 
, '.,,,ere, it should be noted that these tendencies are 
inde'liendent of each other. Both may act in the same or in 
opposite directions in a process. 

Case I:' When enthalpyfactor is absent then randomness 
factor decides spontaneity of a process. 

Case II: When randomness factor is absent then enthalpy or 
energy factor decides spontaneity of a process. 

Case III: When both factors take place simultaneously then 
,magnitude of the tendencies becomes important to decide 
spontaneity. _1 ENTROPY 
Why do systems tend to move spontaneously to a state of 
maximum randomness or disorder? The answer is that a 

, disordered state is more probable than an ordered state because 
the disordered state can be achieved in more ways. The following 
example illustrates the point. Suppose that you shake a box 
containing 10 identical coins and then count the number of heads 
(H) and tails (T). It is very unlikely that all the I o coins will come 
up heads; i. e., perfectly ordered; arrangement is much less 
probable than the totally disordered state in which heads and tails 
come up randomly. The perfectly ordered state of 1 0 heads can be 
achieved in only one Way and the totally disordered state can be 
achieved in 210 (l 024) ways, i. e. , the totally disordered state is 

210 times more probable than the perfectly ordered state. If the 
box contained 1 mol of coins, the, perfectly ordered state would 
be only one, but the disordered states would be much higher 

23 ' 
(2 NA = 26,.02 x 10 ). It is thus, concluded that a change which 

brings about randomness is more likely to occur than one that 
brings about order. The extent of disorder or randomness is 
expressed by a property known as entropy. 

Entropy is a thermodynamic state quantity which ·jsa 
measure of randomness or disorder of the molecules of the 
system. 

Entropy is represented by the symbol'S'. It is difficult to 
define the actual entropy of a system. It is more convenient to 
define the change of entropy during a change of state. The change 
in entropy from initial to final state of a system is represented by 
AS. The entropy is a state function and depends only on the initial 
and final states of the system. 

AS = S final - S initial 

When S final > S initial' AS is positive. 

For a chemical reaction, 

AS S (products) - S (reactants) 

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 (T) during each infinitesimally sman 
change of the process carried out reversibly at constant 
temperature (isothermally). 

J dS =~J Sqrev 

or qrev 

T 
... (i) 

Ifheat is absorbed, then AS is positive (increase in entropy). If 
heat is evolved, AS is negative (decrease in entropy). The value 
of AS, like l1E and All, is a definite quantity and depends on the 
initial and final states of the system. It is independent of the 
manner in which the change has been brought about, i. e. , whether 
the change has been brought about reversibly or irreversibly. 

Several factors influence the amount of entropy that a system 
has in a particular state. In general, , 

(i) The value of entropy depends on the mass of the system. 
Hence, it is an extensive property. 

(ii) A liquid has a higher entropy than the solid from which it 
is formed. In a solid, the atoms, molecules or ions are 
fixed in position; in the liquid, these particles are free to 
move past one another, i. e., liquid structure is more 
random and the solid more ordered. 

(iii) A gas has a higher entropy than the liquid from which it is 
formed. When vaporization occurs, the particles acquire 
greater freedom to move about. 

(iv) Increasing temperature of a substance increases its 
entropy. Raising the temperature increases the kinetic 
energy of the molecules (atoms or ions) and hence their 
freedom of motion. In the solid, the molecules vibrate 
with a greater amplitude at higher temperatures. In a 
liquid or a gas, they move about more rapidly. 
In other words, the more heat the system absorbs, the 
more disordered it becomes. Furthermore, if heat is 
absorbed at low temperature, it becomes more disordered 
than when the same amount of heat is added at higher 
temperature. 

Units of Entropy and Entropy Change 
Since, entropy change is expressed by a heat term divided by 

temperature, it is expressed in terms of 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 -\ mol-I (cal K -1 mol-I) or 
jouledeg-l mol-I (JK- I mol-I). 

Spontaneity in Terms of Entropy Change 
In an isolated system, such as mixing of gases, there is no 

exchange of energy or matter between . the system and 
surroundings. However, the mixing of gases is accompanied by 
randomness, i. e. , there is increase in entropy. Therefore, it can be 
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stated that for a spontaneous process in an isolated system, the 
change in entropy is positive, i.e., llS > o. 

However, if a system is not isolated, the entropy changes of 
both the system and surroundings are to betaken into account 
because system and surroundings together constitute the isolated 
system. Thus, the total entropy change (AS total) is sum of the 

change in entropy of the system (ASsystem) and the change in 
entropy of the surroundings (ASsurroundings), i. e., 

AS total = ASsystem + ASsurroundiQgs ... (ii) 
For a spontaneous process, AS total must be positive, i. e., 

AS total =AS system + AS surroundings > 0 ... (iii) 

AS total is also termed as AS universe 
During a spontaneous process, the entropy of the system goes 

on increasing till the system attains the equilibrium state, i. e. , 
entropy of the system becomes maximum and, therefore, no more 
increase in the entropy of the system is possible. The 
mathematical condition for equilibrium is, 

AS = o (at equilibrium for an isolated system) '" (iv) 

If AS total is negative, the direct process is non-spontaneous 
whereas the reverse process is spontaneous. 

This can be illustrated by considering the entropy changes in 
the conversion of water to ice at three different temperatures. The 
relevent entropy changes for the system and surroundings and 
total change are given in the following table: 

Temperature Msystem M surrounding MlOtal 

°c K JK-1 moe l JK-! moe! JK-1 moe! 

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

+1 274 - 22.13 + 22.05 -0.08 

At 272 K: AStota! = ASsystem + ASsurroundings 

= - 21.85+ 21.93:::; + 0.08JK-1 mol-1 

AS proo:ss > 0 at 272 K 

Thus, freezing of ice at 272 K, H20(1)~H20(s) will be 
spontaneous. 

At 273 K: AS total :::; ASsystem + ASsurroundings 

:::; - 21.99 + 21.99 = 0 

AS total :::; 0 
Thus, at this temperature, water and ice will be at equilibrium. 

H20(l) ~ H20(s); AS:::; Oat 273 K (at equilibrium) 

At 274 K: AS total :::; ASsystem + ASsurroundings 

:::; -22.13+ 22.05= -0.08JK-1 mo.-I 

AS<O 
Thus,freezing ~f water will be non-spontaneous at 274 K. 

HzO(I) ~ H 20(s) AS < o (non-spontaneous) 

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 

q 
ASsystem :::; + 

T 

On the other hand, surroundings lose the same amount of heat at 
the same temperature. The decrease in the entropy of the 
surroundings will 

q 
AS surroundings :::; - T 

Total change in entropy:::; entropy change in system + entropy 
of the process change in surroundings 

AS total = AS system + AS surroundings 

q -~=O 
T T 

When the reversible process is adiabatic, there will be no heat 
exchange between system and surroundings, i. e., q = 0 

AS system = 0, AS surroundings = 0 

AS total = ASsystem + ASsurroundings = 0 

Entropy Change in Irreversible Processes 
Consider a system at higher temperature 1j and its 

surroundings at lower temperature Tz. 'q' amount of heat goes 
irreversibly from system'to surroundings. 

AS =-~ system T. 
I 

AS surroundings 

or AS process > 0 
Hence, entropy increases in an irreversible process. 

Entropy Change for Ideal Gases 
Change in entropy for an ideal gas under different conditions 

may be calculated as: 
(i) When changes from initial state (1) to final state (2) : 

AS = 2.303n Cv log (~ ) + 2.303nR log (i. ) 
(when T and V are variables) 

AS = 2.303n Cp log (~ ) + 2.303nR log (~: ) 
(when T and P are variables) 

(ii). Entropy change for isothermal process: 

AS = 2.303nR log (Vz J 
' VI 
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IlS = 2.303nR log [ ~: J 
(iii) Entropy change for isobaric process (at constant 

pressure): 

IlS = 2.303n Cp log (i. ) 
IlS = 2.303n Cp log (~ ) 

(iv) Entropy change for isochoric process (at constant 
volume): 

IlS = 2.303nCv log (i. ) 
IlS = 2.303n Cv log ( ~ ) 

(v) Entropy change in mixing of ideal gases: Let nl mole of 
gas A and n2 mole of gas B are mixed; then total entropy change 
can be calculated as: 

M = - 2.303R[nl log XI + n2 log x2] 

XI ,X2 are mole fractions of gases A and B, 

i.e., 
nl 

XI = ;X2 =--=--
n. + n2 nl + n2 

IlS / mol = - 2.303R[x1 log XI + x2 log X2 ] 

Entropy change in adiabatic expansion will be zero, IlS = O. 

Physical Significance of Entropy at a Glance 
1. Entropy as unavailable energy: Entropy is unavailable 

energy of the system. 

E 
Unavailable energy 

ntropy = -------'===
Temperature in K 

2. Entropy and randomness: Entropy is a measure of 
disordemess or randomness in the system. Increase in entropy 
means change from an ordered to less ordered (or disordered) 
state. 

3 •. Entropy and probability: Entropy may be defined as a 
function of probability of the thermodynamic state. Since, we 
know that both the entropy and thermodynamic probability 
increase simultaneously in a process, hence the state of 
equilibrium is the state of maximum probability. 

Characteristics of Entropy 
The important characteristics of entropy are summarised 

below: 
(i) Entropy is an extensive property. It is difficult to 

determine the absolute value of entropy of a substance 

but its value depends on mass of the substance present in 
the system. 

(ii) Entropy of a system is a state function. It depends on the 
state variables such as T,P,Vand n which govern the 

. state of the system. 
(iii) The change in entropy taking place in going from one 

state to another state does not depend on the path 
adopted. It actually depends on the final and initial states 
of the system. 

Change in entropy, M = S final - Sinitial 

(iv) The entropy change for a cyclic process is zero. 
(v) The entropy change in the equilibrium state is zero 

(IlS = 0). 
(vi) For natural processes, entropy ofumverse is i:;cre'~sing. 

IlS universe > 0 

(vii) In a reversible process, M total or IlS wllverse 0 and 
therefore 

IlS system = - IlS surroundings 

(viii) For adiabatic reversible process, 

IlS system = IlS surroundings IlS total = 0 

In a spontaneous (irreversible process), 

IlS total or M universe > 0, 
i. e. , in spontaneous processes, there is always increase in 
entropy of the universe. 

7.25· EN"rROPY 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 defmite 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 transformations is given by 

IlS trans 
T 

where, q rev is the heat absorbed or evolved and T is the 
temperature of transition. q rev is actually the molar enthalpy 
change of the substance. 

(i) Entropy offusion: The entropy offusion is defined as 
the change in entropy when one mole of a solid substance 
changes into liquid form at the melting temperature. 

The heat absorbed is equal to the latent heat of fusion 

IlS S S _ MI fusion 
fusion = liquid - solid - T 

f 

For example, when ice melts, the change in entropy is given by 

M S S Mlfusion 6000 J mol-I 
fusion (ice) = water - ice 

Tf 213 

= 21.98J K- 1 mol- l 
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(ii) Entropy of vaporisation: It is defined as the change in 
entropy when one mole of the liquid substance changes into 
vapours (gas) at its boiling point. 

Mlvapour 
!1S vapour = S vapour - Sliquid = ------'

Tbp 

Where, MI vapour is the latent heat of vaporisation and Tbp is the 
boiling point. 

For example, when water is converted into steam, the change 
in entropy is given by 

Mlvapour 
!1Svapour(water) = Ssteam - Swater = T 

bp 

40626Jmol-1 

373 

=108.9JK-1 mol-I 

(iii) Entropy of sublimation: Sublimation involves the 
direct conversion of a solid into its vapour. The entropy of 
sublimation is defmed as the change in entropy when one mole of 
a solid changes into vapour at a particular temperature. 

!1Ssub = S vapour - Ssolid = i Ub 

Where, Mlsub = heat of sublimation at temperature T. 

: :: :::I_SOME SOLVED EXAMPLES\ I:::::: i"" 

,:E~ample 62. The enthalpy change, for the transition of 
liquid water to steam, Mlvapour is 40.8 k.! mOrl at 373 K. 

Calculate entropy change for the process. 
Solution: The transition under consideration is: 

We know that, 

Given, 

H20(l) ~ H 20(g) 

MI 
!1S == vapour 

vapour T 

Mlvapour = 40.8 kJ mol-I 

= 40.8 x 1000 J mol-I 

T= 373K 

Thus, M= 40.8 x 1000 = 109.38 J K-I mol-I 
vapour 373 

',;'Example 63. What is entropy change for the conversion of 
one gram of ice to water at 273K and one atmospheric pressure? 
( Mlfus;on = 6.025 k.! mol -I ) 

Solution: Mlfusion = 6.025 x 1000 J mol-I 

= 6025 Jg-I = 334.72Jg-1 
18 

!1S ' = MI fusion 
fus,on T 

f 

= 334.72 = 1.226JK-1 g_1 
273 

, "Example 64. Calculate the enthalpy of vaporisation per 
mole for ethanol. Given, M = 109.8J K -I mol-I and boiling 

point of ethanol is 78.5°C. 

Solution: We know that, 
Mlvapour 

!1S vapour = ------'
T bp 

Given, !1Svapour = 109.8 J K-I mol-I 

Tbp = 78.5 + 273 = 351.5 K 

Substituting these values in above equation, we get 
MI 

109.8 = vapour 

351.5 

Mlvapour = 38594.7 J mol-I 

= 38.594 kJ inol-I 

Example 65. Calculate the entropy change for the 
following reversible process: 

a -Tin ~ P -Tin 
I mol al I aim I mol al I aim 

(Mllrans = 2090 J mor I ) 

Solution: M
trans 

= Mltrans __ 20_9_0 
T 286 

= 7.3076JK- I mol- I 

K:Example 66. At O°e, ice and water are in equilibrium and 
enthalpy change for the process H20(s)~H20(l) is 
6 k.! mol -I. Calculate the entropy change for the conversion of 

ice into liquid water. 
Solution: We know that for the process of fusion, 

H20(s)~H20(/) 

!1S ' = MI fusion 
fus,on T 

f 

= 6x 1000 = 21.98iK- I mol- I 

.273 

Example 67. The enthalpy of vaporisation of liquid 
diethyl ether (C2H s hO is 26k.! morl at its boiling point 35°C. 

Calculate !1SO far conversion of: 
(a) liquid to vapour, 
(b) vapour to liquid at 35°C. 

Solution: (a) 
MI vaporisation 26000 

~S vaporisation = T - 30s 
bp 

= 84.42JK- I mol- I 

(b) !1Scondensation = - Mlvaporisation 

= - 84.42 J K-I mol- I 

Example 68. Calculate entropy change when 10 moles of 
an ideal gas expands reversibly and isothermally from an initial 
volume oflOlitre to 100 litre at 300K. 

Solution: !1S = 2.303nR log (~~ J 
= 2.303 x 10 x 8.314 log (\O;J 

= 191.24 J K- I 

• 
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Example 69. Oxygen gas weighing 64 g is expanded from I 
atm to 0.25 atm at 30°C. Calculate entropy change, assuming the 
gas to be ideal. 

Solution: n=~ 64=2 
mwt. 32 

AS = 2.303nR log ( ;~) 
2.303 x 2x 8.314 log (_1_) 

0.25 

= 23.053 J K-I 

Example 70. Calculate the change in entropy when I mole 
nitrogen gas expands isothermally and reverSibly from an initial 
volume ofllitre to a final volume ofl 0 litre at 27° C. 

Solution: AS 2.303 nR log (~ ) 

34. 

35. 

36. 

37. 

= 2.303 x I x 8.134 log C~) 
= 19.12JK-I 

OF 

For a liquid, enthalpy of fusion is 1.435 kcal mol- I and molar 
entropy change is 5.26 cal mol- I K- I. The melting point of 
the liquid is: 
(a) O°C 
(c) 173 K 
[Ans. (a)] 

[Hint: 6Sfusion = --""""'
Tmp 

(b) 273°C 
(d) 100°C 

1.435 x 1000 
5.26 

Tmp 

Tmp = 1435 273 K, i.e,O°C] 
5.26 

Latent heat of vaporisation of water is 540 cal g-I at 100°C. 

Calculate the entropy change when 1000 g water is converted 
to steam at 100°C. 
(a) 1447 cal (b) 2447 cal (c) 3447 cal (d) 4447 cal 
[Ans. (a)] 

[Hint: Mvap = Mlvap 540 x 1000 = 1447 cal] 
T 373 

Enthalpy of fusion of water is 6.01 kJ mol-I. The entropy 
change of 1 mole of ice at its melting point will be: 
(a) 22 kJ mol-I (b) 109 kJ mol-I 
(c) 44 kJ mol-I (d) 11 kJ mol-I 
[Ans. (a)] 

[Hint: 68.. = Mlfusion = 6.01 x 1000 22 kJ mor l ] 
fusion r 273 

mp 

For spontaneous process: 
(a) AStotal = 0 
(c) AStotal < 0 

(Ans. (b)] 

(b) AStotal > 0 

(d) none ofthese 

[Hint: 65;otol = Msystem + Msurrounding 

= + ve for spontaneous process] 
38. Melting point of a solid is x K and its latent heat of fusion is 

600 cal mol-I. The entropy change for fusion of 1 mol solid 
is 2 cal mol-I K-1

• The value ofxwill be: 
(a) 100 K (b) 200 K (c) 300 K (d) 400 K 
[Ans. (e)] 

[Hint: MI fusion - M --r-- - fusion 
mp 

600 =2 
T 

T = 300 K] 
39. The entropy change involved in the conversion of 1 mole of 

liquid water at 373 K to vapour at the same temperature will 
be: 

(a) 0.119 kJ 
(c) 0.129 kJ 

[Ans. (b)] 

[Hint: M = 

Mivap = 2.257 kJ I g 

T 

(b) 0.109 kJ 
(d) 0.120 kJ 

. [PMT (MP) 2007] 

2.257 x 18 
0.109kJlg] 

373 

7L~~. SECOND LAW OF THERMODYNAMICS 
The second law of thermodynamics 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 ofthermodynamics 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 have 
the same meaning. 

1. 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. n 

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 utilized, 
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: 
2. Thomson statement: The heat of the coldest body 

among those participating in a cyclic process cannot serve as a 
source of work. 
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3. 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. 

4. It is impossible to construct a heat engine ofl 00 % thermal 
efficiency. 

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

The connection between entropy and the spontaneity of a 
reaction or a process is exWessed by the second law of 
thermodynamics in a number of ways. 

6. All spontaneous processes or naturally occurring 
processes are thermodynamically irreversible. Without the help 
of an external agency, a spontaneous process cannot be reversed. 

For example, the mixing of non-reacting gases is a 
spontaneous process. But these cannot be separated from the 
mixture without tqe application of special methods. 

Heat energy can flow from a hot body to a cold body of its 
own (spontaneously) but not from a cold body to a hot body 
unless the former is heated. 

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

Since, the universe is made up of the system and the 
surroundings, the entropy change in the universe (t.!.S universe) for 
any process is the sum of the entropy changes in the system 
( t.!.S system) and in the surroundings ( AS surroundinglJ. 
Mathematically, the second law of thermodynamics can be 
expressed as: 

A spontaneous process: 

AS universe = t.!.S system + t.!.S surroundings > 0 
An equilibrium process: 

t.!.S universe = t.!.S sYStem + AS surroundings = 0 
For a spontaneous process, the law says that t.!.S universe must be " 
greater than zero, but it does not place a 'restriction on either 
ASsystem or ASsurroundings' Thus, it is possible for either t.!.Ssystem or 
t.!.Ssurroundings to b...: negative, as long as the sum of these two 
quantities is greater than, zero. For an equilibrium process, 
t.!.S universe is zero, i. e. , t.!.S system and t.!.S surroundings must be equal in 
magnitude but opposite in sign. 

Thus, the entropy of the universe is continuously increasing. 
The main ideas of the first and second law of thermodynamics 
may be summarised as: 

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. 

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{IS 
T 

For an irreversible process, 

dq 
dS>

T 

dS ~ dq 
T 

This is the mathematical statement of second law of 
thermodynamics. 

dq dE + P dV This is the mathematical statement of 
first law of thermodynamics 

Combining both the laws of a reversible process, 

TdS =dE+PdV 

7.2' GIBBS FREE ENERGY, (G), CHANGE IN 
FREE ENERGY AND SPONTANEITY 

As discussed earlier, there are two thermOdynamic quantities that 
affect reaction spontaneity. One of these is enthalpy, H; the other 
is the entropy, S. The problem is to put these two quantities 
together in such a way as to arrive at a single function whose sign 
will ddermine whether a reaction is spontaneous. This problem 
was fITst solved more than a century ago by J. WiUard Gibbs, 
who introduced a new quantity, now called the Gibbs free 
energy and given the symbol, G. Gibbs showed that for a reaction 
taking place at constant pressure and constant temperature, AG 
represents that portion of the total energy change that is available 
0. e. ,free) to do useful work. If: tor example, AG for a reaction is 
- 300 kJ, it is possible to obtain 300 kJ of useful work from the 
reaction. Conversely, if AG is + 300 kJ, at least that much energy 
in the form of work must be supplied to make the reaction to take 
place. Gibbs free energy of a system is defined as: 

'The thermodynamic quantity of the system, the decrease il> 
whose value during a process is equal to useful work done by the 
system. ,. 

Mathematically, it may be defined as: 

G=H - TS ... (i) 

where, H"" enthalpy; S entropy and T absolute temperature. 

We know that, H = E + PV ... Oi) 

From eqs. (i) and (ii), 
G=E+PV -TS 

Free energy change at constant temperature and pressure can be 
given as: 

AG AE + P AV T AS 

AG=AN T AS .•• (iii) 
(Gibbs-Helmholtz equation) 

Here, AN AE + P AV 
Gibbs-Helmholtz equation is used to discuss the driving force, 
i.e., the overall criterion of spontaneity. 

[Note: Since,' H' and'S' are extensive property hence 'G' will also be 
an extensive property. Moreover, Gibbs function 'G' is a state 
function.] . 

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: 
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A5'total ASsystem + .ASSWTOIUldings ... (i) 

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

or 

( qp ) surroundings 

AS surroundings 

- Mlsystem 

____ -""- = - Mlsystem 

T 

From equations (i) and (ii), 

Mlsystem 
AS total = AS system - --'--

T 

T 

or -T AS total = Mlsystem - T ASsystem 

According to Gibbs-Helmholtz equation, 

AG=MI-TAS 

. . AGsystem = Mlsystem - T ASsystem 

From equations (iii) and (iv), 

AGsystem = - T AS total 

We know that for spontaneous process, AS total > 0 

. . AG = - ve for spontaneous process. 

... (ii) 

... (iii) 

... (iv) 

Thus,Jor spontaneous process T AStotal should be positive or AG 
should be negative. 

Case I: Let entropy and energy, both factors are favourable 
C'" 'A process, i. e., MI = - ve and T AS = + ve 

AG MI-TAS 

= (-ve)- (+ve) = -ve 

Thus, AG Vt:_ )/' spontaneous process. 
Case II: Let both energy and entropy factors oppose a 

process, i. e., MI = + ve, T AS = - ve. 

:. From AG MI T AS 

=+ve (-ve) +ve 

Thus, AG is positive for a non-spontaneous process. 
Case III: Let both tendencies be equal in magnitude but 

opposite, i. e. , 

MI=+ve and T AS +ve and MI=T AS 

.. From AG MI T AS 

=0 

In this condition, the process is said to be at equilibrium. 

Coupled Reactions 

We know that the reactions which have AG = + ve are 
non-spontaneous. However. such reactions can be made 
spontaneous when coupled with a reaction having very large 
negative free energy of reaction, 

e.g., 2Fe203(s) 

6CO(g) + 302 (g) 

4Fe(s) + 302 (g); AGO = + 1487kJ/moi 

6C02 (g ); AG ° = -1543.2 kJ/mol 

On adding, 2Fe203 (s) + 6CO(g ) ~ 4Fe(s) + 6C02 (g); 

AGO = -52.2kJ/mol 

Thus, both reactions proceed simultaneously. 
The free energy of a reaction is the chemical analogue of 

potential energy of mechanical systems. A body moves in the 
direction in which there is decrease in potential energy. Similarly, 
in chemical system, the substance moves in a direction in which 
there is decrease in free energy, i. e. , AG is negative. 

In a chemical reaction, AG = Gproducts - Greactants. Thus, 
spontaneous changes occur with a decrease in free energy, i. e. , 
AG is negative. 

To sum up, the criteria for spontaneity of a process in terms of 
AG is as follows: ' 

(i) If AG is negative, the process is spontaneous . 
(ii) If AG is zero, the system is in equilibrium. The process 

does not occur. 
(iii) If AG is positive, the process does not occur in the 

forward direction. It may occur in the backward 
direction. 

Conditions for AG to be negative or the process to be 
spontaneous 

We know that, AG MI-TAS 

MI TM Conditions 

-ve +ve (any) 
(favourable) (favourable) 

-ve -ve I tili I> (T llS) 
(favourable) (unfavourable) 

+ve +ve IT!J.S 1>ltiliI 
(unfavourable) (favourable) 

Role of Temperature on Spontaneity 

In Gibbs-Helmholtz equation: 

AG=MI-TAS, 

!J.G 

-ve spontaneous 

-ve spontaneous 

-ve spontaneous 

not only MI and AS but also temperature 'T' is a determining 
factor for spontaneity, i. e., for AG to be -ve. Let us discuss 
exothermic and endotherrriic reactions to show the influence of 
temperature. 

1. Exothermic processes: In exothermic reactions, 
MI = - ve (favourable condition) 

Case I: When T AS is positive, i.e., favourable, then flG 

will be negative and the process will be spontaneous at all 
temperatures. 

Case II: When T AS is negative, i.e.,unfavourable, then flG 

will be negative when I MIl > I T AS ~ To reduce the magnitude 
of T AS,the temperature should be low. Thus, exothermic 
reactions can be made favourable (when T AS = - ve) by 
lowering the temperature. 

2. Endothermic reactions; In endothermic reactions, 
MI = + ve (unfavourable conditions). 

In case of endothermic reactions, AG will be negative when 
I AH I < I T AS f To increase the magnitude of T AS, temperature 



CHEMICAL THERMODYNAMICS AND THERMOCHEMISTRY 463 

(T) should be increased. Thus, endothermic reactions can be 
made favourable by increasing the temperature. 

Thus, temperature also plays an important role in deciding the 
spontaneity of a reaction. A reaction which is non-spontaneous at 
low temperature becomes spontaneous at high temperature and 
vice-versa. 

Sign of MI, AG and AS and prediction of spontaneity 

Ml AS /1G Remarks 

-ve +ve -ve i Spontaneous at all 
temperatures 

-ve. -ve -ve (at low temperature) Spontaneous 

+ve (at high temperature) Non-spontaneous 

+ve +ve +ve (at low temperature) Non-spontaneous 

-ve (at high temperature) Spontaneous 

+ve -ve +ve Non-spontaneous at all 
• temperatures 

MI 

+ -

+ Spontaneous at high tem- Spontaneous at all temper-
perature and non-sponta- atures 
neous at low temperatures 

- Non-spontaneous at all Non-spontaneous at high 
temperatures temperatures and sponta-

neous at low temperatures 

: : : ::::_SOME SOLVED EXAMPLES\ ::::: : : 

Example 71. MI and AS for the reaction, 
. 1 

Ag20(s)---72Ag(s)+-02 (g) 
2 

are 30.56kJ marl and 66.0J K-I marl respectively. Calculate 
the temperature at which free energy change for the reaction will 
be zero. Predict whether the forward reaction will be favoured 
above or below this temperature. 

Solution: We know that, 

At equilibrium, 
so that 

or 

Given that, 

AG = MI T AS 
AG=O 

0== All T AS 
All 

T=-
AS 

All 30.56 kJ 11101-1 

= 30560 J mol-1 

AS = 66.0JK-1 mol-l 

T = 30560 463 K 
66 

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

Example 72. For the reaction, 

2NO(g) + O2 (g) ---7lN02 (g) 

Calculate AG at 700 K when enthalpy and entropy changes are 
-1l3.0kJ marl and -145J K- l morl respectively. 

Solution: We know that, AG AlI- T AS 

Given, All -113 kJ111Ol-1 

113000 J 11101-1 

AS = -145 J K~I 11101-1 

T=700K 
Substituting these values in the above equation, 

we get AG 113000-700x (-145) 

11500J111Ol-1 

= -11.5 kJ 11101-1 

Example 73. In the reaction A + + B ---7 A + B+, there 

is no entropy change. If enthalpy change is 22 kJ of A +, calculate 
AG for the reaction. 

Solution: For the given reaction, 

All 22 kJ, AS = 0 
.. From, AG=AlI TAS 

AG = 22- T x 0 22kJ11101-1 

Example 74. All and AS for the reaction 
Br2 (I) + Cl2 (g) -'I 2BrCI(g) are 29.37 kJ and 104.0J K -I 

respectively. Above what temperature will this reaction become 
spontaneous? 

Solution: According to Gibbs-Helmholtz equation, 

AG = All - T AS 

For spontaneous process, AG < 0 

i. e., All T AS < 0 

TAS>AlI 

All 
T>-

AS 

T> 29.37 x 1000 
104 

T > 282.4 K. 

. Example 75. Calculate the temperature at which liquid 
water will be in equilibrium with water vapour. 

AlIvap = 40.73kJ marl and AS vap 0.109kJ mor l K-1 

Solution: Given, All = 40.73 kJ 11101-1 

and 

Applying 

AS == O. 109 kJ 11101-1 K-I 

AG=O 

AG=AlI TAS 

0= 40.73 Tx 0.109 

T = 40.73 = 373.6K 
0.109 

Example 76. Zinc reacts with dilute hydrochloric acid to 
give hydrogen at 17° C. The enthalpj/ofthe reaction is -12.55 kJ 
marl of zinc and entropy change equals 5.0J K-,I marl for the 

reaction. Calculate the free energy change and predict whether 
the reaction is spontaneous or not. 
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Solution: Given, Mf = -12.55 kJ mol- l 

!:J.S = 5.0JK-1 mol- l 

Applying 

= 0.005 kJ K- l mol- l 

T = 17 + 273 = 290 K 

!:J.G=Mf-T !:J.S 
= -12.55 - 0.005 x 290 

= -12.55 -1.45 = -14.00 kJ mol- l 

Since, !:J.G is negative, the reaction will be spontaneous. 

Example 77. Mf and !:J.S for the system 
H 20 (I) ~ H 20(g) at 1 atmospheric pressure are 40.63 kJ 
mol- l and 108.8 J K -I mol- l respectively. CalcuLate the 

temperature at which the rates of forward and backward 
reactions will be the same. Predict the sign of free energy jor this 
transformation above this temperature. 

Solution: Given, Mf = 40.63 kJ mol- l 

!:J.G=O 

Applying 

!:J.S = 108.8 J K- l mol- l = 0.1088 kJ K- l mol- l 

(when the system is in equilibrium) 

!:J.G=Ml-T !:J.S 

0= 40.63 - T x 0.1088 

T = 40.63 = 373.4 K 
0.1088 

The sign of !:J.G above 373 K, i.e., say 374 K, may be 
..:alculated as follows: 

\gain applying !:J.G = Mf - T !:J.S 

= 40.63 - 374 x 0.1088 

= 40.63 - 40.69 = - 0.06 kJ 

!:J.U will be negative; hence, the reaction will be spontaneous. 

. Example 78. Fl.,' the reaction, 

SOCl2 + Hp -----t S02 + 2HCI, 

the enthalry of reaction is 49.4 kJ and the entropy of reaction is 
336 J K - . Calculate!:J.G at 300 K and predict the nature of the 
reaction. 

Solution: !:J.G = Mf - T !:J.S 

= 49.4 - (300 x 336 x 10'-3 ) 

=-51.4kJ 

Since, the free energy change is negative, the given reaction is 
spontaneous. 

Example 79. The standard enthalpy and entropy changes 
for the reaction in equilibriumfor the forward direction are given 
below: 

CO(g) + H20(g)~C02 (g)+ H2 (g) 

Mt{OOK = -41.16kJ mor l 

!:J.S~OOK = -4.24 X 10-2 kl mor l 

11ll7200K = - 32.93 kJ mor
l 

!:J.S7200K = -2.96x 10-2 kJ mor l 

Calculate K p at each temperature and predict the direction of 
reaction at 300 K and 1200 K, when Peo = Peo2 
= PH 2 = PH20 = 1 atmat initial state. 

Solution: At 300 K: !:J.Go = Mfo - T !:J.S0 

= - 41.16 - 300 x (- 4:24 x 10-2 ) 

= -28.44 kJ 

Since, !:J.G ° is negative hence reaction ,is spontaneous 10 

forward direction, 

!:J.Go = -2.303RT log Kp 

-28.44 = - 2.303 x 8.314 x 10-3 x 300 log Kp 

Kp = 8.93x 104 

At 1200 K: !:J.Go = Mfo - T!:J.S ° 

= - 32.93 - 1200(- 2.96 x 10-2 ) = + 2.59 kJ 

Positive value of !:J.G ° shows that the reaction is spontaneous 
in backward direction 

!:J.Go = - 2.303RT log Kp 

2.59 = - 2.303 x 8.314 x 10-3 x 1200 log K p 

Kp =0.77 

.. Example 80. The standard Gibbs free energies for the 
reactions at 1773 K are given below: 

C(s) + 02 (g) -----t CO2 (g); !:J.Go = - 380 kJ mol- l 

2C(s) + 02 (g)~2CO(g); !:J.Go = - 500kJ mol- l 

Discuss the possibility of reducing Al20 3 and PbO with 
carbon at this temperature, 

4AI + 302 (g)-----t 2AI20 3 (s); !:J.Go = -22500kJ mol- l 

2Pb + 02 (g) -----t 2PbO(s); !:J.Go = -120 kJ mol- l 

Solution: Let us consider the reduction of Al 20 3 by carb?n: 

2Al20 3 + 3C(s) -----t 4Al(s) + 3C02 (g); 

!:J.Go = - 380 x 3 + (22500) = + 21360 kJ 

2Al 20 3 + 6C(s)-----t4Al(s) + 6CO(g); 

!:J.Go = - 500 x 3 + 22500 = + 21000 kJ 

Positive values of !:J.G ° show that the reduction of Al2 0 3 is 
not possible by any of the above methods. 

Now, let us consider the reduction ofPbO. 

2PbO(s) + C -----t 2Pb + CO2; 

!:J.GO = + 120+ (-380)= -2GOkJ 

2PbO(s) + 2C-----t 2Pb + 2CO; 

!:J.Go = + i20+ (-500)= -380kJ 

Negative value of!:J.G ° shows that the process is spontan(:olls 
and PbO can be reduced by carbon. 

Example 81. In a fuel cell, methanol is used as fuel and 
oxygen gas is used as an oxidiser. The reaction is: 

3 
CH pH(I) + '2 O2 (g) -----t CO2 (g) + 2H 20(1) 
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Calculate standard Gibbs free energy change for the reaction 
that can be converted into electrical work. If standard emhalpy of 
combustion jar methanol is -726 kJ mol -I;. calculate the 

efficiency of conversion of Gibbs energy into usiful work. 

/),.G; for CO2 , H 20, CHPH, O2 are -394.36; -237.13; 

-166.27 and zero respectively. 

Solution: The reaction for combustion of methanol is: 
3 

CH3 OH(l) + 02 (g ) ~ CO2 (g) + 2H20(l) 
2 

/),.o;eaclion = [/)"Gj CO2 (g) + 2 /)"Gj H20(l)] 

[/)"{7[ CH30H(l)+ 3 /),.G;.Ol(g)] 
2 

= [-394.36 + 2 (-237.13)] [-166.27 + 0] 

:::= -702.35 kJ mol-1 

Efticiency of conversion of Gibbs free energy into useful work 

x 100 
== -~="-----

o 
/),.fl reaction 

= -702.35 X 100:::= 96.7% 
-726 

,UUSTtATfONS . Ofc'OB1ECTIVE QUlmONS . 

40. The tree energy for a reaction having Mf == 31400 cal, 

41. 

t1S = 32 cal K-
1 

mol-
1 

at 1000°C is: IJEE (Orissa) 2005) 
(a) -9336 cal (b) -7386 cal tc) -1936 cal (d) +9336 cal 
[Ans. (a») 

[Hint: t1G == IV{ - T 1lS= 31400 -1273 x 32 == 9336 cal] 

F2C=CF-CF=CF2 ~ F2C--CF2 
I 
CF 

For this reaction (ring closure), t1H = 49 kJ mol-I, 

t1S = -40.2 J K-I mol-I. Upto what temperature is the 

forward reaction spontaneous? 
(a) 1492°C (b) 1219°C (c) 946°C (d) I080°C 
[Ans. (e)] 
[Hint: For spontaneousproeess, 

t1G = MI. -fIlS (should be negative) 

T > lili 
IlS 

T > -49 x 1000 
-40.2 

T > 1219 K, i.e., 946°C] 

42. For the equilibrium reaction, the value of Gibbs free energy 
change is: (DeE 2005) 
(a) > 0 (b) < 0 (c) 0 (d):1: 0 
[Ans. (e)] 
LHint: tJ.G 0 at equilibrium] 

43. At O°C, ice and water are in equilibrium and t1H = 6kJ mol- I. 

For this process: 
H20(S)~ H20(l) 

The values of /),.S and t1G for conversion of ice into liquid 
water at O°C are: 
(a) -21.9 J K-1 mol-I and 0 (b) 0.219 J K-1 mol-I and 0 

(c) 21.9 J K-1 mol-l and 0 Cd) 0.021'::1 J K-1 mo]-l and 0 
[Ans. (e») 

[Hint: t1G 0, 

;'. lili T IlS 0 

tJ.S == lili = 6000 = 21.9 J K-1 mor i ] 
T 273 

44. For a reaction: 
I 

Ag20(S)~2Ag(s)+ 2 O 2 (g) 

MI,t1S and Tare 40.63 kJ mol-I; 108.8 J K-1 mol-I and 

373.4 K respectively. Predict the feasibility of the reaction. 
(a) feasible (b) non-feasible 
(c) remains at equilibrium (d) not predicted 
[Ans. (c») 

[Hint: t1G IV{ - T IlS 

= 40.63 x 1000 373.4 x 108.8 == 0] 

45. For the homogeneous reactions: 

46. 

xA + yB~IY +mZ 
t1H = - 30 kJ mol-I, /),.S = -100 J K-1 mol-I. 

At what temperature the reaction is at equilibrium? 
(PMT (Kerala) 2006) 

(a) 50°C (b) 250°C (c) 100 K (d) 27°C 
(e) 500 K 
[Ans. (d)] 
[Hint: t1G lili - T t1S 

At equilibrium, t1G == 0 

.. T == lili = -30 x 1000 = 300 K, i.e., 27° C] 
AS -100 

For the reaction CO(g) + .! O2 (g ) ~ CO2 (g 1 t1H and 
2 

/),.S are 't"283,:kJi,~d T$1-J;,K~\ tnoF!;:rtlspectively. It was 

intended;td ~out this~reaW0n!atl'l'OO<i; 1500, 3000 and 
3500 K. At which of these temperatures would this reaction 
be thermodynamically spontaneous? (PMT (Kerala) 2006) 
(a) 1500 and 3500 K '. (b) 3000 and 3500 K 
(c) 1000, 1500 and 3000 K (d) 1500,3000 and 3500 K 
(e) At all ofthe,:above temperatures 
[Ans. (e)] 
[Hint: t1G = Mi - T IlS 
At 1000 K, t1G = - 283 - (-1000 x 0.087) (Spontaneous) 

=-196 
At 1500 K, t1G = - 283 (-1500 x 0.087) (Spontaneous) 

152.5 kJ 
At 3000 K, tJ.G 283 - (-3000 x 0.087) (Spontaneous) 

= -22 kJ 
At 3500 K, t1G = - 283 (-3500xO.087) (Non~ontaneous) 

== + 21.5 kJ] 
47. For a reaction, 

MI = + 29kJ mol-I; M = - 35 JK- I mo(1 

at what temperature, the reaction will be spontaneous? 
(PMT (Haryana) 20071 
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(a) 828.7°C 
(b) 828.7 K 
(c) Spontaneous at all temperature 
(d) Not possible 
. [Ans. (d)]. 
[Hint: AG = All - T AS 
When All = + ve, AS = - ve then IlG will be positive and the 
reaction is non-spontaneous.] 

7..28 STANDARD FREE ENERGY CHANGE 
Just like enthalpy and internal energies, we cannot. determine 
absolute value of Gibbs free energy. The standard free energy 
change can be determined and itis defined as the free energy 
changefor a PrQcess at 298 K and 1 aim pressure in which the 
reactants in their stdndard state are converted to products in 
their standard state. It is denoted as AGO; it can be related to 
standard enthalpy and entropy change in the following manner: 

AGO = Mio'- T ASo 

Like that of MfO; 'Aoo can be calculated from the standard free 
energies of formation of the products and the reactants. 

AGO = '2..G; (prodticts)- '2..Gj (reactants) 

[

Sum of standard free 1 [Suniofstandard free 1 
= energies of formation - energies of formation 

of products . of reactants . 

Let us consider a general reaction: 
. . " n; A + n2B------'? n3L + n4M 

AGO =, '2..G;(products) - '2..G; (reactants) 

=[n3G;(L)+ n4 Gj(M)] - [n\ G;(A)+ n2 Gf(B)] 

The standard free energy of formation (A Gf ) may be defined as 
the free energy change when 1 mole ofa compound is formed from 
its constituent elements in their standard state. The standardfree 
energy of formation of an element in its standard state is assumed 
to be zero. 

Standard Gibbs Free Energy of 
Formation (kJ mol'-· at 298 K). 

HCl -95.27 C4Hg (iso-butene) 294 . ,- ~'" 

H~O -228.6 BaO -528.4 

H20 2 . -1033 BaC03 -1139 

CO -137.3 BaS04 -1465 

CO2 -394.4 CaO 604.2 

S02 -300.4 Ca(OHh -896.6 

S03 -370.4 CaC03 -1129 

N02 51.84 CUO -127 

N20 104 N~1 -384.0 

NH3 -i6.6 KCl 408.3 

0 3 163.4 NH4Cl -203.0 

NO 86.69 AlZ03 -15.82.4 

CH4 -50.79 F~03 -741.0 

Czl\; (ethane) 229 ZnO -318.2 

C3HS (propane) 270 Si02 
-805 

C4H iO (n~butane) 310 Pb02 -219 

C4H iO (iso-butane) 310 CHpH ,..,166.2 

CZH2 (acetylene) 209.2 C2H5OH -174.8 

~H4 (eJ;hylene) 219.4 ~I\; -124.5 

C31\; (propylene) 266.9 CH3COOH -392 

C4HS (lcbutene) 307.4 

Example 82. Will the reaction, 
l z (s) + HzS(g)------'? 2Hl(g) + S(s) 

proceed spontaneously in the forward direction at 298 K, 
AGf Hl(g) = L8kJ mor l

, AGfHzS(g) = 33.8kJmor l ? 
Solution: 

AGO = '2..G;(products)-XGj(reactants) 
, 

[2GjHI(g)+ GjS(s)]-[lx G;12 (s)+ GjH2 S(g)] 

= [2 x 1.8 +0] [0 + 33.8] = ~ 30;2 kJ 
-ve value shows that the process is spontaneous in forward 
direction. 

Example 83. Compute the standard free energy of the 
reaction at 27° C for the combustion of methane using the given 
data: 

CH 4 (g) + ']()2 (g) ------'? CO2 (g) + 2H 20 (I) 
Species CH 4 02 CO2 H 20 

Mi; / (kJ mor1 
) 74.8 - 393.5 285.8 

SO/(J K-1 mor1
) 186 205 214 70 

Solution: Mio::; Mi; (C02) + 2Mil (H;P) - Mij (CH 4) 

393.5 + 2 x (-285.8) - (.;..74.8) 
= 890kJmol-1 

AS ° S (~02) +' 2S (~;P) - S (~H 4) - 2S t0 2) 

214 + 2x 70-186- 2x 205 
242JK-1mor1 

AGO = !JJ.IO - TASo 

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

=-890+72.6 =-817.4kJmol-1 

7.29 RELA"nONSHIP BETWEEN STANDARD 
FREE ENERGY CHANGE (~GO) AND 
EQUILIBRIUM CONSTANT 

For any reversible reaction, A + B C + D, the free energy 
change and standard free energy change are related with each 
other by the following relation: 

AG = AGO + RT loge Q 
where, R is universal constant; T is temperature and Q is 
, [CUD] 

reaction quotient Q = --. 
[A][B] 

At equilibrium state, AG =.Oand Q 
0= AGO + RT loge Keq 

or AGO -RT loge Keq 
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or I1G o - 2.303RT log K eq 

This equation helps in the c&lculation of K eq if I1G o of the 
reaction is known and vice-versa. The value of K eq can give an 
idea about the extent of chemical reaction before the equilibrium 
is attained. 

Alternatively, 
K == e-!:J.GofRT 

Equilibrium constant of unity implies that standard free 
energy change 1100 is zero and that the positive values of 1100 
implies the equilibrium constant to be less than unit. 

K 

1 
K = 1 ~---------------'--""!-___ _ 

-ve o 
~Go_ 

+ve 

Fig. 7.21 Variation of equilibrium constant against 
standard free energy change 

If we draw a graph of free energy against extent of reaction, 
we get U-shaped graph Fig. 7.22. 

(Reactant) R 

1 
P (Product) 

.. ~ 

AG ~O;:::;:~~--t-Equilibrium 
... r I 

1 (minimum of the curve) 

Extent of reaction -

Fig. 7.22 Plot of free energy against extent of reaction 

If the minimum in the curve lies closer to products, it means 
that reaction is in favour of productS (K »> 1). The reaction in 
this case will be closer to completion. On the other hand, if the 

(Reactant) 
R 

t 
P 

I Equilibrium 
I . ' 
I 

Extent of reaction - Extent of reaction -

FiS{7.2S' P~~diction ofexf,~nt of reaction by the plot of free 
energy against extent of reaction 

minimum in the curve lies clos~r to the reactants, the reaction 
favours reactants (K «< 1). The reaction in this case will be 
farthest from completion. (See. Fig. 7.23) 

:;, Example 84. What is the equilibrium constant Kc for the 
.following reaction at 400K? 

mOCl(li) mO(g) + Cl2 (g) 
MiO = 77.2kl and MO::: 122J K-l at 400K. 

Solution: According to Gibbs-Helmholtz equation, 
I1G o MfO-TMo. 

::: 77.2- 400 x 122x 10-3 

28.4 kJ =·28.4 x 103 J 

We know that, I1G o = - 2.303RT log K c 

.. log K :::: -I1G
o 

:::: 28.4 X 10
3 

c 2.303RT 2.303 x 8.314 x 400 

= 3.7081 
Kc antilog (-3.7081):::: 1.958 x 10-4 

_Example 85. For the equilibrium. 
PCI5 (g) (g)+CI2 (g)at 25°C 

Kc 1.8 x 10-7 

Calculate I1G O for the reaction (R = 8.314J K-l mor l
). 

Solution: We know that, 
I1G o :::: - 2.303RT log Kc 

= - 2.303 x 8.314 x 298 log (1.8 x 10-7
) 

= 38484 J mol-1 = 38.484 kJ mol-l 

Example 86. The equilibrium constant at 25°C for the 
process: 

Co 3
+ (aq.) + 6NH3 (aq.) [Co(NH3 )6]3+ (aq.) 

is2x107
. 

Calculate the value of I1G O at 25°C, (R :::: 8.314 J K -lmorl ) 

In which direction, the reaction is spontaneous when the 
reactants and products are in standard state? 

Solution: We know that, I1G ° = - 2.303R T log Kc 

Given1 Kc =2x107 ,T 298K,R.:;::8.314JK-l mol- l 

Thus, from above equation, 

I1G 0 = - 2.303 x 8.314 x 298 log 2 x 107 

= -12023.4 J:::: -12.023 kJ 

Example 87. The eqUilibrium constant for the reaction. 
COz (g) + Hz CO(g) + H zO(g ) at 298 K 

is 73. Calculate the value of the standard free energy change 
(R = 8.314J K-l morl ). 

Solution: We know that, I1G o 2.303RTlog,Kc '. \; 

Given, Kc ::::73,R 8.314JK-l mol- I ,T=298K 

:.From above equation, 
I1G 0 = - 2.303 x :8.314 x 29810g 73 

= 10.632kJ 
I 

Example 88. For the water gas reaction, 
C(s)+HzO(g) CO(g)+Hz(g) 
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the standard Gibbs free energy of reaction (at 1000K ) is 
- 8.1 kJlmol. Calculate its equilibrium constant. 

Solution: We know that, 

( 

-llGo \ 
K = antilog j 

2.303RT 
... (i) 

Given that, llGo=-8.lkJ/mol 
R = 8.314 X 10-3 kJ K~l mol-1 

T=looOK 
Substituting these values in eq. (i), we get 

K = antilog . 
[ 

" -(" -81) 1 
2.303 x 8.314 x 10-3 

X 1000 

K =2.65 ., 
Example 89. Calculate llG ° for the conversion of oxygen 

to ozone, (3/2)02 (g) ~ 0 3 (g) at 298 K, if K p for this 
conversion is 2.47 x 10-29

• • 

Solution: We know that, 

llG 0 = - 2.303RT log K p 

= 2.303 x 8.314 x 298 log 2.47 x 10-29 

::::; 163228 J 1 mol 

= 163.228kJI mol 
" . 
Example 90. Acetic acid CH3COOH can form adimer 

(CH3COOH}z in the gas phase. The dimer is held together by 
two H-bonds with a total strength of66.5 kJ per mol of dimer 

0- lh 
~O .... H-O, " 

CH3-C~ /-CH3 
"O-H .... O " 

0+ 0-

If at 25° C, the equilibrium constant for the dimerization is 
1.3 x 103

. Calculate MO for the reaction: 

2CH3COOH(g)~(CH3COOHh(g) 

Solution: llGo = - 2.303 RT log K" 

= 2.303 x 8.314 x 29810g (1.3 x 103 
) 

= -17767.688J = 17.767kJ 

-17.767=-66.5 298xMo 

MO = - 66.5 + 17.767 
" 298 

48. What is 13.Go for this reaction? 

0.163kJ 

1 3 
- N2 (g ) + - Hz (g)~ NH3 (g ); K p = 4.42 x 104 at 25° C 
2 2 

(a) - 26.5 kJ mol-1 

(c) 2.2 kJ mol-1 

[Ans. (a)] 

(b) -11.5 kJ mol-1 

(d) - 0.97 kJ mol-I 

[Hint: 13.Go = - 2.303RT log Kr 

= - 2.303 x 8.314 x 29810g (4.42 x 104
) 

= -26.5 kJ mol- i ] 

49. What is the sign of 13.0° and the value of K for an 

electrochemical cell for which Ec~1l = 0.80volt? 

llGo K 
(a) > I 
(b) + > 1 
(c) + < 1 
(d) < 1 
[Ans. (a)] 

[Hint: 13.GO nFE"; 13.Go = - 2.303RT log K] 

50. The free energy of formation of NO is 78 kJ mol-1 at the 
temperature of an automobile engine (1000 K). What is the 
equilibrium constant for this reaction at 1000 K? 

..! N2(g)+ I 02(g)~NO(g) 
2 2 

(a) 8.4 x 10-5 

(c) 4.2 X 10-10 

[Ans. (a)] 

(b) 7. I X 10-9 

(d) 1.7 X 10-19 

[Hint: K = antilog [ 
-13.GO J 

2.303RT 

'1 [ -78xlOOO ] anti og 
2.303 x 8.314 x 1000 

= 8.4 x 10-5 ] 

51. Equilibrium constant for the reaction: 

H2 (g) + 12 (g)~ 2H1(g) 

is K c 50 at 25°C. 

The standard Gibbs free energy change for the reaction will 
be: 
(a) - 6.964 kJ (b) - 9.694 kJ 
(c) ~ 4.964 kJ (d) - 6.496 kJ 
[Ans. (b)] 

[Hint: 13.G " = - 2.303RT log Kc 

= - 2.303 x 8.314 x 298 logSO 

= - 9694 J =-9.694 kJ] 

52. Standard Gibbs free energy change AGO for a reaction is 

zero. The value of the equilibrium constant will be: 
(a) 10 (b) 1 (c) 100 (d) 00 

[Ans. (b)] 
[Hint: 13.Go = - 2.303RT log k 

WhenK = 1, 13.Go = 0] 

53. The standard free energy change of a reaction is 
AGO = - liS kJ at 298 K. Calculate the equilibrium constant 
Kp in 10gKp. (R = 8.314 Jr l mol-I) 

(a)20.16 (b) 2.303 (c) 2.016 (d) 13.83 
(VITEEE 2008) 

[Ans. (a)] 
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[Hint: log K = - AGo 
p 2.303RT 

- (-115 x 1000) 

2.303 x 8.314 x 298 

20.16] 

7.30 PHYSICAL SIGNIFICANCE OF GIBBS 
FREE ENERGY CHANGE (Free Energy 
and Useful Work) 

According to first law of thennodynamics, 

AE=q-w .. , (i) 

(-ve sign as the work is done by system) 

Here, q is heat absorbed by the system and w is the work done by 
the system while AE is the change in internal energy. The work 
(w)actually includes two types of work, i.e., wexpansion (or PAy) 
and w non.expansion (useful work). The two types of works can be 
understood by taking an example of the electrolysis of water to 
fonn H2 (g) and 02 (g ) leading to an increase in the volume of 
the system. The work non-expansion (non-mechanical) is done to 
cause the decomposition of water while the work expansion 
(mechanical) is due to expansion in volume of the system. Thus, 
the electrical work is called non-pressure-volume work or 
non-expansion work or non-mechanical work. The 
non-expansion work is also known as useful work. Thus, 

AE = q - wexpansion - W non-expansion ... (ii) 

= q - P AV - wnon-expansion (.: wexpansion = P AV) 

or q = AE + PAV + wnon-expansion ... (iii) 

We know that, 

AE+PAV All 

or q = All + wnon-expansion ... (iv) 
According to second law of thennodynamics, for a reversible 
change taking place at constant temperature, T 

AS= 
T 

or qrev, T AS ... (v) 

Substituting in equation (iv) 

T AS = All + W non -expansion ... (vi) 

or All - T AS = - W non -expansion 
Or AG - W (.: All - T A C' = AG) - - non -expansion L.lJ.) 

or -AG = W non -expansion W useful work , .. (vii) 
Thus, the decrease in Gibbs free energy is a measure of usefol 

work 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. This relation is useful in assessing the 
electrical work that may be produced by electrochemical cells 
and fuel cells. 

Free Energy Change and Electrical 
Work Done in a Cell 

Free energy change in electrochemical cells is related to the 
electrical work done in the cell. 

AG and emf of the cell (E) are related by the following 
relation: 

AG -nFE 

where, F = faraday = 96500coulomb 

E = emf of the cell 

n = Number of moles of electrons involved in 
balanced electrochemical reaction 

If the reactants and products are in their standard states, then 
AGO = -nFEo 

when E ° = standard emf of the cell . 

Example 91. The emf of the cell reaction, 

Zn(s) + Cu 2+ (aq.)~ Zn 2+ (aq.) + Cu(s) 

is 1.1 V. Calculate free energy change for the reaction. If enthalpy 
of the reaction is 216.7 kJ mol -I, calculate the entropy change 
for the reaction. 

Solution: -AGO = n x F x EO = 2 x 96500 x 1.1 = 212.3 kJ 

AGO = - 212.3 kJ mol-I 

AGO = Ml" - T ASo 

ASo = Ml" - AGO = - 216.7 - (- 212.3) 
T 298 

=-0.01476kJK-1 mol-I 

=-14.76JK-1 mol-I 

E1'ample 92. Calculate equilibrium constant for the 
following reaction: 

Cu(s) + 2Ag+ (aq. )r:=:Cu2+ (aq.) +'2Ag(s) 

At 25°C, E':elt == 0.47 volt, R = 8.314 J K -I mol-I, F 96500 
coulomb. 

Solution: Let us apply Nernst equation at eqq.ilibrium 

E:
ell 

= 0.0591 log Kc 
n 

0.47= 0.0591 log Kc 
2 

K '1 [0.47 x 2] c = anti og 
0.0591 

= 8.5x 1015, 

; , , .>~.;} . ' ·:;."'< .. ~'-t ~. .' • 

1M" ABSOLUTE ENTROPIES ANDTH1RO 
"LAW OF THERMODYNAMICS -:.;':, 

Third law of Thennodynamics was given by T. W. Richards, 
Walter Nernst and Max Planck Some statements for third law Of 
thennodynamics are given below: 

Statement-l. "Every substance has a finite positive entropy. 
but at the absolute zero temperature the entropy may become zero 
and does so become in the case of perfectly crystalline solids," 

Beeause 
Statement-2. "Entropy of a solid or liquid approaches zero 

at the absolute zero of temperature. " 
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It can be mathematically expressed as 

lim S ~O 
T-40K 

Because 

. Statement-3. "It is impossible by (my method, no matter 
how idealised it is, to reduce the temperature of any system to the 
absolute zero in a finite number of operations. " 

Application of 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 prqcess. Let 
us calculate absolute entropy. . . 

dS=dQ 
T 

.. dT 
dS=Cp -

T 

On integrating the above equation .between temperature limits of 
o and T K, we get 

T dT 
ST-SO=r Cp -Jo ·T. 

or S T - So = f: C pd In T 

From third law of thermodynamics, So = 0 

. . S T = f: C p d In T 

When entropy of one mole ofa substance is expressed at 298K 
and 1 aim pressure, it is called standard entropy of that 
substance. It is denoted by S 0. The standard entropy change M ° 
for a chemical reaction can be calculated as 

MO = LS~produc~) - ~S~reactants) 

[Sum of the standard] [sum of the standard ] 
= entropies of products - ~tropies of reactants 

e. g. , in the reaction: 

C2 H6 (g ) ~ H2 (g) + C2 H4 (g) 

/).SO = ~S~products) - ~S~reactants) 

= [S~2 + S~H4]"- [S~2H6] 

Standard molar entropies in JIK mol at 298 K 

Solids Entropy SolIds Entropy 

C (graphite) 5.7 N 2 191.6 

C(diamond) 2.4 °2 205.1 

Fe 27.3 CO2 213.7 

Pb 64.8 NO.2 240.1 

Cu 33.1 N2o.4 304.3 

Al 96.2 NH3 192.3 

Fezo.3 87.4 CH4 . 186.2 

CuS04· 5H20 300.4 Hg 76.0 

C I2H22o.11 (sucrose) 360.8 H 2O 69.9 

CaO 39.8 C2HsOH 160.7 

CaC03 (calcite) 92.9 ~H6. 173.3 

H2 130.7 CHlCOOH 159.8 

Tephigraph 
Graph of entropy of a substance against temperature is called 

tephigraph. In the following graph variation of entropy with 
temperature is represented: 

Entropy 

t 

--Temperature in K 

Fig. 7.24 

. From the graph it is clear that entropy of a substance increases 
with increase in temperature; there is sudden change in entropy at 
the stage of phase transformation. 

Example 93. Calculate /).G ° for the folloWing reaction: 

1 
CO(g) + (- ) 02 (g) ~ CO2 (g); MfO = - 282.84 kJ 

2 

Given, 

S~02 = 213.8J K -I mo/-I , S~o(g) = 197.9J K -1 mol-I, 

S~2 = 205.0J K -I mol -I. 

Solution: /).SO = ~S ~products) - LS ~reactants) 

° ° 1· ° = [Se02] - [Seo + - So ] 2 2 

= 213.8- [197.9+.! 205] 
2 

= - 86.6JK-I 

According to Gibbs-Helmholtz equation, 
/)'Go=Mr-T MO 

= - 282.84 - 298 x (- 86.6 X 10-3 
) 

= - 282.84 + 25.807 
= - 257.033 kJ 

. Example 94. For the reaction; 

A(s)~B(s)+ C(s) 

calculate the entropy change at 298 K and 1 aim if absolute 
entropies (in JK- I mor l

) are: 
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Solution: 

A = 130,B 203,C= 152 
o 0 

.'ES (products) - ~~ (reactants) 

[S~ +S~]-[S~], 

= [203 + 152] [130] 

=225JK- I 

7.32 CONVERSION OF HEAT INTO WORK
THE CAR NOT CYCLE 

Carnot, a French engineer, in 1824, employed merely theoretical 
and an imaginary reversible cycle known as Carnot cycle to 
demonstrate the maximum convertibility of heat into work. 

The system consists of one ~ole of an ideal gas enclosed in a 
cylinder fitted with a piston which is subjected to a series of four 
successive operations. The four operations are: 

(i) Isothermal reversible expansion 
(ii) Adiabatic reversible expansion 

(iii) Isothermal reversible compression 
(iv) Adiabatic reversible compression 
The four operations have been shoWn in Fig. 7.25. 

(Pl, V1) 

----

Volume -
Fig. 7.25 

First operation-Isothermal reversible expansion 

., 

The gas is allowed to expand reversibly and isothermally at 
the temperature T2 through AB path. The volume VI (point A) 
increases to volume V2 (point B). In this operation, let the heat 
absorbed by the system be q2 (+ve) and the work done by the 
system on the surroundings be WI (-ve). 

Since, the expansion is isothermal, I1E = O. The heat absorbed, 
q 2' should be equal to the work done by the system on the 
surroundings, i. e. , 

Second operation-Adiabatic reversible 
expansion 

... (i) 

The gas is now allowed to expand reversibly and adiabatically 
through BC path. The volume increases from V2 (point B) to 

volume V3 (point C). In this operation, no heat is absorbed and 
thus, the work, wz, is done by the system at the expense of 
internal energy, i. e., the temperature of the system falls from 
temperature T2 to temperature TI . 

11E=-w2 =-CV (T2 -Td ... (ii) 

Third operation-Isothermal reversible 
compression 

The gas at point C is subjected to reversible isothermal 
compression at temperature TI • The path followed is CD when the 
volume decreases from V3 to V4 (point D). In this operation work 
is done on the system and heat ql is given out by the system to 
surroundings. 

.... (iii) 

Fourth operation-Adiabatic reversible· . 
compreSSion 

Finally, the gas at point D is subjected to reversible aqiabatic 
compression through the path DA at temperature TI . The volume 
changes from V4 to VI , i. e. , the original volume is restored. The 
temperature increases from TI to T2 (original temperature). The 
work done increases the internal energy of the system as q ::: Q . 

W 4 Cv(T2 -T1 ) ... (iv) 

The net heat absorbed, q, by the ideal gas in the cycle is given 
by 

V2 V4 q = q2 + (-ql) RT2 loge - + R1I loge -
VI V3 

V2 V3 
=RT2 loge - RTI loge-

·VI · V4 

... (v) 

According to the expression governing adiabatic changes, 

or' 

or 

T2 = (V3 1 Y I . (For adiabatic expansion) 
11 V2 ) 

1I=(!l)Y I 

T2 V4 

(For adiabatic compression:) 

V3 V4 -=-
V2 VI 

V2 V3 
-=-
VI V4 

Substituting the value of V3 in eq. (v), 
V4 

q = q2 - ql = RT2 log e 
VI 

. . V2 
. = R(T2 - T, ) log e v:-

I 

Similarly, net work done by the gas is given by 

... (vi) 
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... (vii) = R(T2 -11 ) log e V. 
I 

Thus, q == w. For cyclic process, the essential condition is that 
net work done is equal to heat absorbed. This condition is 
satisfied in a Camot cycle. 

Calculation of thermodynamic efficiency of 
Carnot engine 

Total work done from eq. (vii), 
" v: 

w= R(T2 -11 ) loge 2-
VI 

and the heat absorbed at temperature Tz from eq. (i), 

Vz RTz loge-
VI 

Dividing both equations, 

~ = Tz -11 Thermodynamic efficiency 
q2 T2 

Thus, the larger the temperature difference between high and 
low temperature reservoirs, the more the heat converted into 
work by the heat engine. 

Since, T2 - TI < 1, it follows that w < q 2' This means that only 
, T2 

a part of heat absorbed by the system at the higher temperature is 
transformed into work. The rest of the heat is given out to 
surroundings. The efficiency of the heat engine is always less 
than 1. This has led to the following enunciation of the second 
law of thermodynamics. 

It is impossible to convert heat into work without 
compensation. 

Example 95. Calculate the maximum efficiency ~f an 
engine operating between 100° C and 25° C. 

T2 11 Solution: Efficiency 
T2 

Tz 100+273= 373K 

11 = 25+ 273 298K 

Effi 
. 373 - 298 75 

lCiency = =-
373 373 

0.20 20% 

'., Example 96. Heat supplied ~o u Camut engine is 453.6 
kcal. How much usefol work can be done by the engine which 
works between 10° C and 100° C? 

Solution: T2 = 100 + 273 ;:::: 373 K; Tl 10+ 273 = 283 K; 

q2 = 453.6 x 4.184 = 1897.86 kJ 

We know that, 

W=q2 .-=--..:.. 
T2 

= 1897.86 x (373 - 283) 
373 

1897.86 x 90 457.92 kJ 
373 

'l~f·(if;'Qi_J.:iQUilij"S,[ .. :1 

54. 

55. 

56. 

For which of the following reactions, the entropy change will 
be positive?' .[JEE (WB) 2008} 
(a) Hz(g)+ 12 (g)~ 2HI(g) 
(b) HCI (g) + NH3(g)...-- NH4Cl (s) 
(c)NH4N03 (s) NzO(g)+ 2H20(g) 
(d) MgO(s) + H2(g)~ Mg(s)+ Hz0(l) 
[Ans. (c)] 

[Hint: ~ng == 3 0 = 3, 

Since ~ng >0, there will be increase in entropy change.] 
If an endothermic reaction occurs spontaneously at constant 
temperature T and pressure P, then which of the following is 
true ? (VITEEE 2008) 
(a) AG > 0 (b) Ml < 0 (c) L\S > 0 (d) L\S < 0 
[Ans. (c)] 

[Hint: AS = ASsystem + ASsurroundings 

AS > 0 for spontaneous process.] 
Which is the correct expression that relates changes of 
entropy with the change of pressure for an ideal gas at 
constant temperature, among the following? 

p 
(a) ~S = nRT In -1. 

11 

(c) L\S =: nR lnr 11 J 
' \P2 

[ADS. (c)] 

(PET (MP) 2008) 

(b)L\S=T(P2 11) 

(d) I'1S = 2.303 nRT In (~) 

[Hint: From first law, I'1U = q W 

o =q - W (for isothermal process) 
q= W =PdV 

dS =!1. = PdV 
T T 

dV 
dS=nR

V 

On integration, ~S = nR In ( ~~ ) 

I'1S = nR In (~ } Since PI VI = FF2 according to Boyle's law.] 
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MISCELLANEOUS NUMERICAL EXAMPLES~ -'-'-'-'/ 
Example 1. Bond dissociation enthalpies of H 2 (g) and 

N z (g) are 436.0 kI marl and 941.8 kI morl and enthalpy of 

formation of NH) (g) is 46 kI mor I. What is enthalpy of 

atomization of NH 3 (g)? What is th.e average bond enthalpy of 
N-Hbond? 

Solution: N2 (g) + 3Hz (g) ~ 2NH3 (g) ; 

MI "" - 2x 46kJ/mol 

MI I:(BEh - I:(BE)p 

(941.8 + 3 x 436) - (6x)== - 2 x 46 

(Here, x == BE of N - H bonds) 

x = 390.3 kJ mol-I 

NH) ~N+3(H) 

Heat of atomization 3 x 390.3 == 1170.9 kJ mol-I 

-Example 2. Ethanol was oxidised to acetic acid in a 
catalyst chamber at 18° C. Calculate the rate of removal qf heat 
to maintain the reaction chamber at 18° C with the feed rate of30 
kg per hour ethanol along with excess oxygen to the system at 
18° C, given that a 42 mole per cent yield based on ethanol is 
obtained. Given that, 

MlfHiJ(I) "" - 68.4 keal mor l 

MlfC2H 1)H(I) == - 66kcal morl 

MlrcH3COOH(I) = -118keal mor
l 

Solution: C2HsOH+02 ~CH3COOH+H20 

MI=I:(Hf)p I:(Hf)R =(-118-68.4)-(- 66) 120.4 kcal 

Yield is 42%. Thus, energy produced per hour will be 

120.4 x 42 x 30000 = 32979.13 kcal hour-I 
lOOx 46 

Example 3. The standard heat of formation listed for 
gaseous NH 3 is 11.02 kca/lmol at 298 K. Given that at 298 K. 
the constant pressure heat capacities qf gaseous N 2 , H 2 and 
NH 3 are respectiveZv 6.96, 6.89, 8.38 call mol. Determine 

MI~98 K and MI 773 K for the reaction, 

1 3 
N z (g) + - Hz (g) ~ NH, (g ) 
22-

I 3 
Solution: N2(g)+- H2(g)~ NH3 (g) 

2 2 

Ml298K I:(Hf)p -I:(Hj)R =(-11.02 0) 

11.02 kcal mol-1 

Mil -Mil =!::'C
p 

Tz -TI 

MI 2 - (-11.02) = (8.38 _ ..!. x 6.96 ~ x 6.89) X 10-3 

7TI-~8 2 2 

MI 2 == - 13.6 kcal morl 

Example 4. The heat of combustion of glycogen is about 
476 kllmol of carbon. Assume that average rate of heat loss by 
an adult male is 150 watt. If we were to assume that all the heat 
comes from oxidation of glycogen, how many units qf glycogen 
(1 mole carbon per unit) must be oxidised per day to provide for 
this heat loss? 

Solution: Total energy required in theday 

= 150x 24 x 60x 60 kJ (1 watt =Jsec-1 ) 
1000 

= 12960kJ 

U · fl' d 12960 27 22 . mts 0 g ycogen requIre . umts 
476 

Example 5. At 25°C, the following heat offormations are 
given: 

Compound 

MI~ kllmol 

For the reactions at 25° C, 

S02 (g) 
-296.81 

2HzS(g) + Fe(s)~FeS2(s)+ 2Hz(g);Mlo == -137 kllmol 

3 
H2S(g)+-02(g)~H20(l)+S02(g); Mlo =-562k1lmol 

2 

Calculate heat of formation of H 2 S (g ) and FeS 2 (s) at 25° C. 

Solution: Heat of formation of H2 S = x kJ I mol 

Heat of formation of FeS2 = y kJ I mol 

2H2S(g) + Fe(s) FeS2 (s)+ 2H2(g); Mlo = -137kJ/mol 

-137= y 2x ... (i) 

3 
H2 S(g) + - O2 (g) ~ H20(l) + S02 (g );Mlo == - 562 kJI mol 

2 

-562 285.83 - 296.81- x 

From eq. (ii), x -20.64kJmol-1 

From eq. (i), we get 

y= 2x 137 2(- 20.64)-137= -178.28kJ mol-J 

MI f H 28 == 20.64 kJI mol 

MI f FeS2 178 kJ/mol 

... (ii) 
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EJample 6. The "heat of total cracking" of hydrocarbons 
MI TC is defined as MI at 298.15 K and 10 1.325 kPa for the 
process below: 

CnHm + ( 2n -~) H 2 (g)---t'nCH4(g) 

Given that, MITe is 65.2 kl for C2H 6 and - 87.4.kl for 
C 3H g, calculate MI for 

CH4(g)+ C3Hg (g)---t 2C2H 6 (g) 

Solution: MI TC of CH4 0 

CH4 (g) + C3 Hg (g) ---t 2C2H6 (g) 

MI = 2M1TdC2H6)-:- MlTC<~3H8) 

= 2(- 65.2)- (- 87.4)= - 43kJ 

'l£-iample 7. A constant pressure calorimeter consists of an 
insulated beaker of mass 92 g made up of glass with heat 
capacity 0.75 J K-1 g-l. The beaker contains 100 mL of 1 M 

HCI at 22.6°C to which 100 mL of 1M NaOH at 23.4°C is aaded. 
The final temperature after the reaction is complete at 29.3 0 C. 
What is MI per mole for this neutralization reaction? Assume 
that the heat capacities of all solutions are equal to that of same 
volumes of water. . 

Solution: Initial average temperature of the acid and base 

= 22.6+ 23.4 23.00 C 
2 

Rise in temperature = (29.3 23.0) = 6.3° C 

Total heat produced =(92x 0.75+ 200 x 4.184)x 6.3 

(905.8) x 6.3 :: 5706.54 1 

Enthalpy of neutralization 5706.54 x 1000 x 1 
100 

57065.4 1 = - 57 kJ 

EJample8. C2H4 +C/2 ---tC2H 4C12 
MI = 270.6 kl mol -I K -I ; 6.S = 139 JK-1 

(i) Is the reaction favoured by entropy, enthalpy both or 
none? 

(it) Find 6.G if T = 300K. [eDSE (Mains) 2005] 
Solution: (i) Since, MI =: - ve, exothermic process and is 

favoured, i. e. , it will be spontaneous. 

(ii) 6.G == MI - T6.S 

= 270.6xlOOO-300x(-139) 

= 2289001 

-228.9kJ 

Example 9. Find bond enthalpy of S - S bond from the 
following data: . 

C2HS -S -C2HS; 

C2H S-S S-C2H S; 

S(g); 

MIl =-147.2kl mor l 

MIl =-201.9klmor l 

MIl = 222.8 kl mor l 

Solution: 
H Ii H H 

II I I 
4C(s) + 5H2 + S---tH-C-C-S-C-C-H 

I I I I 
H H H H 

H H H H 
II I I 

4C(s) + 5H2 + 2S ---t H-C-C-S-S-C-C-H 

I I I I 
H H H H 

MI = ~(BEh - ~(BE)p 

(i) 147.2= Heat of atomization of 4C, IOH, IS 

-BE of 1 O(C- H), 2(C- S), 2(C~ C) 

(ii) - 201.9 == Heat of atomization of 4C, 10H, 28 

-BE of IO(C- H), 2(C~ S), 2(C-C),(S- S) 

Subtracting (i) from (ii), 
- 201.9+ 147.2= Heat of atomization of IS - BEof (S-8) 

::::: 222.8kJ BEof(S-S) 

BE of (S-S) = 277.5 kJ 

;.'" Example 10. A natural gas may be assumed to be a 
mixture of methane and ethane only. On complete combustion of 
10 litre of gas at STp, the heat evolved was 474.6 kl. Assuming 
MlcombCH4(g) 894klmol-1 andMlcombC2H6=-1500kJ. 

Calculate the percentage composition of the mixture by volume. 

Solution: 

x litre ---t CH4 ; mole of CH4 = x 122.4 

(10 x) litre ---t C2 H6 ; mole ofC2 H6 == (10 - x)1 22.4 

x (lO-x) 
Heat evolved =-- x 894 + x 1500 

22.4 22.4 

474.6 x x 894 + (10- x) x 1500 
22.4 22.4 

x == 0.745, % CH4 =: 74.5% 

Example 11. From the data at 25° C: 

Fe203 (s)+ 3C(graphite) ---t 2Fe(s) + 3CO(g); 

Mlo= 492.6kllmol 

FeO(s) + C(graphite) ---tFe(s)+ CO(g); Mlo = 155.8kllmol 

C(graphite) + 02 (g) ---t CO2 (g); MlO = - 393.51 kllmol 
. 1 

CO(g) + '2°2 (g) ---t CO2 (g); Mlo =: 282.98 kllmol 

Calculate standard heat offormation ofFeO(s) and Fe203 (s). 
Solution: 

Fe(s) + CO(g)---t FeO(s) + C(graphite); 

MlO 158.88 kJ/mol 
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C(graphite) + O2 (g) ~ CO2 (g); 

AHO 393.5 kJlmol 

1 
C02(g)~ CO(g)+"2 02 (g); 

AHo = 282.98kJ/mol 
I .. . 

On adding Fe(s) + - O2 (g) ~ FeO(s); . AH:::: -.2663 kJ/mol 2· .. .. ' . ..; . 

Similarly we may calCulate heat of formation ofFe203' 

Jt~ample 12. Calculate, the AH at 85° C for the reaction: 

Fe203(s)+ 3H2(g)~2Fe(s)+ 3H20(l) 

The data are: AH~9S = 33.29kllmoland 

Substance Fez03(s) Fe(s) H 20(I) H2(g) 

C; JIK. mol 103.8 25.1 753 28.8 

Solution: Fe203(s)+3H2 ~2Fe+3H20 

I1Cp = (Cp)p - (Cp)R 

= (2 x 25.1 + 3 x 753) - (103.8 + 3 x 28.8) 

= 276.1-190.2= 85.9J 

I1H T2 AH TI = fj,C p 

T2 1\ 
AHsss - (-33.29) 85.9x 10-3 

358- 298 

AH3S8 =-28.14kJ/mol 

Example 13. The standard heats of formation at 298 K for 
CCI 4(g),·H20(g), CO 2(g) and HCI(g) are 25.5,-57.8, 

94.1 and - 22.1 kcal mol -I respectively, calculate AH~98K for 

the reaction: 
CCl4 (g) + 2H 20(g ) ~ CO2 (g) + 4HCI(g) 

[BCECE (Mains) 2005] 

Solution: 
AH reaction = 1: Heat of formation of products 

. -1: Heat of formation of reactants 

= [AHf(C02) + 4 AHf (HCI)] - [AHf (CCI4) + 2AHf (HP)] 

= [- 94.1+ 4 x (- 22.1)]- [- 25.5+ 2x (- 57.8)] 

= - 41.4 kcal 

Example 14. Calculate Q, W, I1E and AH for the 
isothermal reversible expansion of 1 mole of an ideal gas from an 
initial pressure of 1.0 bar to a final pressure of 0.1 bar at a 
constant temperature of273 K. (liT 2000) 

Solution: In isothermal process as temperature remains 
constant both I1E and AH are zero. 

11E=0; AH 0 
Applying first law of thermodynamics, 

I1E=W+Q 

O=W+Q 

or Q = W = 2.303 nRTlog (;:) 

= - 2303 x Ix 8314 x 273 log (_1 ) 
. Ql 

5227.169J = 5.227kJ 

Example 15. A sample of argon at 1 atm pressure and 
. 27° C expands reversibly and adiabatically from 1.25 dm3 to 2.50 

dm3. Calculate the enthalpy change in this process. C v.m. for 

argon is 12.48 J K -I mol -I. (liT 2000) 

Solution: Number of moles of argon present in the sample 

= PV = 1.25 x 1 = 0.05075 
RT 0.0821 x 300 

For adiabatic expansion, 

T (V )r-I . -L=...l. 
T2 VI 

or 300=(2.50)1.66-1 

T2 1.25 

or T2 = 188.55K 

Cp =Cv +R 

= 12.48+ 8314 

20.794 J K -I mol-I 

AH n x C p x fj,T 

= 0.05075 x 20.794 x (300 - 188.55) 

= 117.6J 

Example 16. Show that the reaction, 

CO(g)+G)02(g)~C02(g) 
at 300 K is spontaneous and exothermic, when the standard 

entropy change is 0.094 kl mol -I K-I
. The standard Gibb ~ 

free energies of formation for CO2 and CO are - 394.4 and 
- 137.2 kl mol -I respectively. (lIT 2000) 

or 

Solution: The given reaction is, 

CO(g) + G)02 (g)~ CO2 (g) 

fj,G o (for reaction) = G~02 - G~o G)G~2 
394.4 -(- 137.2) 0 

= 257.2 kJ mol-I 

I1G o = f1HO - TI1So 

257.2 = f1HO - 298 x (0.094 ) 

f1HO = 288.2 kJ 

I1G ° is ve, hence the process is spontaneous, and AH ° is 
also -ve, hence the process is also exothermic. 

Example 17. Diborane is a potential rocket foel which 
undergoes combustion according to the reaction, 
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BzH 6 (g)+ 302 (g)----tBP3 (s)+ 3H20(g) 

From the following data, calculate the enthalpy change for the 
combustion of diborane: 

2B(s) + (~)02 (g) ----t B20 3 (s); (All = 1273 kJ morl 
) ••• (i) 

H 2 (g)+O)02(g)----tH20(l); (All: 286kJ mol-' ) ... (ii) 

H20(l)----tHP(g);(All 44kJmol-l
) ••• (iii) 

2B(s) + 3H2 (g)----t B2H6 (g); (All = 36kJ mol-I ) ... (iv) 

(lIT 2000) 
Solution: The required equation, 

B2H6 (g) + 302 (g) ----t B20 3 (s) + 3H20(g) 

can be obtained from 
eq. (i) + 3eq. (ii) + 3eq. (iii) - eq. (iv) 

: - 1273"": 858 + 132 - 36 

: 2035 kJ mol- 1 

i. e., Enthalpy of combustion of diborane is -2035 kJ mol-I. 

Example 18. An insulated container contains 1 mole of a 
liquid, molar volume 100 mL at 1 bar. When liquid is steeply 
passed to 100 bar, volume decreases to 99 mL. Find l!Jl and AU 
for the process. rlIT 2004 (Memory based)] 

Solution: From first law of thermodynamics: 

AU=q+W 

AU=q+PAU 0+~100~9 100» 

:: 100barmL 

All=AU+(PzVz -P1V,) 

= 100+(100x 99-lx 100) 

:: 9900 bar mL 

Example 19. In the following equilibrium: 

N204(g)~2N02(g) 

when 5 mole of each are taken and temperature is kept at 298 K, 
the total pressure was found to be 20 bar. 

Given: AGf NP4 = 100kJ 

AGf NOz = 50 kJ 

(i) Find AG Qfthe reaction at 298 K. 
(ii) Find the direction of the reaction. 

lIlT 2004 (Memory based)] 
Solution: The reaction is: 

N20 4 (g)~ 2N02 (g) 
Since, number of moles of both NZ0 4 and NOz are same 

hence their partial pressure will also be same. 
20 

PN:P4 = PN02 = 2: = lObar 

2x 50 100 0 
We know that, .AG = AGO - 2.303 RT log Q 

= 0 - 2.303 x 8.314 x 29810g 10 

= -5705J 

Since, AG is negative hence reaction will be spontaneous in 
forward direction. 

Example 20. When I-pentyne (A) is treated with 4N 
alcoholic KOH at 175°C, it is slowly converted into an 
equilibrium mixture of 1.3 % of I-pentyne (A). 95.2% 2-pentyne 
(B) and 3.5% of 1,2-pentadiene (C). The equilibrium was 
maintained at 175°C. Calculate AGO for the following equilibria: 

B A; AG~ =? 

B~C; AG; =? 

From the calculated value of AG~ and AG; indicate the order of 
stability of (A), (B) and (C). Write a reasonable reaction 

. mechanism showing all intermediates leading to (A), (B) and 
(C). (lIT 2001) 

for 

Solution:Pentyne-1 Pentyne-2 + I, 2-pentadiene 
(A) (8) (C) 

1.3 95.2 3.5 

[B][C] = 95.2x 3.5 256.31 
[A] 1.3 

B~A 

K =[A]= [C] =~=0.013 
I [B] Keq 256.31 

AG~ = - 2.303RT log KI 

= - 2.303 x 8.314 x 448 log 0.013 
= 16178J= 16.178kJ 

B~C 

K = [C] = Keq [A] = 256.31 x 13 = a037 
2 [B] [8]2 (95.2)2 

AG; = - 2.303RT log K 2 

= 2.303 x 8.314 x 448 log 0.037 

= 12282J = 12.282kJ 

Stability will lie in the order 

B>C>A 

',Example 21. Two moles of a perfect gas undergo the 
following process: 

(a) A reversible isobaric expansionfrom (latm 20 L)to (latm 
40L). 

(b) A reversible isochoric change of state from (1 atm 40 L) to 
(0.5atm 40L). 

(c) A reversible isothermal compression from (0.5atm 40 L )to 
(latm 20L). 

(i) Sketch with labels each of the process on the same P-V 
diagram. 
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(ii) Calculate the total work (W ) and the total heat change 
( q ) involved in the above process. 

(iii) What will be the value of AU,!J.H and AS for the overall 
process? (lIT 2002) 

Solution: 

i 1 atm 
AB 

!!! :::::::::::::rS;l 
I I 
I I , , J 0.5 atm 

I I 
I I 
, I 
, I 

20L 40L 
Volume ---to-

AB ---t Isobaric process 
BC ---t Isochoric process 
CA ---t bothennal compression 

Total work WAB + WBC + WCA 

= -P x AV + 0+ 2.303 nRT log (V2) 
. VI 

= - 1 x 20 x 101.3 + 0 

+ 2.303 x 2x 8.314 x T log (~~) ... (1) 

PV = nRT (At A) 

Ix 20= 2x 0.0821 x T 

T= 20 =121.8K 
2xO.0821 

Fromeq. (1), 
Total work = 2026 + 2.303 x 2 x 8.314 x 121.8 log 2 

= -622.06J 
W q -622.06J 

In cyclic process: 
AU = O,!J.H = o and AS = 0 

SUMMARY AND IMPORTANT POINTS TO REMEMBER ';-. ... ,., , .. '~l )-. ..... , ,Ie .... 

1. Thermodynamics: It is the branch of science which 
deals with all changes in energy or transfer of energy that 
accompany physical and chemical processes. It is not concerned 
with the total energy of body but only with energy changes taking 
place. The laws of thermodynamics apply only to matter in bulk, 
i.e., to macroscopic system· and not to individual atoms or 
molecules. 

2. Terms used in thermodynamics: 
(a) System, surroundings and boundary: A system is 

defmed as a specified part of the universe which is under 
experimental investigation and the rest of the universe which can 
interact with the system is surroundings. Anything which 
separates system and surroundings is called boundary. It may be 
real or imaginary, conductor or non-conductor. 

(b) Types of system: There are three types of system: 
(i) Isolated system is one which has no interaction with its 
surroundings. The boundary is sealed and insulated. Neither 
matter nor energy can be exchanged with surroundings. 
(ii) Closed system is one which can exchange energy but not 
matter with surroundings. (iii) Open system is one which can 
exchange matter as well as energy with surroundings. A system is 
said to be homogeneous if it is rrutde of one-phase only. A system 
is said to be heterogeneous when it consists of two or more 
phases. 

(c) Thermodynamic properties: These are of two types: 
(i) Intensive properties are'those which do not depend upon the 
quantity of matter present in the system such as pressure, 
temperature, specific he.~:surface tension, viscosity, melting and 

.,-:'l 

boiling points, etc. (ii) Extensive properties are those whose 
magnitude depends upon the quantity of matter present 111 .be 
system such as volume, total energy, enthalpy, entropy, etc. 

(d) State variables: The fundamental properties which 
determine the state of the system are termed state variables. The 
change in state property depends only upon the initial and final 
states of the system, i.e., do not depend on the path followed. 
Pressure, volume, temperature, internal energy, enthalpy, entropy, 
force, energy and number of moles are the state variables. 

(e) Thermodynamic equilibrium: A system in which the 
fundamental properties do not undergo any change with time is 
said to be in thermodynamic equilibrium. Actually the system 
should be in thermal equilibrium, mechanical equilibrium and 
chemical equilibrium. 

(1) Thermodynamic processes: When the system changes 
from one state to another, the operation is called a process. The 
various types of processes are: 

(0 Isothermal: Temperature remains fixed, i.e., dT 0. 

This is achieved by placing the system in a thermostat. 
(ii) Adiabatic: When no exchange of heat occurs between 

the system and surroundings, i.e., the system is thermally isolated 
(dq = 0). 

(iii) Isobaric: Pressure remains constant throughout the 
change, i.e., dP O. 

(iv) Isochoric: Volume remains constant throughout the 
change. i.e., dV = O. 
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(v) Cyclic: When a system undergoes a number of different 
processes and finally returns to initial state, dE = 0 and dH 0 

(vi) . Reversible: A process which occurs infinitesimally 
slowly and at every small change it is virtually in a state of 
eqUilibrium. It takes infinite time. 

(vii) Irreversible: When the process goes from initial to 
final state in single step in fmite time. All natural processes are 
irreversible. 

3. Nature of work and heat: Work is a mode of transfer 
of energy to or from a system with reference to surroundings. If 
an object is displaced through a distance dx against a constant 
force F , then the amount of work which has to be done is equal to 
F x dx. The mechanical work or pressure volume work is equal to 
Pext (V2 ~ VI ) or P x dV. The work done on the system increases 
its energy while work done by the system decreases its energy. 
On this basis, the work done has the sign convention. 

Work done by the system = - w 
Work done on thesystem=+ w 

The unit of work is erg. It is very small. The bigger unit is 
joule or kilojoule. . 

1 joule = 107 ergs; 1 kJ (kilojoule) = 1000 J 

Heat is the quantity of energy which flows between system 
and surroundings on account of temperature' difference. It is equal 
to m x s x At where m is the mass, s is the specific heat and Ilt is 
the temperature difference. The sign convention for heat is: 

Heat gained by system = + q 
Heat lost by system = -' q 

The unit of heat is calorie (cal). Since, heat and work are 
.;!::elated the SI unit of heat is joule. 

1 joule = 0.2390cal 
1 calorie = 4.184 J 

'L I kcal =4.184 kJ 
1litre-atm = 101.3 J =·1.013 x 109 erg = 24.206cal 

4. Internal energy: Sum of all forms of energy that a 
system possesses is termed internal energy. It is denoted by E.lt is 
an extensive property. It is also a state property. 

E ::: E translational +. E rotational + E vibrational + E bonding 

+ E electronic + ... 
The internal energy of a particular system is a defInite quantity 

but it is impossible to determine its exact value. It is a state 
function. In thermodynamics, one is concerned only with energy 
change which occurs when the system moves from one state to 
ancitherJe., M ::: Ej - Ei. M is +ve if E f > E; andnegativeif 
E f < E i' M does not depend on the path by which final state is 
achieved. For a cyclic process, MO. 

5. First law of thermodynamics: Energy can neither be 
created nor destroyed but it can be converted from one form to 
another. 

.Or 
The energy of the Universe is constant. 

Or 
Total energy of an isolated system remains constant, though it 

may change from one form to another. 

When heat energy ( q ) is given to a system and work ( w ) is also 
done on it, its energy increases from E I to E 2 . 

E2 =EI +q+w or E2 -El =q+w or M:::q+w 

In case heat energy (q) is given to a system and . work (w) is 
done by the system then 

M = q + (-w) = q w 

6. Enthalpy or heat content: . The' quantity E + PV is 

known as entluilpy or heat .content. Jt is denoted by H. It 
represents the total energy stored i~ a system. 

M = q -P(V2 ViJ or E2 - EI =-q - PV2 + PVI 
or (E2+P2V2)-(EI+PIVI)=q or H 2 -HI :::q 

or !lH = q or M + P IlV !lH qp 

when V2 = VI' i.e., Il V::: 0, M ::: qv 

qv +llnRT qp in the case of gases 

where, Iln ::: total number of moles of products total number 

. of moles of reactants 

7. Heat capacity: . It is the quantity of heat required to 
. raise the temperature of the system by one degree. 

dq 
Heat capacity ::: -

dT 

In the case of gases; 

C v (at constant volUll)e) :::( ~~) V 

::: Molar heat capacity at constant volume 

. (aH) .. 
and C p (at constant pressure ) = -. . . . aT p 

::: Molar heat capacity at.constant pressure 

Cp -Cv:::R 
8. Isothermal expansion of an ideal gas:. The expansion 

in an ideal gas at constant temperature can be done reversibly or 
irreversibly. . 

w Work done by gas in reversible expansion 
. V . P 

::: - 2.303nRT log ...1.. 2.303nRT log _I 
VI . P2 

q = Heat abS()rbed from surroundings 
. '. . V 

= - w 2.303nRT log ...1.. 
. . VI 

W = Work done by gas in irreversible expansion 

= - P ext (V2 - VI ) 

Maximum work i~ done in reversible isothermal expansion. In 
isothermal process, M =,.oand IlH= O. . '. '.. . . 

Adiabatic expansion of an ideal' gas: q in the process is 

zero, hence M = w. Work is done by the gas during expansion at 
the expense of internal energy. In expansion, M decreases while 
in.compression M increases. . 

M = w = Cv x IlT 
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The value of !:!.T depends upon the process whether. carried 
reversibly or irreversibly. The following relationships are 
followed by an ideal gas under adiabatic conditions: 

PV Y = constant 

9. Joule-Thomson effect: . The phenomenon of producing 
lowering of temperature when a gas is made to expand 
adiabatically from a region of high pressure into a region of low 
pressure, is known as Joule-Thomson effect. This effect is 
observed below the inversion temperature ofa gas. The inversion 
temperature ofa gas depends upon the van der Waals' constants 
of a gas. It is expressed in tenns of vap der Waals' constants 'a' 
and 'b' as: 

2a r. =
I Rb 

10. Thermochemistry: It is concerned with heat changes 
accompanying physical and chemical transfonnations. It is also 
tenned as chemical energetics. It is based on the fIrst law of 
thennodynamics. If EJ and E2 represent total energies associated 
with reactants and products respectively, three cases may arise: 

Case I: EJ = E2 . Neither heat is evolved nor absorbed. Such 

reactions are very rare. 
Case II: EJ > E2. The difference (EJ - E2 ) of energy will be 

evolved, i.e., heat is evolved. 
Case III: EJ < E2 . The difference (E2 - EJ )ofenergywill be 

absorbed, i.e., heat is absorbed. 
11. Exothermic reactions: Reactions which o~cur with 

evolution of heat 

H productS < H reactants' i. e. , !:!.H = - ve 

Endothermic reactions: 
absorption of heat 

Reactions which occur with 

H products > H reactants' i.e., !:!.H = + ve 

Sign conventions q !:!.E !:!.H 

Exothennic (-) (-) (-) 
Endothennic ( + ) (+) (+) 

12. Heat of reaction or enthalpy of reaction: The 
amount of heat evolved or absorbed when quantities of the 
substances indicated by chemical equation have completely 
reacted, it is represented as !:!.H. 

Enthalpy of reaction = L H products - L H reactants 

The factors which affect the magnitude of heat of reaction are : 
(i) Physical state of reactants and products, (ii) Allotropic 

fonns of the elements (iii) Reaction carried at constant pressure 
or constant volume (!:!.H = !:!.E + !:!.nRTHiv) Enthalpy of solution 
(v) Temperature at which the reaction is carried out. 

13. Heat offormation or enthalpy offormation: It is the 
amount of heat evolved or absorbed when one gram mole of 
substance is directly obtained from its constituent elements. It is 
represented as !:!.H f. 

If all the substances of the chemical reaction are in their 
standard states (i.e., at 25° Cor 298 K and one atmospheric 
pressure), the heat of reaction or fonnation is called standard heat 
of reaction or fonnation respectively. These are denoted as Mfo 

or Mt;- respectively. The enthalpies of free elements at standard 

conditions are taken arbitrary as zero. 
The compounds which have positive enthalpies of fonnation 

are called endothermic compounds (less stable) and which have 
negative enthalpies of fonnation are called exothermic 
compounds (stable). 

.14. Heat of combustion or enthalpy of combustion: It is 
the amount of heat evolved when one mole of the substance is 
completely oxidised. It has a number of applications: 

(i) Detennination of calorifIc values of foods and fuels. 
(ii) Enthalpy of fonnation can be determined by application 

of Hess's law. 
(iii) Structural problems can be evaluated. 
15. Enthalpy of hydrogenation: The enthalpy change 

associated when one mole of an unsaturated organic compound is 
fully hydrogenated. 

16. Enthalpy of solution: The amount of heat evolved or 
absorbed when one mole of the substance is dissolved in excess 
of water so that further dilution does. not bring any heat change. 

17. Enthalpy or heat of neutralisation: The amotmtof 
heat evolved when one gram equivalent of an acid is neUli'ah",.::d 
by one gram equivalent of a base in dilute solution. Heat of 
neutralisation of a strong acid against· a strong· base is always 
constant, i.e., 13.7 kcal or 57.1 kJ. It is due to common reaction 
between H + and OH - ions. The heat offonnation of water from 

these ions is 13.7 kcal. 

H+ +OW ~H20; !:!.H = - 13.7 kcal 

In the case of weak acids and weak bases,the heat of 
neutralisation is always less than 13.7 kcal because some ofthe 
evolved heat energy is utili~ed in bringing about complete 
ionisation of acid or base in solution. 

18. Enthalpy of fusion: Heat absorbed in converting one 
mole of solid into liquid at its melting point. 

19. Enthalpy of vaporisation: Heat absorbed in 
converting one mole of a liquid into its vapours at its boiling 
point. 

Enthalpy of sublimation: Heat absorbed in converting one 
mole of solid directly into its vapour. 

20. Laws of thermochemistry: 
(i) Lavoisier and Laplace law: The heat which is required 

to break a compound into its elements is equal to the heat evolved 
during its fonnation from its elements. 

!:!.H decomposition = - !:!.H f 

I 
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(ii) Hess's law (the lawof constant heat summation): If a 
chemical reaction can be made to take place in a number of ways 
in one or in several steps, the total change is always the same, i.e., 
heat change depends upon the initial and final stages only and 
independent of intermediate steps, The thermochemical 
equations can be added, subtracted or multiplied by a number to 
obtain a desired equation. 

21. Bond energy: The energy required to break one mole 
of bond of a particular type is termed bond dissociation energy. It 
depends upon the nature of bond and also the molecule in which 
the bond is present. The bond energies can be used for 
determining heats of reactions. ' 

[Heat of reaction"" Sum of bond energies of reactants 
Sum of bond energies of products] 

The bond energies can also be used for determining resonance 
energy. 

Resonance energy Observed heat of formation 
- Calculated heat of formation 

22. Experimental determination of heat of 
reaction: The apparatus used is called calorimeter. Two of the 
common types of calorimeters are: (i) Water calorimeter (ii) 
Bomb-calorimeter. The principle of, measurement is that heat 
given out is equal to heat taken, i.e., 

Q""(W+m)xsx(T2 -Td 

where, W == Water equivalent of the calorimeter, m mass of the 
liquid, s == its sp. heat, T2 = fmal temperature and Tl == initial 
temperature. 

23. Spontaneous process: A process which proceeds of 
its own accord without any outside help is termed spontaneous 
process. All natural processes' proceed spontaneously and are 
thermodynamically irreversible. 

Driving force: It is the force which makes the process to 
occur by itself. It is the resultant of two basic tendencies: 

(i) Tendency to attain a state of minimum energy. 
(ii) Tendency to attain a state of maximum randonmess. 
The disorder 9r randonmess in a system is measured in terms 

of a thermodynamic property known as entropy. The absolute 

value of entropy cannot be determined. The change in entropy is 
denoted by flS. 

IlS == q reversible 

T 

where, q is the heat supplied at temperature T. 
flS + indicates increase in randonmess whereas, t:.S == 

indicates the decrease in randonmess', 

flS S final - S initial' 

24. Free energy: Free energy change, t:.G, was introduced 
by Gibbs. The Gibbs-Helmholtz equation is: 

flG == IlH - T IlS or G==H-TS 

and flG"" G products - G reactants 

where, G is known as free energy. This is the maximum energy 
available to a system during a process which can be converted 
into useful work. 

Negative value of !J.G· indicates that the proces~ is 
spontaneous. Zero value means that there is a state of 
equilibrium. 

25. Second law of thermodynamics: 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. 

Or 
Work can always be converted into heat but the conversion of 

heat into wor)c does not take place under all conditions. 
26. Carnot· cycle: It demonstrates the maximum 

convertibility of heat into work in a theoretical and an imaginary 
cycle. 

Thermodynamic efficiency 
W ==--=-_.:0.. 

The efficiency of a heat engine is always le:;>s than 1. 
27. Third law of thermodynamics: The entropy of all 

pure crystals is zero at the absolute zero of temperature. 
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~l!tilINifj 
Matrix-Matching Problems (For lIT Aspirants); 
[A] Match the List-I with List-II: 

List-I List-II 

(a) flSsy&em > 0 
(Isolated system) 

(P) Spontaneous 

(b) ~G<O (q) Non-spontaneous 
photochemical reaction 

(c) flSTotal == 0 (r) Equilibrium 

(d) (~G)TP > 0 (s) Non-spontaneous 

[B] Match the Column-I with Column-II: 

Column-I Column-II 

(a) Isothermal process (P) W = 2.303nRT log (~) 
(reversible) 

(b) Adiabatic process (q) PV Y = constant 

(c) W = nR (Tz r-I 
1\) (r) (V \ 

W == 2.303nRT log ~ J 
(d) Irreversible i~otherrnal (s) W == - Pext (V2 - Vi ) 

process 

[C] Match the physical properties ill,tList-I with their relations 
in List-II: 

List-I List-II 
(Quantity) (Relation) 

(a) ~G (P) -nFE or - nFEO 

(b) ~Go (q) MI-TflS 

(c) Wor Wmax (r) -RT loge K 

(d) ~SO (s) 2.303nR log 10 (~ ) 
[D] Match the Column-I with Column-II: 

Column-I Column-II 
(Gas) (Thermodynamic property) 

(a) °2 (p) Y = 1.4 

(b) N2 (q) 7 
Cp =-R 

2 

(c) CO2 ,CH4 (r) 23 R 
6 

(d) I mol 0z + 2 mol 0 3 (s) Y = 1.33 

Here: C p = Heat capacity at constant pressure 
y CplCy 

[E] Match the reactions in Column-I with relations of 
Column -II: 

Column-I 
(Reaction) 

Column-II 
(Relation) 

(a) H2(g) + CI2(g) ~ 2HCl(g) 

(b) N2(g)+ 02(g)~ 2NO(g) 

(c) Hz(g)+ I2(g)~ 2HI(g) 

(P) MI == ~U + RT 

(q) MI= ~U 

(r) MI == ~U 2RT 

(d) N2 (g ) + 3Hz (g ) ~ 2NH3 (g) (s) Forward shift by 
increasing pressure 

[F] Match the processes of Column-I with entropy or,~J.lthalpy 
changes in Column-II:' . 

Column-I Column-II 

(a) Nz(g) + 02(g) ~ 2NO(g) (P) ~S 0 

(b) 2KI(aq.) + HgIz(aq.)~ (q) ~ < 0 
K 2[HgI4](aq. ) 

(c) PCI3 (g)+ CI2(g)~ PCldg) (r) MI > 0 

(d) NH3(g)+HCI(g)~NH4Cl(s) (s) MI<O 

[0] Match the List-f\lvith List-II: . 

List-I List-II 
(Reaction) .' (Process) 

I . 
(a) C(s)+ '2 ~(g)~ CO(g) (P) Combustion 

. I . 
(b) CO(g) + - 02(g) ~ CO2(g) (q) Neutralization 

2 

(c) NaOH(aq.) + HCl(aq.) ~ (r) Process of 
NaCl(aq.)+ H20 formation 

(d) Hz(g) + I 02(g) ~ H20(I) (s) Reaction of apollo 
2 fuel cell 

[H] Match the relations of Column-I with their names in 
Column-II: 

Column-I Column-II 

(a) Mlz MIl =~Cp 
-1\ 

(P) Trouton equation 

(b) =~Cy (q) Effect of temperature 
T2 -1\ on the heat of 

reaction 

(c) MI fusion _ ~ (r) Kirchhoff's equation T - fusion 
mp 

(d) lim S~O (s) Third law of 
T~OK thermodynamics 
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[I] Match the Column-I with Column-II: [J] Match the Column-I with Column-II : 
Column-I Column-IJ Column-I Column-II 

(a) Amount of heat required (P) Specific heat x molar 
to raise the temperature mass 
of I mol substance by 
laC 

(a) Mf = + ve,I1S + ve (P) Spontaneous at all 
temperature 

(b) Mf = - ve, I1S = + ve (q) Non-spontaneous at all 

(b) Mf I1U (q) Heat capacity C,Cp or -or-
I1T I1T Cv 

temperature 

(c) Mf + ve, I1S = - ve (r) Non-spontaneous at high 
temperature 

(c) Heat evolved in the (r) Electron gain enthalpy (d) Mf = ve, I1S - ve (s) Spontaneous at high 
combustion of I g of a temperature 
substance 

(d) Heat evolved when an (s) Calorific value 
extra electron is added to 
valence shell of an 
isolated gaseous atom 

. . --:' . 
[,~l,tr-?;Cf..·'\',c';i>h;fd-~:}~;t{ii~i~ ____________ ------------------------i 

1. [A] (a-p); (b-p, q); (c-r); (d-s) 
[B] (a-p, r);(b-q); (c-q); (d-s) 
[C] (a-p, q); (b-p, r); (c-p); Cd-s) 
[D] (a-p, q); (b-p, q); (c-s); (d-r) 
[E] (a-q); (b-q); (c-p); (d-r, s) 

[F] (a-p, r); (b-q, s); (c-q, r); (d-q, s) 

[G] (a-p, r); (b-p); (c-q); (d-p, r, s) 
[H] (a-q, r); (b-q, r); (c-p); (d-s) 
[1] (a-p, q); (b-p, q); (c-s); (d-r) 

. [J] (a-s); (b-p); (c-q); (d-r) 

•. RACTICE PROBLEMS. 
1. Write 'yes' if heat, work or matter are able to cross the 

boundary of the corresponding system and 'no' if passage is 
forbidden: 

Property 
Close Isolated Adiabatic 

system system system 

Heat YesfNo YesfNo YesfNo YesfNo 

Work YesfNo YesfNo YesfNo YesfNo 

Matter YesfNo YesfNo YesfNo YesfNo 

2. Which of the following are state functions? 
(i) Q (ii) W (iii) Q + W (iv) Q - W (v) Qv(vi) Qp 

(vii) fL (viii) fL (ix) Mf (x) E + PV (xi) E PV 
W T T . 

[Ans .. (iv), (v), (vi), (viii), (ix), (x).] 
3. In the adjoining diagram, the P -V graph of an ideal gas is 

shown, Find out from the graph (i) Work done in taking the gas 

i 
c:J 15 DB f= 
"'§ 12 

i 9 
c: 6 .... ----

<fl iD C: 0 3 ..- I I 

it I I 

0 
I , 
2 3 4 5 6 7 

V (litre) -

from the state A ~ B (ii) Work done in taking the gas from 
B ~ C (iii) Work done in a complete cycle. (1 litre == 10-3 mC) 

[Ans. (i) -60 XI02 J (ii) zero (iii) 36 x 102 J, i.e" network is 
done by the gas] 

4. A sample of a gas contracts 200 cm3 by an average of 0.5 
atmosphere while 8.5 J heat flows out into the surroundings. 
What is the change in energy of the system? 
(1 litre-atm 101.3 1) 
[Ans. Energy of the system increases by 1.63 J] 

5. Calculate the pressure-volume work done by the system when 
the gas expands from 1.0 litre to 2.0 litre against a constant 
external pressure of 10 atmospheres. Express the answer in 
calorie and joule. 
[Ans. -10 litre-atm, -242.2 cal, -1013.28 J] 

6. A sample of a gas in a cylinder contracts by 7.5 litre at a 
constant pressure of 5.0 atmosphere. How much work is done 
on the gas by the surroundings? 
[Ans. 37.5litre-atm or 3801.75 J] 

7. A sample of a gas expands from 200 cm3 to 500 cm3 against an 
average pressure of 750 torr while 1.5 J h~at flows into the 
system. What is the change in energy of the system? 
(1 litre-atm == 10 1.3 J) 

8. 

[Ans. Energy of the system is decreased by 28.5 J; 
tlE 28.5 J 1 
Calculate the work done when 65.38 g of zinc dissolves in 
hydrochloric acid in an open beaker at 300 K. (At. mass of . 
Zn 65.38) 
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[Ans. - 2494.2 J, i.e., work is done by the system] 

9. 6 moles of an ideal gas expand isothermally and reversibly 
from a volume of 1 dm3 to a volume oflOdm3 at 27°C. What 

is the maximum work done? Express your answer in joule. 
[Ans. - 34464.8 J, work is done by the system] 

10. 1 mqle of an ideal gas at 25° C is allow\!d to expand reversibly 

at constant temperature from a volume of 10 litre to 20 litre. 
Calculate the work done by the gas in joule and calorie. 
[Ans. - 1717.46 J or -4 n cal, i.e., work is done by the gas] 

11. Find the work done when 1 .. mole of the gas is expanded 
reversibly and isothermally from 5 atm to 1 atm at 25° C. 
[Ans. - 3984 J] 

[Hint: Use w = - 2.303 nRT log PI ] 
P2 

12. How much energy is absorbed by 10 moles of an ideal gas if it 
expands from an initial pressure of 8 atmosphere to 4 
atmosphere at a constant temperature of 27° C? 
(R = 8.3lJ mol- I K-!) 

[Ans. 1.728 x 104 J] 
[Hint: In isothermal process, till = 0, 
so q (heat absorbed) = - w. Thus, apply the equation 

P, 
q = 2.303nRT log...l. ] 

P2 

13. A given mass of a gas at 0° C is compressed reversibly and 

adiabatically to a pressure 20 times the initial value. Calculate 

the final temperature of the gas. [~~ = 142] 

[Ans. T2 = 662.2 K] 

[Hint: Apply the formula [~J y = [ ~J I - y ] 

14. 3 moles of hydrogen are compressed isothermally and 
reversibly from 60 dm3 to 20 dm3 and 8.22 kJ of work is done 
on it. Assuming ideal behaviour, calculate. the temperature of 
the gas. 
[Ans. 300 K] 

15. To what pressure must a certain ideal gas(y = 1.4) at 373 K 

and 1 atmospheric pressure be compressed adiabatically in 
order to raise its temperature to 773 K? 
[Ans. 7.89 atm] 

16. 1 mole of an ideal gas (Cv = 12.55 J K-! moe!) at 300 K is 

compressed adiabatically and reversibly to one-fourth of its 
original volume. What is the final temperature of the gas? 
[Ans. 752 K] 

17. Calculate q, w, M and M for the reversible isothermal 

expansion of 1 mole of ideal gas at 27° C from a volume of 10 
dm3 to a volume of 20 dm3

. 

[Ans. q= -W= 1729 J] 
18. Calculate the internal energy change for the process in which 

1.0 kcal of heat is added to 1.2 litre of O2 gas in a cylinder at 
constant pressure of 1.0 atm and the volume changes to 1.5 litre. 
[Ans. 0.993 kcal] 

19. Calculate M and Mwhen lOdm3 of helium atNTPis heated 

in a cylinder to 100° C, assuming that the gas behaves ideally. 
(Cv = 3/ 2R) 
[Ans. till = 556.74 J 

/lli = 927.9 J] 
[Hint: till = n· Cv . I'l.T and /lli = n· C p . I'l.T 

=~X~X8.314 x 100 =~ x~ x 8.314 x 100 
22.4 2 22.4 2 

= 556.74 J = 927.9 J] 
20. For the conversion of 1 mole of S02 (g) into S03 (g) the 

enthalpy of reaction at constant volume, M, at 298 K is 
-97.027 kJ. Calculate the enthalpy of reaction, /j.Jf, at constant 
pressure. 
[Ans. /lli = - 98.267 kJ] 
[Hint: . Use the reaction, 

1 3 1 
S02(g) + - o/g) ~ S03(g), I'l.n = 1- - = - -] 

2 2 2 
21. The heat liberated on complete combustion of7.8 g benzene is 

327 kJ. This heat has been measured at constant volume and at 
27 ° C. Calculate the heat of combustion ot benzene at 
constant pressure. (R = 8.3 JK-1 mol-I) (lIT 1996) 

[Ans. -3273.7 kJ mor l
] 

22. ,1 mole of naphthalene (ClOHg) was burnt in oxygen gas at 

25 ° C at· constant volume. The heat evolved was found to be 
5138.8 kJ. Calculate the heat of reaction at constant pressure. 
(R = 8.3 JK- l mol-I) 

[Ans. 5l43.8kJ] 
[Hint: Water is present in liquid state at 25° C and naphthalene 
in solid state.] 

23. The enthalpy of formation of methane at constant pressure and 
300 K is -75.83 kJ. What will be the heat of formation at 
constant volume? (R = 8.3 J K -I mol -I) 

[Ans. -73.34 kJJ 
24. The heat change for the reaction, 

N2(g) + 3H2(g) -----7 2NH3I(g) 

is - 92.2 kJ. Calculate the heat of formation of ammonia. 
[Ans. - 46.1 kJ mol-I] 

25. /j.Jf0 for the reaction, 

4S( s) + 602 (g ) -----7 4S03 (g ) 

is -1583.2 kJ. Calculate /j.Jf; of sulphur trioxide. 

[Ans. - 395.8 kJ] 
26. Calculate the heat change in the reaction, 

4NH3 (g ) + 302 (g) -----7 2N2 (g) + 6H20( I) 

at 298 K given that heats of formation at 298 K for NH3 (g ) 
and H20(I) are - 46.0 and- 28{).0 kJ mol-I respectively. 

[Ans. /lli0 
=: -1532 kJ] ''', 

27. Calculate the heat of combustion of 1 mole of C2H4 (g) to 

form CO2 (g) and HzO(g) at 398 K and 1 atmosphere, given 
that the heats of formation of CO2 (g ), H20(g ) and CZH4 (g) 
are - 94.1, - 57.8 and + 12.5 kcal mol-! respectively. 
[Ans. - 316.3 kcal] 
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28. The heats of combustion of CH4 (g ) and ~H6 (g ) are -890.3 

and - 1560 kJ mol-1 respectively. Which has higher calorific 
value? 
[Ans. Methane has higher calorific value.] 

29. The heat of combustion of butane is 2880 kJ mol-t . What is 
the heat liberated by burning 1 kg of butane in excess of 
oxygen supply? 
[Ans. 49655 kJ] 

30. The heat of formation of CH4 (g ), ~H6 (g ) and C4HlO (g ) are 

- 74.8, - 84.7 and - 126.1 kJ mol-I respectively. Arrange them 

in order of their efficiency as fuel per gram. Heats of 
formation of CO2 (g ) and H20(l) are - 393.5 and - 285.8 kJ 
morl respectively. 

[Ans. CH4 > C2~ > C4H IO] 

[Hint: First determine heat of combustion in each case and then 
find the calorific value.] 

31. The heat of combustion of carbon to CO2 (g ) is 

- 393.5 kJ mol-'. Calculate the heat released upon formation 

of 35.2 g of CO2 (g) from carbon and oxygen gas. 
[Ans. - 315 kJ] 

32. Calculate LVI;ofC6H120 6 (S) from the following data: 

LVIcomb of C6HI20 6(s) == - 2816 kJ mOrl , LVI; of CO2 (g) 

'= - 393.5kJ mor' and LVI; (Hpj - 285.9 kJ mol-I. 

[Ans. 1260 kJ mOrl] 
33. Calculate the amount of heat released when: 

(i) 100 mL of 0.2 MHCl solution is mixed with 50 mL of 0.2 
MKOH. 

(ii) 200 mL of 0.1 MHzS04 is mixed with 200 mL of 0.2 M 
KOH solution. 

[Ans. (i) 0.57 kJ (ii) 2.18 kJ] 
34. When 100 mL each of HCI and NaOH solutions are mixed, 

5.71 kJ of heat was evolved. What is the molarity of two 
solutions? The heat of neutralisation ofHCI is 51.1 kJ. 
[Ans. 1M] 

35. Determine the enthalpy of the reaction, 
C3Hg(g) + H2(g)~ ~H6(g)+ CH4 (g) 

at 25° C, using the given heat of combustion values under 
standard conditions. 
. Compound H2(g) CH4 (g) ~H6(g) C(graphite) 

!1l-F' (kJ mol-I) --285.8 -890.0 -1560.0 -393.5 

The standard heat offormationofC3Hg (g )is-103.8 kJ mol-I. 

nn 1992) 
[Ans. 55.7 kJ] 

I 
[Hint: H2(g) + - 02(g) 

2 
H20; (LVI - 285.8 kJ) ... (i) 

(Mf 
7 

C2~(g) + - 0z(g) ---7 2C02(g) + 3HzO; 
2 . 

... (ii) 
890.0 kJ) 

... (iii) 

(Mf == 156u.0 kJ) 
C + O2 (g) ---7 CO2 (g); (LVI - 393.5 kJ) ... (iv) 

3C+ 4H2(g)---7C3Hg (g); (M! =-103.8kJ) ... (v) 
MUltiplying eq. (i) by' 5 and eq. (iv) by 3 and adding both the 
. equations and subtracting eqs. (ii), (iii) and (v).] .. 

36. The standard enthalpy of combustion at 25° C of hydrogen, 

cyclohexene (C6HlO ) and cyclohexane (C6H12 ) are - 241, 
- 3800 and - 3920 kJ mol-' respectively. Calculate the heat of 

hydrogenation of cyclohexene. [ISM (Dhanbad) 19921 
[Ans. -121 kJ mol-I] 
[Hint: 

1 
H2(g) + '2 °2(g) ---7 HzO(g); ... (i) 

(M! =-241kJmor-') 
17 (g ( .. ) C6H 10 (g) + - 02(g) ---7 6C02 ) + 5HzO(g); ... 11 

2 (M! 3800 kJ mort) 

C6HI2(g) + 902(g) ---7 6C02(g) + 6H20(g); ... (iii) 
(Mf = 3920 kJ mor1

) 

Adding eqs. (i) and (ii) and subtracting eq. (iii), 
~HIO(S) + H2(g) ---7 C6Hds); 

M! == - 241- 3800 - (-3920) = -121 kJ mor' ] 

37. From the following data of heats of combustion, find the heat 
off ormation ofCH30H(l): 

3 
CH30H(I) + 02(g) ~ CO2 (g)+ 2H20(I); 

2 
AH -726kJ 

. C(s) + O2 (g ) ~ CO2 (g); AH = - 394 kJ 
I 

. H2 (g)+ - 02(g)~ H20(l); AH = 286kJ 
2 

{BIT (Ranchi) 19911 
[Ans .. :"'240kJmor'] 

38. Calculatp the heat;offQrmation of methane, given that 
. heat of formation of water - 286 kJ mol-I 

heat of c6'inbustion of methane == 890 kJ morl 

. hea~ of combustion of carbon - 393.5 k1 morl 
\ '.-

([SM (DhanbacO ! 9931 
[Ans. 75.5 kJmorl] 

39. Calculate the standard heat of formation of ~OH8 

(naphthalene) if standard heat of combustion of naphthalene is 
1231.0 kcal at 298 K and standard heat of formation of 

CO2 (g) and H20( l) are - 94.0 kcal and - 68.4 kcal 
respectively. 
[Ans. 17.4kcal] 

40. The heat of combustion of liquid ethanol is 327.0 kcal. 
Calculate the heat off ormation of ethanol, given that the heats 
off ormation of CO2 (g ) and H20(l) are -94.0 kcal and 68.4 
kcal respectively. 

. [Ans. 66.2 kcal] 
41~ . C;aLculate heat of formation of cane sugar from following data: 

'.' ,",' 

,,~: I 
H2 (g) + - O2 (g) ~ H20(g); LVI = 68.4 kcal 

2 

C(g) + O2 (g ) ~ CO2 (g); LVI:= - 94.4 kcal 

~2H22011 (s) + 1202 (g) ~ I2C02 (g) + IIHz0(l); 

LVI - 1350.0 kcal 
[Ans. 535.2 kcal] . 

42. The heats of formation of C6~(l), H20(l) and CO2 (g) are 

11.70, - 68.4 and 94.0 kcal respectively. Calculate the heat 
of combustion of benzene (I) . 
[Ans. -780.9 kcal] 
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[Hint: c;H6(I) + 1; Gig) ~ 6C02(g) + 3HzO(I); tili = ? 

!:JH = 6 x tilif (C0 2) + 3 x tilif (H20 ) - tilif (C6H6)] 

43. Calculate the heat of hydrogenation ofc;H2 to C2H4 . 

H2(g) + ..!. O2 (g) ~ H20(l); AH = - 68.32 kcal . 
2 

AH = - 310.61 kcal 

C;~ (g) + 302 (g ) ~ 2COz (g) + 2H20(l); 

AH = - 337.32 kcal 

[Ans. - 41.61 kcal] 
44. Calculate the heat of hydrogenation, 

c;H4 (g) + H2(g) ~ c;H6(g) 

given that, the heat of combustion of ethylene, hydrogen and 
ethane are - 337.0, - 68.4 and - 373.0kcal respectively. 
[Ans. -324 kcal] 

45. Ifthe heat off ormation of A120 3 (s)and Cr203(s)~ 1596 kJ 

and 1134 kJ (both exothermic) respectively. Calculate AH of 
the thermite reaction. 

Cr203(s) + 2A1(s) ~ 2Cr(s) + A120 3(s) 

[Ans. - 462 kJ] 
46. Calculate the enthalpy of transition of rhombic sulphur to 

monoclinic sulphur from the following data: 

S(rhombic) + 02 (g ) ~ S02 (g); AH = - 297.5 kJ 

S(monocliriic) + O2 (g ) ~ SOZ (g ); 

[Ans. + 2.4 kJ] 
47. Calculate AH forthe reaction, 

H2(g)+ Yz02(g)~ H20(g) 

AH = - 299.9 kJ 

given that bond energies of H-H and ° = ° bond and O-H 
bond are 433 kJ mol-I, 492 kJ mol-I and 464 kJ mol-I. 

[Ans. - 249 kJ] 
48. Using the bond enthalpy data, calculate AH of the following 

reaction: 
2Cl2 (g) + 2HzO(g ) ~ 4HCI(g) + 0z (g) 

given that, bond energies ofCl-Cl; H-Cl, O-H and 0=0 
are 242.8, 431.8, 464 and 442 kJ morl respectively. 
[Ans. 172.4 kJ mol-I] 

49. Calculate the enthalpy of the reaction, 

Sn02(S)+ 2Hz (g) ~ Sn(s) + 2H20(l) 

given that, enthalpy of formation of Sn02(S) and H20(l) are 
580.7kJ and - 285.8 kJ respectively. 

[Ans. +9.1 kJ] 
50. Calculate the enthalpy change for the reaction, 

H2 (g)+ Clz(g)~ 2HCl(g) 

given that, bond energies of 
436, 243 and 432 kJ mol-I. 
[Ans. -185 kJ mol-I] 

Cl-Cl and H-Cl are 

51. Use the bond energy data and calculate the enthalpy change 
for: 

H 

I 
2C(g) + 2H(g) + 2Cl(g)~ H- C-CI 

I 
Cl 

The bond energies of C-H and C-Cl are 413 and 328 kJ 
mol-I respectively. 

[Ans. -1482kJ mor l
] 

52. Calculate the heat of formation of ammonia from the 
following data: 

Nz(g)+ 3H2(g)~ 2NH3 (g) 

The bond energies of N == N, H - H and N - H bonds are 
226, 104 and 93 kcal respectively. 
[Ans. -10 kcal] 

53. Use the following bond dissociation energies to compute the 
C-H bond energy in methane: 

(i) CH4(g)~ CH3 (g) + H(g); 

(ii) CH3 (g ) ~ CHz (g) + H(g ); 

AH = 475 kJ morl 

AH = 470 kJ mol-I 

(iii) CH2 (g) ~ CH(g) + H(g ); AH = 416 kJ mol-I 

(iv) CH(g) ~ C(g) + H(g); AH = 335 kJ mol-I 

[Ans. 424 kJ mol-I] 
o . 

54. Calculate AH f for chloride ion from the following data: 

1 1 '2 H2 (g) + '2 Cl2 (g ) ~ HC1(g ); AH = - 92.4kJ morl 

HCI(g) + nH20 ~ H + (aq.) + cr (aq.); 

AH = - 74.8 kJ mol-I 

AHC _ -I 
f (H + aq.) - 0.0 kJ mol (III 19'1L) 

[Hint: Required equation is 

Yz CI2(g) + nHzO ~ CI+ (aq.); tili =? 

Adding both equations. 

Yz H2(g) + Yz Clz(g) + nHzO ~ H+ (aq.) + C1-(aq.); 

tili = -167.2 

Yz H2(g) ~ H+ (aq.); tili = 0 

So, Yz CI2(g) + nHzO ~ Cqaq.); tili = -167.2 kJ mol-I] 

55. The heat of ionisation of formic acid is 1.5 kJ / mol. 9.2 g 
formic acid on reaction with 7 g ainmonium hydroxide gives 
10.8 kJ of heat. Calculate the heat of ionisation of ammonium 
hydroxide. (1 cal = 4.2 J) 
[Ans. 2.04 kJ / mol] 

56. Assuming that 50% of the heat of useful, how many kg of 
water at 15 0 C can be heated to 95.00 C by burning 200 litre of 
methane measured at NTP? The heat of combustion of 
methane is 211 kcal mol-I. 

[Ans. 11.76 kg] 

57. The standard potential for the reaction, 

Ag +(aq.)+ Fe2+ (aq.) ~ Fe3+ (aq.) + Ag(s) 

is 0.028 V What is the standard free energy change for this 
reaction? 
[Ans. 2.702 kJ mol-I] 
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58. Calculate the theoretical maximum efficiency of a heat engine 
operating between 373 K and 173 K. 

. [Ans. 0.$36 or 53.6%] 
59. The standard free energy of formation in the gaseous state of 

methanol, dimethyl ether and water are - 38.7, - 27.3 and 
-54.6 kcal respectively. Is the transformation of methanol to 
dimethyl ether and water in gaseous state possible? 

2CH~OH CH30CH3 + H20 
[Hint! t:..G'" for the transformation 

= L t:..G(;roductS) L t:..G(:eactants) 

= ve (the transformation is possible)] 

60. Ethanol boils at 78.4° C and standard enthalpy of vaporization 
of ethanol is 42.4 kJ morl. Calculate the entropy of 
vaporization of ethanol. 
[Ans. 120.9 J K- l mol-I] 

6t. The following data is known about the melting ofKCl: 

Mf 7.25 kJ mOrl and t:..S = + 0.007 J K-1 mor1 

Calculate its melting point. 

[Ans. 1035.7 K] 
[Hint: At melting point t:..G = 0] 

62. For the reaction, 

Ag20~ 2Ag(s) + ..!. 02(g) 
2 

Calculate the temperature at which free energy change is zero. 
At a temperature lower than this, predict whether the forward 
or the reverse reaction will be favoured. Give reason. 

(t:.H = + 30.56 kJ and t:..S = + 0.066 kJ K- 1 mol-I at one 

atmosphere) 
[Hint: Calculate T by applying tfie formula 

t:..G = !:..H T t:..S and t:..G = O. 
Then find the value of t:..G at lowertemperature than T. The value of 
t:..G com"s positive; hence, the reverse reaction will be favoured. At 
temperature higher than T, the reaction is spontaneous.] 

63. Calculate the boiling point of the liquid if its entropy of 
vaporization is 110 J K-1 mol-1 and the enthalpy of 

vaporization is 40.85 kJ mor 1 • 

[Ans. 371.36 K] 
64. Using So values, calculate the entropy of the reaction, 

1 
S02(g) + 2 °2(g) ----+ S03(g) 

The So values for S02' 0z and S03 are 248.5, 205.0 and 256.2 
JK-1 mOrl. 

[Ans. = -94.2 J K- I moll] 

[Hint: t:..s :eaction = L S ;roduct, - L S :eact.ntsl 

65. Calculate the entropy change for the following reaction: 
CaC03 (s ) ----+ CaO( s ) + COz (g ) 

So 92.9 39.7 213.6 J K-1 mol-I 

[Ans. +l .• ,i 4 J ;.. •. I "101-1] 

66. Compute tne va :: .of t:..S at 298 K for the reaction, 

H2 (g ) + ;0 O2 (g) ----+ HzO(g ) 
given that, t:.G = 228.6 kJ and Mf 241.8 kJ. 
[Ans. 44.3 J K-l] 

67. An engine operating between 150°C and 25°C takes 500 J 

heat from a high temperature reservoir. Assuming there is no 
frictional loss, calculate the work that can be done by the 
engine. 

[Ans. 148 J] 
68. At 300 K, the standard enthalpies of formation of 

C6HsCOOH(s), COz(g ) and Hz0(l) are -408, -393 and -286 
kJ mol-1 respectively. Calculate the heat of combustion of 
benzoic acid at (i) constant pressure and (ii) constant volume. 

(R =8.3IJmol-1K-I ) (lIT 1995) 

[Ans. (i)!:..H = - 3201 kJ mol-I; 
(ii) t:..E = - 3199.75 kJ mol-I] 

69. For the reaction, 
Brz (I) + CI2 (g) ----+ 2BrCI(g) 

Mf 29.37 kJ mor1 and t:..S = 104 J K-1 mol-I. Find the 

temperature above which the reaction would become 
spontaneous. 

[Ans. Above 282.4 K] 
70. For the synthesis of ammonia, 

Nz (g ) + 3Hz (g) ----+ 2NH3 (g) 
Calculate. MfO ,t:..S ° and t:.Go at 300 K using the following 
data: 

Species 

Mf; I (kJ mol-I) 

SO/(JK-1 mol-I) 

H2 

o 
130.6 

NH3 

46.2 

192.5 

[Ans. !:..H0 = - 92.4 kJ mol-I, t:..so = :"198.3 J K-I mol- I 

t:..Go = 32.91 kJ mol-I] 

71. How much heat is required to change 15.6 g of benzene from 
liquid into vapour at its boiling point of 80°C? Entropy of 
vaporization of benzene is 87 J K-I morl. 

[Ans. 6142.2 J] 
72. Calculate the standard free energy change for the combustion 

of glucose at 298 K, using the given data. 

C6H120 6 + 602 ----+ 6C02 + 6H20 

Mfo = 2820 kJ morl , t:.so = 210 J K -J mOrl . 

[Ans. t:..Go - 2882.58 kJ mor l
] 

73. The specific heat at constant volume for a gas is 0.075 cal/g 
and at constant pressure it is 0.125 caVg. Calculate: 
(i) the molecular weight of gas, 
(ii) atomicity of gas. 

[Hint: (i) C p - C v = ~ where, M = molecular weight of gas 
M 

(ii) 

0.125 - 0.G75 = 1.987 
M 

M =39.74 ",40 

C 
-.f. = Y 
Cv 

0.125 

0.G75 
1.66 

.. 1.66 value ofy shows that the gas is monoatomic.] 
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74. 

73. 

The polymerisation of ethylene to linear polyethylene is 
represented by the reaction, 

nCH2 CH2 CH2 - CHdii 
where, n has a large integral valu~. Given that the average 
enthalpies of bond dissociation for C = C and C-C at 298 K 
are +590 and + 331 kJ mol-I respectively, calculate the 

enthalpy of polymerisation per mole of ethylene at 298 K. 
(lIT 1994) 

[Hint: nCH2 CH2 CH2 CHdii 
There are equal number of C-H bonds on both sides but on 
reactant side there are nC C bonds and on product side 
(2n + l)C-'-Cbonds. 
Enthalpy of polymerisation 

(2n + 1)6H(c_C) 
590n (2n + 1)(331) 
590n 662n 

72n kJ 
[2n + .I-t 2n as n is very large] 

Enthalpy of polymerisation per mole 

6H 72n _ 72 kJ morl ] 

n n 
An athlete is given 100 g of glucose (C6HI20 6 ) of energy 

equivalent to 1560 kJ. He utilises 50% of this gained energ-f in 
the event. In order to avoid storage of energy in the body, 
calculate the mass of water he would need to perspire. The 
enthalpy of evaporation of water is 44 kJ mol-I. 

[Hint: Unused energy 1560 = 780 kJ 
2 \ 

Mass of water needed for perspiration = 18 x 780 = 318.96 g] 
44 

76. Calculate the entropy of ideal mixing when 2 moles of Nz, 3 

moles of H2 and 2 moles of NH3 are mixed at constant 
temperature, assuming no chemical reaction is occurring. 

[Ans. 62.80 J K-1
] 

[Hint: Use the relation, 

6S R :E nj loge Xi 

when ni = no. of moles of component 
x; = mole fraction ofthe component] 

n. Calculate free energy change for the reaction: 
H2(g)+ CI2(g)-t 2H-Cl(g) 

by using the bond energy and entropy data. 
Bond energies Cl-CI and H-CI bonds are 435 kJ 
mol-I, 240 kJ mol-I and 430 kJ mol-1 respectively. Standard 
entropies of Hz, Cl2 and HCl are 130.59,222.95 and 186.68 
J K-1 mol-I respectively. . 

[ATls. 190.9 kJ] 
[Hint: 6Go can be calculated by using: 

6Go 6Ho TIJ.S° 

6Ho :E (BE\.eactants - :E (BE)products 
= 435 + 240 - 2 x 430 -185 kJ 

t:..so == :E S;roducls :E S ;eactants 

2 x 186.68 130.59 - 222.95 
19.82 J K-1 19.82 X 10-3 kJ K-1 

t:..Go 6Ho Tt:..So 

185 298 x 19.82 x 10-3 = -190.9 kJ] 

78. For the reaction, 

'79. 

80. 

4C (graphite) + 5H2 (g) nC4HIO (g ); 
!::..H0 124.73 kJ mol-1 

lJ.So - 365.8 J K-1 mol-I 

4C (graphite) + 5H2 (g ) iso-C4H IO (g) 

!::..H0 131.6 kJ mol~l 

t:..s o 381.079 J K-1 mol-I 

Indicate whether normal butane can be spontaneously 
converted to iso-butane or not. 
[ATls, Yes, t:..Go == - 2.32 kJ] 
[Hint: For nC4H IO, 

t:..Go = 6Ho - T6So 

124.73 298(-365.8 x 10-3
) = 15.72 kJ 

For iso-butane (iso-C4H IO), 

6GO 131.6 298(-:- 381.079 x 10-3) 

18.04 kJ 
For conversion of nC4H 10 iso-C4H 10 , 

t:..Go = 18.04 (-15.72) = 2.32 kJ 

Negative value shows that the process is spontaneous.] 
The temperature of a bomb calorimeter was found to rise by 
1.617 K, when a current of 3.20 amp was passed for 27 sec 
from a 12 V source. Calculate the calorimeter constant. 
[Hint: Energy absorbed by the calorimeter 

= I x t x V 3.2 x 27 x 12 = 1036.8 J 
Calorimeter constant (ms) can be calculated as, 

q ms!::"t 

1036.8 = ms X 1.617 
ms 641.187 kJ] 

1 mole of an ideal gas is allowed to expand isothermally at 
27 ° C until its volume is tripled. Calculate t:..S sys and t:..S univ 

under the following conditions: 
(a) the expansion is carried out reversibly. 
(b) the expansion is a free expansion. 

[A'TIs. (a) IJ.Ssys 9.135 J K- i rnol-1 

6Ssurr = 9.135 J K-1 rnor1 

t:..Suniv 0 

(b)6Suniv =6Ssys=9.135JK-1 morl
] 

[Hint: (a) In isothermal reversible process: 

q 

'T 

W = 2.303RT log V2 

VI 

2.303 x 8.314 x 300 log 3 = 2740.6 J mol-I 

= 2740.6 = 9.135 J K- 1 rnol-1 

T 300 

t:..Ssurr = - t:..Ssystem = - 9.135 J K-1 mol-I 

!::,.Suniv = 0 
(b) In case offree expansion: 

!::"S 2.303nR log r V2 J == 9.135 J K-1 mol-I 
\V1 
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~Suniv = ~Ssys = 9.135 J K-
1 mol-1 

Msurr = 0] 
81. One kilogram water at 0° C is brought into eontact with a heat 

reservoir at 100" C. Find: 
(a) change in entropy when temperature reaches to 100" C. 
(b) what is the change in entropy of reservoir? 
(c) change in entropy of universe. 
(d) the nature of process. 
[Ans. (a) 312 cal K-1, (b) -26S.1 cal K-1

, (c) 43.9 cal K-1 

(d) spontaneous] 

[Hint: (a) ~S = 2.303nC p log G~) 

:= 2.303 x 1000 x 18 log (373) 312 cal K-1 

18 273 

~Q 
(b) M reservoir := - T 

~Q = ms I1t = 1000 x I x 100 := 105 cal 

-105 
I 

M:= - == -268.1 cal K-
373 

(c) ~Sunive"", = 312 - 26S.1 == 43.9 cal KI 

(d) ~S > 0, the process will be spontaneous.] 

82. A monoatomic ideal gas of two moles is taken through a cyclic 
process starting from A as shown in figure. The volwne ratios 
. V V 
are .JL = 2 and JL = 4. If the temperature TA at A is 27"C. 

VA VA 

Calculate: 

VD ---------H 
! VB --------1;:71" 

VA --------A: ! 
I I 
I I 
I I 

TA TB 

Temp_ 

(a) the temperature of gas at B. 
(b) heat absorbed or evolved in each process. 
(c) total work done in cyclic process. 
[Hint: A ~ B: (It is isobaric process) 

VA = VB 
TA TB 

V 
TB == -I!.. X TA == 2 x 300:= 600 K 

VA 
·5 

qAB = nC p ~T = 2 x - R ~T 
2 

. 5 
== 2 x- x 2 x 300 = 3000 cal 

2 
r (Isothermal process) 

~U==O 

qBC == W := 2303 nRT log ( ;: J 
4 

== 2.303 x 2 x 2 x 600 log -
2 

= 1.663 X 103 cal 

C ~ D: (Isochoric process) 
3 

qCD =nCv ~T = 2x - x 2 (-300)==-ISoocal 
2 

D ~A: (Isothermal process) 

VA qDA == 2.303nRTA log
VD 

1 
2.303 x 2 x 2 x 300 log 

4 
= -1.663 X 103 cal 

Total heat change = 3000 + 1.663 x 103 
- ISoo - 1.663 X 103 

= 1200 cal 
Work done:= -1200 cal] 

83. The reaction, SOCl2 + H20 ----? S02 + 2HCI is endothermic 

by 49.4 kJ and exoergonic by 50.8 kJ. What is the factor that 
makes the reaction to be spontaneous? Calculate the entropy 
change at 298 K. 
[Ans. M°:= 0.3362 kJ K- I] 

[Hint: Exoergonic means ~Go = - ve. 
~Go == 50.S kJ, 
Mfo =49.4 kJ 

Substitute these values in ~G" == Mfo - TM" to calculate entropy. 
M O := ~Ho ~G" == 49.4 - (-50.S) 

T 298 
= 0.3362 kJ K-1 

] 

84. What amoimt of ice will remain when 52 g ice is added to 
100 g of water at 40" C? 
Specific heat of water is I callg and latent heat of fusion of ice 
is 80 caUg. 
[Ans. 2 g ice] 
[Hint: At the stage of thermal equilibrium at 0° C, 

Heat lost by water Heat absorbed by ice to melt. 

ms~T =mL 
looxlx40=mx80 

m==50g 
Remaining ice = 52 - 50 = 2 g] 

85. Calculate the Mi~ of C6HI20 6(s) from the following data: 

MiCOnID [C6HI20 6 (s)]:= - 2816 kJ I mol 

Mi~ of CO2 (g) == - 393.5 kJ I mol 

Mi~of H20(1) == - 285.9 HI mollBCECE 2006] 

[Ans. -1260 kJ/mol] 

86. A liquid freezes into solid (Mi := - 500 J mol-I ) at 100 K and 

I atm. Find the values of: 
(i) Gibbs free energy change 

(ii) entropy change. rCBSE (Mains) 20061 

[Hint: Liquid ~ Solid 
(i) ~G = 0, at equilibrium 

(") A" _ Mf _ -500 _ 5 J K-1 1-1] 
11 ~ ------- mo 

T 100 . 
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=~ OBJECTIVE UESTIONS 

Set-1: Questions with single correct answer 

1. Thermodynamics is concerned with: 
(a) total energy ofa system 
(b) energy changes in a system 
(c) rate ofa chemical change 
(d) mass changes in nuclear reactions 

2. An isolated system is that system in which: 
[PET (MP) 19931 

( a) there is no exchange of energy with the surroundings 
(b) there is exchange· of mass and energy with the 

surroundings 
(c) there is no exchange of energy and mass With the 

surroundings 
(d)· there is exchange of mass with the surroundings 

3. Identify the intensive property from the following: 
(a) volume (b) mass 
(c) enthalpy (d) temperature 

4. Which one of the following is an extensive property? 
(Corned (Karnataka) 2008] 

(a) Enthalpy (b) Concentration 
(c) Density (d) Viscosity 

5. For an adiabatic process, which of the following relations is 
correct? (CPMT 1990) 

(a) I1E == 0 (b) P L\V == 0 (c) q == 0 (d) q == + w 
6. Which one is true from the following for isobaric process? 

. fCET (Gujar~t) 2008] 

(a) ~:: 0 (b) L\q = 0 
(c) MI== 0 (d) I1E = 0 

7.· Foran ideal gas, the value of (dE) is: 
dV T [PET (MP) 19931 

(a) positive (b) zero 
(c) negative (d) interchangeable 

8. A process, in which pressure remains constant, is called: 
(a) isochoric process (b) isothermal process 
(c) adiabatic process (d) isobaric process 

9. A process in which volume remains constant, is called: 
( a) isoehoric process (b) isothermal process 
(c) adiabatic process (d) isobaric process 

10. For a cyclic process, the condition is: 
(a) I1E == 0 (b) Ml == 0 
(c) I1E > Oand MI> 0 (d) both I1E == o and MI = 0 

11. Which one of the following is a state property? 
(a) Heat (b) Work 
(c) Internal energy (d) Potential energy 

12. Internal energy of a system of molecules is determined by taking 
into consideration its: 
(a) kinetic energy 
(b) vibrational energy 
(c) rotational energy 
(d) all kinds of energies present in the molecules 

13. A thermodynamic quantity is that: 
(a) which is used in thermochemistry 
(b) which obeys all laws of thermodynamics 
(c) quantity whose value depends only upon the state of the 

system 
(d) quantity which is. used in measuring thermal change 

14. Thermodynamic equilibrium involves: [CET (Ph.) 19911 
(a) chemical equilibrium (b) thermal equilibrium 
(c) mechanical equilibrium (d) all the three 

15. For the reaction of one mole zinc dust with one mole sulphuric 
acid in a bomb calorimeter, L\U and w correspond to: 

(AIIl\IS 200S) 

(a) L\U < 0, w = 0 (b) L\U < 0, w < 0 
(c) L\U > 0, W = 0 (d) L\U> 0, W > 0 
[Hint: In bomb calorimeter, W = 0, L\U = q( -ve)] 

16. A system is provided with 50 joules of heat and the work done 
on the system is 10 joules. What is the change in internal 
energy of the system in joules? rEAMCET (Engg.) 2()10] 

(a) 60 (b) 40 (c) 50 (d) 10 
17. During an isothermal expansion o(an ideal gas, its: 

(a) internal energy increases 
(b) enthalpy decreases 
(c) enthalpy remains unaffected 
(d) enthalpy reduces to zero 

(CBSE 1991) 

18. The work done in ergs for a reversible expansion of one mole 
of an ideal gas from a volume of 10 litre to 20 litre at 25" Cis: 

(a) 2.303 x 8.31 x 107 x 298 log 2 

(b) 2.303 x 0.0821 x 298 log 2 
(c) 2.303 x 0.0821 x 29~ log 0.5 
(d) 2.303 x 2 x 298 log 2 

ICMC (Vellore) 19911 

19. When an ideal gas is compressed adiabatically and reversibly, 
the final temperature is: 
(a) higher than the initial temperature 
(b) lower than the initial temperature 
(c) the same as initial temperature 
(d) dependent upon the rate of compression 

20. Adiabatic reversible expansion of a gas is represented by: 

(a) (~r == (~ r-1 
(b) (~J (~r-Y 

(c) (~ r =( ~r I (d) all are correct 

21. Total energy change for a reversible isothermal cycle is: 
(a) always positive (b) zero 
(c) always negative (d) always 100 kJ per degree 

22. "Heat energy cannot be completely transformed into work 
without producing some change somewhere", is the statement 
of: 

• 
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(a) Hess's law 
(b) first law of thennodynamics 
(c) Kirchhoff's law 
(d) second law ofthennodynamics 

23. The heat content of the system is called: 
(a) internal energy (b) enthalpy 
(c) free energy (d) entropy 

24. If one mole of ammonia and one mole of hydrogen chloride 
are mixed in a closed container to fonn ammonium chloride 
gas, then: (KCET 2008) 
(a) M! < I1U 
(b) M! > I1U 
(c) I1H = IJ.U 
(d) there is no relationship between M! and tiU 

25. An exothennic reaction is one in which the reacting 
substances: 
(a) have same energy as products 
(b) have less energy than the products 
(c) have more energy than the products 
(d) are at higher temperature than the products 

26. In endothennic reactions, the reactants: 
(a) have more energy than products 
(b) have as much energy as the products 
(c) are at lower temperature than products 
Cd) have less energy than the products 

27. IdentifY the reaction in which the heat liberated corresponds to 
the heat of fonnation (M!): (EAMCET 2006) 
(a) C (diamond) + 02(g) -7 cO2 (g) + heat 
(b) 2H2 (g ) + 02 (g) -7 2H20(g) + heat 
(c) C (diamond) + 2H2(g) -7 CH4(g) + heat 
(d) S (rhombic) + O2 (g ) -7 S02 (g) + heat 

28. In an exothennic reaction, M! is: 
(a) positive (b) negative 
(c) zero (d) may be positive or negative 

29. Evaporation of water is: 
(a) a process in which neither heat is evolved nor absorbed 
(b) a process accompanied by chemical reaction 
(c) an exothennic change 
(d) an endothennic change 

30. An endothermic reaction is one in which: 
(a) heat is converted into electricity 
(b) heat is absorbed 
(c) heat is evolved 
(d) heat changes to mechanical work 

31. If total enthalpy of reactants and products is H Rand H p 

respectively, then for exothennic reaction: 
(a) HR Hp (b) HR < Hp 
(c) HR >Hp (d) HR Hp 0 

32. Calculate the work done when I mol of an ideal gas is 
compressed reversibly from 1 bar to 4 bar at a constant 
temperature of 300 K : (DPMT 2009) 
(a) 4.01 kJ (b) -8.02 kJ 
(c) 18.02 kJ (d) -14.01 kJ 

[Hint: w 2.3~3 nRT 109( ~ ) 
4 

2.303 x 1 x 8.314 x 3001og-
1 

= 3458.3 J '" 3.458 kJ ] 

33. Under which of the following conditions is the relation, 
M! = IJ.E + P I1V valid for a closed system? 
(a) Constant pressure 
(b) Constant temperature 
(c) Constant temperature and pressure 
(d) Constant temperature, pressure and composition 

34. Which of the following is an endothennic reaction? 
(a) 2H2 (g)+ 02(g)~ 2H20(l) 
(b) N2(g)+ 02(g)~ 2NO(g) 

(c) NaOH(aq.)+ HCl(aq.)~ NaCl(aq.)+ H20(l) 

(d) C2H sOH(aq.)+ 302(g)~ 2C02(g)+ 3H20(l) 

35. Which ofthe following reactions is endothennic?' 
(a) CaC03(s)~ CaO(s)+ CO2 (g) 
(b) Fe(s) + S(s)~ FeS(s) 
(c) NaOH(aq.) + HCl(aq.) ~ NaCI(aq.) + H20(l) 
(d) CH4(g) + 202 (g) ~ CO2 (g)+ 2H20(I) 

36. The fonnation of water from H2 (g) and O2 (g) is an 
exqthennic process because: 
(a) the chemical energy of H2 (g ) and O2 (g ) is more than that 

of water 
(b) the chemical energy of H2 (g) and O2 (g ) is less than that 

of water 
(e) the temperature ofH2 (g) and 02(g) is higher than that of 

water 
(d) the temperature of H2 (g) and 02 (g) is lower than that of 

water 
37. Which one of the following reactions is an exothennic 

reaction? . 

(a) CaC03(s) ~ CaO(s) + CO2 (g) 
(b) N2(g) + 02(g) ~ 2NO(g) 
tc) 2HgO(s)~ 2Hg(s)+ 02(g) 
\d) C(s) + 02(g) ~ CO2 (g) 

38. Which one of the following is not applicable for a 
thermochemical equation? 
(a) It tells about physical state of reactants and products 
(b) It tells whether the reaction is spontaneous 
(c) It tells whether the reaction is exothermic or endothennic 
(d) It tells about the allotropic fonn (if any) of the reactants 

"9. The enthalpies of all elements in their standard state at 25° C 
and one atmospheric pressure are: 
(a) same (b) always positive 
(c) always negative (d) zero 

4U. The heat of reaction does not depend upon: 
(a) physical state of the reactants and products 
(b) whether the reaction has been carried at constant pressure 

or constant volume 
(c) the manner by which the reaction has been carried 
(d) the temperature at which the reaction has been carried 

41. The value of M! I1U for the following reaction at 27°C will 
be: 

2NH3(g)~ N2(g) + 3H2(g) 
. [AMU (Medical) 2(07) 

(a) 8.314 x 273 x (-2) (b) 8.314 x 300 x (-2) 
(c) 8.314 x 273 x 2 (d) 8.314 x 300x 2 



CHEMICAL THERMODYNAMICS AND THERMOCHEMISTRY 491 

42. Since, the enthalpy of the elements in their standard states is 
taken to be zero, the heat of formation (!J.H f) of compounds: 
(a) is always negative (b) is always positive 
(c) is zero (d) may be positive or negative 

43. The difference between heats of reaction at constant pressure 
and constant volume for the reaction, 
2C6H6 (I) + 1502 (g ) ------t 12C02 (g) + 6H20(l) at 25" C in 
kJ is: (liT 1991) 
(a) +7.43 (b) +3.72 (c) -7.43 (d) -3.72 

44. For a gaseous reaction, A (g)+ 3B (g) -,0 3C (g) + 3D (g 1 
IJ..E is 17 kcal at 27°C. Assuming R 2cal K-I mol-I, the 

value of 6H for the above reaction is: 
(a) 15.8 kcal (b) J 8.2 kcal 
(c) 20.0 kcal (d) 16.4 kcal 

45. Which of the following statements is correct for the reaction, 

46. 

1 (' CO(g ) + - O2 (g ) ------t CO2 g) at constant temperature and 
2 ' 

pressure? 
(a) !J.H = IJ..E (b) !J.H < IJ..E 
(c) !J.H> IJ..E (d) None ofthese 

For the reaction, Ag 20(s) ------t 2Ag(s) + I 02(g ) which one 
2 

of the following is true? 
(a) !J.H = IJ..E 

(c) !J.H > IJ..E 

(b) !J.H < IJ..E 

(d) AH I IJ..E 
2 

47. Thelmochemistry is the study of relationship between heat 
energy and: 
(a) chemical energy (b) activation energy 
(c) friction energy (d) none of these 

48. Assume each reaction is carried out in an open container. For 
which reaction will!J.H = AU? reBSE (Med.) 2006) 
(a) H2 (g) + Br2(g) ------t 2HBr(g) 
(b) C( s) + 2H20(g) ------t 2H2 (g ) + CO2 (g ) 
(c) PCIs(g) ------t PCI3 (g) + CI2 (g) 
(d) 2CO(g) + 0z (g ) ------t 2COz (g ) 

49. The enthalpy change in the reaction, 2CO + 02 ------t 2C02 is 
termed as: 
(a) enthalpy of reaction (b) enthalpy of fusion 
(c) enthalpy off ormation (d) enthalpy of combustion 

50. Reaction, H2 (g ) + 12 (g ) ------t 2HI; !J.H = 12.40 kcal 
According to this, heat of formation of HI will be: 

/pET (MP) 1991)1 
(a) 12.40 kca! (b) -12.4 kcal 
(c) - 6.20 kcal (d) 6.20 kcal 

S1. For the reactions, 
(i) H2(g)+ Clz(g) == 2HCl(g) + x kJ 

(ii) H2 (g) + Clz(g) = 2HCI(l) + y kJ 
which one of the foUowing statements is correct? 

IPET (MP) 2007) 
(a) x>y (b) x<y (c) x-y=O (d) x=y 

52. For the reactions, 
(i) Hz (g) + Clz(g) = 2HCI(g) + x kJ 

(ii) 2HCI(g) == H2(g) + CI2(g) y kJ 

which one of the following statements is correct? 
(a) x - y> 0 (b) x y < 0 
(c) x y = 0 (d) None of these 

53. According to the equation, 
15 

C6H6 (I) + - 02 (g ) ------t 6C02 (g ) + 3H20(1); 
2 

!J.H - 3264.4 kJ mol- i 

the energy evolved when 7.8 g benzene is burnt in air will be: 
IPET (MP) 1990) 

(a) 163.22 kJ (b) 32.64 kJ (c) 3.264 kJ (d) 326.4 kJ 

54. !J.Hf (x), !J.Hf (yl' !J.Hf (Rl and !J.Hf (S) denote the enthalpies of 
formation of x, y, R and S respectively. The enthalpy of the 
reaction, x + y ------t R + S is given by: 

(a) !J.Hf (xl + !J.Hf (Yl 

(b) !J.Hf(R) + !J.Hf(S) 

(c) !J.Hf(x) + !J.Hf(y) - !J.Hf(R) AHf(S) 

(d) AHr (R) + !J.Hf (S) - !J.Hf (x) !J..Hf (y) 

55. The enthalpy change for the reaction, 
CzH4 (g) + 302 (g) ------t 2C02 (g ) + 2H20(g ) is called: 
(a) enthalpy off ormation (b) enthalpy of combustion 
(c) enthalpy of vaporisation (d) enthalpy of sublimation 

56. The heat of combustion of methane is -880 kJ mor l 
. If 3.2 g 

of methane is burnt ........... of heat is evolved. 
(a) 88 kJ (b) 264 kJ (c) 176 kJ (d) 440 kJ 

57. The enthalpy change for the r('-action, 

2C(graphite} + 3H2(g} C2~(g} 
is called: 
(a) enthalpy offormation (b) enthalpy of combustion 
( c) enthalpy of hydrogenation (d) enthalpy of vaporisation 

58. The enthalpy of formation of water from hydrogen and 
oxygen is - 286.0 kJ mol-I. The enthalpy of decomposition of 
water into hydrogen and oxygen is ...... kJ mol-I: 
('1) -286.0 (b) -143.0 (c) 286.0 (d) 143.0 

59. The heat of combustion of C(graphite) is -393.5 kJ mol-I. The 
heat of formation of CO2 from graphite is ..... kJ morl

: 

(a) 393.5 (b) -393.5 (c) -787.0 (d) 787.0 
60. The enthalpies of formation of organic compounds are 

conveniently determined from their: 
( a) boiling points 
(b) melting points 
( c) enthalpies of neutralization 
(d) enthalpies of combustion 

61. !J.H combustion of a compound is always: 
(a) positive (b) negative (c) zero (d) uncertain 

61. The apparatus used for measuring the heat changes of a 
reaction is called: 
(a) a thermometer (b) a colorimeter 
(c) a calorimeter (d) none of these 

63. The heat of neutralization of any strong acid and strong base is 
always constant and AH = 57.3 kJ. This is because: 

(Corned (Karnataka) 2008) 
(a) both the acid and base undergo complete ionization. 
(b) during neutralization, salt and water are formed. 
(c) I mole of water is formed from Wand OH- ions. 
(d) the reaction is exothermic. 

I 
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64. The enthalpy of neutralization of oxalic acid by a strong base 
is -25.4 k cal mol-I. The enthalpy of neutralization of strong 
acid and strong base is -13.7 kcal eq -I. The enthalpy of 

dissociation of oxalic acid is: (DPMT 2009) 
(a) 1 kcal moCI (b) 2 kcal mol-I 

(c) 18.55 kcal mol-1 (d) 11.7 kcal moCI 

[Hint : Oxalic acid is dibasic acid hence expected heat of 
neutralization will be (2 x -13.7 kcal). 
The dissociation energy of oxalic acid 2 x 13.7 - 25.4 

= 2 kcal morl] 
65. The amount of heat liberated when one mole ofNH40Hreacts 

with one mole ofHCI is: (IIT 1990) 
(a) 13.7 kcal (b) more than 13.7 kcal 
(c) less than 13.67 kcal (d) cannot be predicted 

66. Heat of neutralisation for the reaction, 
NaOH + HCl ~ NaCI + H20 

is 57.1 kJ moC I 
. The heat released when 0.25 mole ofNaOH is 

titrated against 0.25 mole ofHCl will be: 
(a) 22.5 kJ (b) 57.1 kJ 
(c) 28.6 kJ (d) 14.3 kJ 

67. If It + OH - = H20 + 13.7 kcal, then heat of complete 
neutralisation of one gram mole of H2S04 with strong base 
will be: [Pl\1T (l\IP) 1990] 

(a) 13.7 kcal (b) 27.4 kcal 
(c) 6.85 kcal (d) 3.425 kcal 

68. In which of the following neutralization reactions, the heat of 
neutralization will be highest? 
(a) HC! and NaOH (b) CH3COOHand NaOH 
(c) CH3COOHandNH40H (d) HClandNH40H 

69. "The enthalpy of formation of a compound is equal in 
magnitude but of opposite sign to the enthalpy of 
decomposition of that compound under the same conditions." 
This law was presented by: 
(a) Hess (b) Le Ohatelier 
(c) Kirchhoff (d) Lavoisier and Laplace 

70. "The change of enthalpy of a chemical reaction is the same 
whether the reaction takes place ,in c;me step or in several 
steps". This law was presented by: 
(a) Hess (b) Le Chatelier 
(c) van't Hoff (d) Kirchhoff 

71. The enthalpy change in a reaction does not depend on the: 
(a) conditions under which the reaction is carried out 
(b) initial and final enthalpies of the reactants and products 
(c) state of reactants and products 
(d) number of intermediate steps to convert reactants to 

products 
72. Hess's law deals with: 

(a) changes in heat of reaction 
(b) rate of reaction 
(c) equilibrium constant 
(d) influence of pressure on volume of a gas 

73. From the thermochemical reactions, 
1 

C(grapbite) + 2:°2 ~ CO; Ml = 110.5 kJ 

1 
CO + 2:°2 ~ CO2; Ml= - 283.2 kJ 

the heat of reaction of C(graphile) + O2 ~ CO2 is: 
(a) +393.7 kJ (b) -393.7 kJ (c) -172.7 kJ (d) +172.7 kJ 

I 
74. If H2 + -02 ~ H20; Ml = - 68.09 kcal 

2 
1 

K + H20 + water ~ KOH(aq.) + - H2 ; Ml == - 48.0 kcal 
2 

KOH + water ~ KOH( aq. ); Ml = 14.0 kcal 
the heat of formation of KOH is: 
(a) -68.39+48 14.0 (b) -68.39 48.0+14.0 
(c) + 68.39 48.0 + 14.0 (d) + 68.39 + 48.0 14.0 

75. The enthalpies of combustion of C(graphile) and C(diamond) are 

-393.5 and -395.4 kJ/mol respectively. The enthalpy of 

conversion of C(grapbite) to C(diarrond) in kJ/mol is: 
(a) -1.9 (b) -788.9 
(c) 1.9 (d) 788.9 

76. The heat of combustion of yellow phosphorus arid red 
phosphorus are -9.91 kJ and -8.78 kJ respectively. The heat of 
transition of yellow phosphorus to red phosphorus is: 

(Bihar; 1992i 
(a) -18.69 kJ (b) +1.13 kJ 
(c) +18.69 kJ (d) -1.13 kJ 

77. What will be the heat of formation of methane, if the heat of 
combustion of carbon is '- x' kJ, heat of formation of water is 
'- y' kJ and heat of combustion of methane is '- z' kJ? 

(A OW; 20(18) 

(a) (-x- y+ z)kJ 
(c)(-x 2y-z)kJ 

(b)(- z -x+ 2y)kJ 
(d)( - x - 2y + z) kJ 

78. Given, 
C(s)+ 02(g)~ CO2 (g) + 94.2 kcal 

1 
H2 (g) + 2: °2 (g ) ~ Hzo(l) + 68.3 kcal 

CH4 (g)+ 202(g)~ COz(g) + 2H2°(l) + 210.8 kcal 
The heat of formation of methane in kcal will be: 

WET (i\H'j 1'f90j 

(a) 45.9 (b) 47.8 (c) 20.0 (d) 47.3 
79. On combustion carbon forms two oxides CO and CO2, heat of 

formation of CO2 is -94.3 kcal and that of CO is -26.0 kcal. 
Heat of combustion of carbon is: iEA!iKn Z(} Illj 
(a) -26.0 kcal (b) - 68.3 kcal 
(c) -94.3 kcal (d) -120.3 kcal 

80. The heat of combustion of ethanol determined in a bomb 
calorimeter is -670.48 kcal mol-I at 298 K. What is Mat 
298 K for the reaction? 
(a) -760 kcal morl (b) - 670.48 kcal mol- l 

(c) +760 kcal mol- t (d) + 670.48 kcal mort 

81. 1 calorie is equivalent to: 
(a) 4.184 J (b) 41.84 J (c) 418.4 J (d) 0.4184 J 

82. For an endothermic reaction, where Ml represents the 
enthalpy of reaction, the minimum value for the energy of 
activation will be: rUT IIf~E; (t'l;-', 1'';~31 

(a) less than Ml (b) zero 
(c) equalto Ml (d) more than Ml 
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83. If S+ 02 ~ S02; 
I 

,S02 + - 02 -----t S03; 
2 

S03 + H20 -----t HZS04; 

I 
HZ + - 02 -----t HzO; 

2 
the heat offonnation of HZS04 will be: 

Ml= 298.2kJ 

Llli = -98.7 kl 

Llli = -130.2 kl 

Llli = - 227.3 kl 

(a) -754.4 kJ (b) + 320.5 kJ(c) 650.3 kJ (d) - 433.7 kJ 
84. Which of the following units represents the largest amount of 

energy? 
(a) Electron-volt (b) Erg 
(c) Joule (d) Calorie 

85. IfMl~ for H20 2 (l) and Hz0(l)are-188 kJ mol-I and-286kJ 

morl, what will be the enthalpy change of the reaction 
2HzOz(/) ~ 2Hz°(l) + 02(g)? [PMT (lVIP) 19921 
(a) 146 kJ mol-l (b) -196 kJ mol- i 

(c) - 494 kJ mol-l (d) -98 kJ mol-l 

86. The bond dissociation energies for C12, 12 and ICI are 242.3, 
151 and 211.3 kJ/mol respectively. The enthalpy of 
sublimation of iodine is 62.8 kJ I mol. What is the standard 
enthalpy offormation ofICI(g)? 
(a) -211.3kJ/mol (b) 14.6kJ/mol 
(c) 16.8kJ/mol (d) 33.5 kJ/mol 
[Hint: CI2(g) -----t 2C1(g); Llli I = 242.3 kl/mal 

12(g) -----t 2I(g); Llli 2 = lSI kl/mal 
ICl(g) -----t l(g) + Cl(g); Llli3 = 211.3 kl/mal 

12(s) -----t 12(g); Llli4 = 62.8 kl/mal 
Required equation: 

1 1 
Zlz(s)+ZClz(g) -----tICI(g); Llli=? 

Llli=62.8+151+242.3 211.3 
2 

= 16.75 kl I mal] 
87. Standard heat of formation for CCI4, H20, CO2 and HCI at 

298K are - 25.5, - 57.8, 94.1 and 22.1 kJl mol respectively. 
For the reaction, 

CCl4 + 2H20 ~ CO2 + 4HCI 
what will be Ml? (SCRA 2007) 
(a)36.4kJ (b)20.7kJ (c)-20.7kJ (d) 4l4kJ 

88. Heat of combustion of CH4 , Cz~, CzH4 and CzHz are -212.8, 
-373.0, -337.0 and -310.5 kcal respectively at the same 
temperature. The best fuel among these gases is: 
(a) C~ (b) CzH6 

(c) CzH4 (d) CzHz 
89. Given, C(s) + 02 (g) ~ CO2 (g); Ml := - 395 kJ 

S(S) + 0z(g)~ SOz(g); Ml:= -295 kJ 
CSz (I) + 302 (g ) ~ CO2 (g ) + 2S0z (g); Ml = - 1110 kJ 
The heat off ormation ofCS2(l ) is: IeEE (Bihar) 1992J 
(a) 250 kJ (b) 62.5 kJ (c) 31.25 kJ (d) 125;': 

90. The heats of combustion of rhombic and monoclinic sulphur 
are -70960 and -71030 calorie respectively. What will be the 
heat of conversion of rhombic sulphur to monoclinic sulphur? 
(a) -70960 cal (b) -71030 cal" '," 
(c) 70 cal (d) -70 cllI 

91. The bond dissociation energy of C-H in CH4 from the 
equation 

C(g)+ 4H(g)~ CH4 (g); Ml 397.8kcal 
is: 
(a) + 99.45 kcal (b) -99.45 kcal 
(c) + 397.8 kcal (d) + 198.9 kcal 

92. The dissociation energy ofCH4 is 400 kcal morl and that of 
ethane is 670 kcal mori. The C-C bond energy is: 
(a) 270kcal (b) 70kcal (c) 200kcal (d) 240kcal 

93. Heat of reaction at constant volume is measured in the 
apparatus: 
(a) bomb calorimeter (b) calorimeter 
(c) pyknometer (d) pyrometer 

94. When 10 mL of a strong acid is added to 10 mL of an alkali, 
the temperature rises by 5° C. If 100 mL of the same acid is 
mixed with 100 mL of the same base, the temperature rise 
would be: 
(a) 5°C (b) 50°C 
(c) 20°C (d) cannot be predicted 

95. Energy required to dissociate 4 g of gaseous hydrogen into 
free gaseous atoms is 208 kcal at '250 C. The bond energy of 
H-H bond will be: 
(a) 1.04 cal (b) 10.4 kcal 
(c) 104 kcal (d) 1040 kcal 

96. The heat of neutralisation of strong base and strong acid is 
57.0 kJ. The heat released when 0.5 mole ofHN03 solution is 
added to 0.20 mole ofNaOH solution is: (KCET 1993) 
(a) 57.0 kJ (b) 28.5 kJ 
(c) 11.40 kJ (d) 34.9 kJ 

97. The enthalpy of combustion of cyclohexane, cyc10hexene and 
H2 are respectively -3920, -3800 and -241 kJ morl. The heat 
of hydrogenation of cyclohexene is: (AHMS 2007) 
(a) -121 kJ mol-I (b) 121 kJ morl 

(c) -242 kJ morl (d) 242 kJ morl 

98. If C(s) + 0z(g)~ CO2(g); Ml = r 

and CO(g) + I O2 (g ) ~ CO2 (g); Ml = s 
2 

then the heat of formation of CO is: 
(a) r+ S (b) r s (c) S - r (d) r x S 

99. Given that,heat of neutralisation of strong acid and strong 
base is 57.1 kJ. Calculate the heat produced when 0.25 mole of 
HCl is neutralised with 0.25 mole of NaOH in aqueous 
solution: (CPMT 1990) 
(a) 22.5 kJ (b) 57 kJ 
(c) 14.275 kJ (d) 28.55 kJ 

100. Which one of the following values of MIo represents that the 
product is least stable? 
(a) 94.0 kcal mol- 1 (b) -231.6 kcal mol-l 

(c) +21.4 kcal morl (d) + 64.8 kcal morl 

101. The value of MlO-H is 109 kcal mol-I. The formation of one 
mole of water in gaseous state from H(g) and O(g) is 
accompanied by: (eBSE 1990) 
(a) 218 kcal (b) -109 kcal 
(c) -218 kcal (d) unpredictable 
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102. Heat of neutralisation of a strong dibasic acid in dilute solution 
by NaOH is nearly: 
(a) -27.4 kcalleq (b) -13.7 kcaiJeq 
(c) +13.7 kcalleq (d) -13.7 kcallmol 

103. The enthalpy changes at 298 K in successive breaking of 
O-H bonds of water are 

H20(g) ---7 H(g) + OH(g ); MJ:::: 498 kJ mort 

and OH(g) ---7 H(g) + O(g ); MJ 428 kJ mol-1 

The bond enthalpy of O-H bond is: 

(a) 498 kJ mol-1 (b) 428 kJ mol-t 

(c) 70 kJ mort (d) 463 kJ mol-1 

104. MJ and till for the reaction, S(s) + ~ O2 (g ) ---7 SO} (g) 
are related as: 
(a) MJ till - 0.5RT (b) MJ till 1.5RT 
(c) MJ till+RT (d) MJ=till+1.5RT 

105. A spontaneous change is one in which the system suffers: 
(VITEEE 2008) 

(a) an increase in internal energy -
(b) lowering in entropy 
( c) lowering in free energy 

. (d) no energy change 
106. The free energy change for a reversible reaction at equilibrium 

is: 
(a) zero (b) positive 
(c) negative (d) none of these 

107. In the evaporation of water, the entropy: 
(a) decreases (b) increases 
(c) does not change 
(d) sometimes increases, sometimes decreases 

108. In which of the following change entropy decreases? 
(a) Crystallisation of sucrose from solution 
(b) Dissolving sucrose in water 
(c) Melting ofice 
(d) Vaporisation of camphor 

109. For the precipitation reaction of Ag + ions with NaCI which of 
the following statements is true? 
(a) MJ is zero for the reaction 
(b) IJ.G is zero for the reaction 
( c) IJ.G is negative for the reaction 
(d) IJ.G should be equal to MJ 

110. If enthalpy of vaporisation of water is 186.5 kJ/mol, the 
entropy of its vaporisation will be: 
(a) 0.5 (b) 1.0 (c) 1.5 (d) 2.0 

111. A reaction is non-spontaneous when: [AMU (Medical) 2006] 
(a) Mi is +ve, IJ.S is -ve 
(b) both MJ and IJ.S are -ve 
(c) MJ is -ve and IJ.S is +ve 
(d) none of the above 

112. Standard entropies of X 2' Y2 and XY3 are 60, 40 and 50 
JK-1mor1 respectively. For the reaction: 

~X2+2Y2 ~ XY3 ; MJ -30kJ 
2 . 2 

to be at equilibrium, the temperature should be : 
[CBSE (PMT)2010] 

(a) 750 K 
(c) 1250 K 
[Hint: IJ.S 

(b) 1000 K 
(d) 500 K 

L S Products - L S Reactants 

= 50-[~X 60+~ X 40 J 
= 50- (30+ 60) = -40 Jr i mol-t 

At equilibrium, IJ.G = MJ - TIJ.S = 0 
i.e., MJ TIJ.S 

T = MJ = -30x 1000 = 750 K] 
IJ.S -40 

113. 'At absolute zero the entropy of a perfect crystal is zero.' This 
statement corresponds to which law of thermodynamics? 
(a) First law (b) Second law 
(c) Third law (d) None of these 

114. Unit of entropy is: (PMT (Punjab) 2007] 

(a) J K-1 morl (b) J mol-1 

(c) rl K-1 morl (d) JKmol-1 

115. Given that MJ f(H) = 218 kJ/mol, express the H-H bond 
energy in kcallmol: (EAMCET 2009) 
(a) 52.15 (b) 911 
(c) 109 (d) 5.2153 

116. For which reaction from the following, IJ. S will be maximum? 

(a) Ca(s)+~02(g)---7CaO(s) 

(b) CaC03(s) ---7 CaO(s) + CO2 (g) 
(c) C(s) + 02(g) ---7 CO2 (g) 
(d) N2(g) + 02(g) ---7 2NO(g) 

117. A particular reaction at 27°C for which MJ > o and IJ.S > 0 is 
found to be non-spontaneous. The reaction may proceed 
spontaneously if: 
(a) the temperature is decreased 
(b) the temperature is kept constant 
(c) the temperature is increased 
(d) it is carried in open vessel at 27° C 

118. The least random state of water system is: 
(a) ice '(b) liquid water 
(c) steam (d) randomness is same in all 

119. Although the dissolution of ammonium chloride in water is an 
endothermi<; reaction, even then it is spontaneous because: 
(a) MJ is positive, IJ.S is -ve 
(b) MJ is +ve, IJ.S is zero 
(c) MJ is positive, T IJ.S < MJ 
(d) MJis +ve, IJ.S is positive and MJ < T IJ.S 

120. For an exothermic reaction to be spontaneous: 
(a) temperature must be high 
(b) temperature must be zero . 
(c) temperature may have any magnitude 
(d) temperature must be low 

121. . For the reversible process, the value of IJ.S is given by the 
expression: 

(a) T 

(c) qrev X T 

(b) T-qrev 

(d) qrev - T 
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122. In an electrochemical cell, if EO is the emf of the cell involving 
n mole of electrons, then I:!.GO is: 
(a) h.Go = nFEo (b) I:!.Go = nFEo 
(c) EO=nFh.Go (d) h.Go = nF!EO 

123. The correct relatior. between equilibrium constant (K), 
standard free energy (I:!.G ° ) and temperature (T) is: 

124. 

125. 

126. 

127. 

128. 

129. 

130. 

(CET (J&K) 2006] 

(a) I:!.Go RT In K 

(c) I:!.Go RT log K 

(b) K = e-llGo/2.303RT 

(d) K = lO- llG '/2.303 RT 

(e) I:!.Go=RlnK 
The value of entropy in the universe is: 
(a) constant (b) decreasing 
(c) increasing (d) zero 
Which of the following thermodynamic relation is correct? 

(JEE (WB) 2010] 

(a) dG = VdP SdT (b) dU = PdV + TdS 
(c) dH=-VdP+TdS (d) dG=VdP+SdT 
[Hint: dG dH - TdS - SdT 

and 

(G=H-TS) 
dH dU +PdV +VdP 

(H =U +PV) 
dU TdS -PdV 
dG (TdS - PdV)+ PdV + VdP TdS SdT 
dG VdP SdT] 

If enthalpies of formation for ~H4 (g ), CO2 (g) and H20(l) 
at 25°C and 1 atm pressure be 52, -394 and -286 kJ mol-1 

respectively, enthalpy of combustion of ~H4 (g) will ge: 
(CBSE 1995) 

(a) +141.2 kJ mol-1 (b) +1412 kJ rhol-1 

(c) -141.2 kJ mol-1 (d) -1412 kJ mol-1 

Identify the correct statement regarding entropy: (CBSE 1998) 
(a) at absolute zero, the entropy of a perfectly crystalline 

substance is + ve. 
(b) at absolute zero, the entropy of a perfectly crystalline 

substance is zero. 
(c) at O°C the entropy of a perfectly crystalline substance is 

taken to be zero. 
(d) at absolute zero of temperature the entropy of all 

crystalline substances is taken to be zero. 
The enthalpy and entropy change for a chemical reaction are 
- 2.5 x 10-3 cal and 7.4 cal deg-1 respectively. Predict 

whether the nature of reaction at 298 K is: (AFMC 1998) 
(a) spontaneous (b) reversible 
( c) irreversible (d) non-spontaneous 
One mole of an ideal gas at 300 K is expanded isothermally 
from an initial volume of 1 litre to 10 litre. The M for this 
process is: (R 2 cal K-1 mol-I) (CBSE 1998) 

(a) 163.7 cal (b) 1381.1 cal 
(c) 9 litre-attn (d) zero 
The latent heat of vaporisation of a liquid at 500 K and I atm 
pressure is 10 kcaVmoL What will be the change in internal 
energy (M ) of3 moles ofliquid at the same temperature? 

(a) 13.0 kcal 
(c) 27.0 kcal 

(b) -13.0 kcal 
(d) -27.0 kcal 

(CBSE 1998) 

131. The enthalpy change of a reaction does not depend on: 
(AIIMS 1997) 

( a) state of reactants and products 
(b) nature of reactants and products 
(c) different intermediate reactions 
(d) initial and final enthalpy change of reaction 

132. Which plot represents an exothermic reaction? 

133. 

134. 

t 1 R", 
(aIH~ 1/ L

p 

(b) H R 

-- --Reaction coordinate Reaction coordinate 

(Clll~ (dl t I R P 

H~ 
---+- ---+-

Reaction coordinate Reaction coordinate 
3 . 

8 + - O? -----7 80, + 2x kcal; 
2 - ~ 

1 
S02 + "2 O2 -----7 S03 + Y kcal 

The heat offormation of802 is: 
(AIIMS 1997; PET (Kerala) 2008] 

(a) y 2x (b) 2x+ y (c) x+ y (d) 2x! y 
Given, 
NH3 (g ) + 3CI2 (g ) ~ NCl3 (g ) + 3HCI(g ); 

N2 (g)+ 3H2(g)~ 2NH3 (g); 
H2 (g) + Clz (g ) ~ 2HCI(g ); !:!.H 3 

The heat of formation of Nel3 (g ) in terms of !:!.HI' !:!.H 2 and 
lli3 is: (EAMCET 1998) 

1 3 
( a) !:!.H f - !:!.HI + - !:!.H 2 - !:!.H 3 

2 2 
1 3 

(b) !:!.H f = !:!.HI +"2 !:!.H 2 - 2 !:!.H 3 

1 3 
( c ) !:!.H f !:!.HI - - !:!.H 2 - - !:!.H 3 

2 2 
(d) none of the above 

135. The word 'standard' in standard molar enthalpy change 
implies: 
(a) temperature 298 K 
(b) pressure 1 attn 
(c) temperature 298 K and pressure 1 atm 
(d) all temperatures and all pressures 

136. The heat of formation (!:!.H~ ) of H20 (I) is equal to: 
(a) zero 
(b) molar heat of combustion of Hz (I) 
(c) molar heat of combustion of Hz (g) 
(d) sum of heat off ormation ofH20(g ) and 0z(g) 

137. An example of extensive property is: 
(a) temperature (b) internal energy 
(c) viscosity (d) molar heat capacity 

138. For a diatomic molecule AB, the electronegativity difference 
between A and B == 0.2028.fi. [where, I:!. bond energy of 

I 

+ 
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AB - ~eometric mean of the bond energies of A2 and B2]. The 
electronegativities of fluorine and chlorine are 4.0 and 3.0 

. I 
respectively and the bond energies are ofF-F: 38 kcal mo.-
and ofCI-Cl: 58 kcal mo.-I. The bond energy ofCI-F is: 
(a) ~ 71 kcal/mol (b) - 61 kcal/mol 
(c) - 48 kcal/mol (d) -75 kcallmol 

139. The value of MIo for the reaction Cu + (g) + 1- (g) ~ Cul(g) 
is - 446 kJ mol-I. If the ionisation energy of Cu(g) is 745 kJ 
mol-I and the electron affmityof I(g) is -295 kJ mo.-I, then 
the value of MIo for the formation of one mole of CuI(g ) from 
Cu(g) and I(g ) is: 
(a) 446 kJ (b) 450 kJ (c) 594 kJ (d) 4 kJ 

140. If the enthalpy change for the reaction, 
CH4 (g ) + CI2 (g ) ~ CH3 Cl{g ) + HC1{g ); l:J{ = - 25 kcal, 
Bond energy of C-H is 20 kcal mol-1 greater than the bond 
energy of C-Cl and bond energies of H-H and H-Cl are 
same in magnitude, then for the reaction Hz (g) + Clz (g ) ~ 
2HC1(g 1l:J{ ? 
(a) -22.5 keallmol (b) -20.5 kcallmol 
(c) -32.5kcal/mol (d) -12.5kcal/mol 

141. The standard heat of formation of sodium ions in aqueous 
solution from the following data: 

Heat of formation ofNaOH{aq.) at 25° C = - 470.7 kJ 

Heat of formation ofOIr(aq.) at 25°C = - 228.8 kJ 

is: 
(a) -251.9kJ (b) 241.9kJ (c) -24L9kJ(d) 251.9kJ 

142. AB, Az and .Bz are diatomic molecules. If the bond enthalpies 
of Az, AB and B2 are in the ratio 1: 1: 0.5 and the enthalpy of 
formation of AB from A2 and B2 is -100 kJ mol-I, what is the 
bond enthalpy of A2 ? 
(a) 400 kJ mol-I (b) 200 kJ mol-1 

(c) 100 kJ mo.-I (d) 300 kJ mol-I 

143. The lattice energy of solid NaCl is 180 kcal per mol. The 
dissolution of the solid in water in the form of ions is 
endothermic to the extent of 1 kcal per mol. If the solvation 
energies ofNa + and Cl- ions are in the ratio 6 : 5, what is the 

enthalpy of hydration of sodium ion? 
(a) - 85.6kcallmol (b) - 97.5 keallmol 
(c) 82.6kcal/mol (d) +100kcallmol 

144. Which one of the following statements is false? 
[liT (Screening) 2000, 01 J 

(a) Work is a state function 
(b) Temperature is a state function 
(c) Work appears at the boundary of the system 
(d) Change in the state is completely defined when the initial 

and final states are specified 
145. AGO for the reaction x + y ~ z is -;- 4.606 kcal. The value 

of equilibrium constant of the reaction at 227° Cis: 
(lIT 1999) 

(a) 100 (b) 10 (c) 2 (d) 0.01 
(R == 2.0eal K-I mol-I) 

[Hint: AG ° = - RT x 2.303 x log K ] 

146. The enthalpy of solution of BaCl2 (s) and BaC12 . 2HzCXs) are 
-20.6 and 8.8 kJ mol-I ,respectively. The enthalpy change for 
the reaction is: (liT 1998) 

(a) 29.8 kJ (b) -11.8 kJ 
(c) -20.6 kJ (d) -29.4 kJ 

147. For the reaction, 
A(g) + 2B(g) ~ 2C(g) + 3D(g) 

the value of MI at 27°C is 19.0 kcal. The value of AE for the 
reaction would be: (Given, R 2.0cal K-1 mo.-I): (lIT 1998) 

(a) 20.8 kcal (b) 19.8 kcal (c) 18.8 kcal (d) 17.8kcal 
148. In thermodynamics, a process is called reversible when: 

[liT (Screening) 2000, 01 J 
(a) surroundings and system change into each other 
(b) there is no boundary between system and surroundings 
(c) the surroundings are always in equilibrium with the system 
(d) the system changes into the surroundings spontaneously 

149. The heat liberated when 1.89 g of benzoic acid is burnt in a 
bomb calorimeter at 25°C increases the temperature of 18.94 
kg of water by 0.632°C. If the specific 'heat of water at25°e is 
0.998 calg-Jdeg-I ,the val~$'ofheat of combustion of benzoic 

150. 

151. 

152. 

153. 

acid is: ' '(AFMC 2010) 
(a) 881.1 kcal (b) 771.4 kcal 
(c) 981.1 kcal (d) 871.2 kcal 
[Hint: Heat liberated by 1.89 g of benzoic acid, 

q = msllT 
= 18940x 0.998 x 0.632 

11946.14 cal 
Heat liberated by the combustion of 
1 mol benzoic acid, i.e., 
122 g benzoic acid 

= 11946.14 x 122 == 771126.5 cal 
189 

771-.12 kcal mol-I] 

One mole of a non-ideal gas undergoes a change state (2 attn, 
3 L, 95 K) to (4 atm, 5 L, 245 K) with a change of internal 
energy, IlU = 30 L atm. The change in enthalpy (MI) of the 
process in L atm.: lilT (8) 20021 
(a) 40.0 (b) 42.3 
(c) 44.0 
(d) not defined, because pressure is not constant 
Which of the following reactions defines MI~ ,? 

(a) C(diarnond) + 02 (g )~ COz (g ) 
1 1 

(b) '2 H2(g)+ 2 F2(g)~ HF{g) 

(c) Nz{g) + 3H2(g) ~ 2NH3(g) 

(d) CO(g) +..!. 02{g) ~ CO2(g) 
2 

lilT (8) 20031 

If the enthalpies off ormation of Ai20 3 and Cr203 are -1596 kJ 
and -1.134 kJ respectively, then the value of l:J{ for the 
reaction; 

2Ai + Cr203 ~ 2Cr + Ai20 3 is: (AIlMS 2004) 
(a) -462kJ (b) -1365kJ 
(c) -2530kJ (d) +2530kJ 
Which of the following is true for spontaneous process? 

[PMT (Himachal) 20061 
(a) AG> 0 (b) t.G < (l (c) 6.G = 0 (d) 6.G T t.S 
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154. Considering entropy(s) as a thennodynamic parameter, the 
criterion for the spontaneity of any process is: 

(CBSE (PMT) 20041 

(a) M system + t1S surroundings > 0 
(b) t1S system - t1S surroundings > 0 
(C) Msystem> Oonly 
(d) MSUI'!oundings> Oonly 

155. An ideal gas expands in volume from 1 x 10-3 m3 to 
l x 10-2 m3 at 300 K against a constant pressure of 

. 1 x lOs Nm-2
. The work done is: (AIEEE 2(04) 

(a) '-900J (b) -900kJ 
(c) 270kJ (d) +900 kJ 

156. What is the value of internal energy change (t1U)at 2rc ofa 
gaseous reaction 2A2 (g) + 5Bz(g)~ 2A2BS (g) (whose 
heat change at constant pressure is -50700 J)? 

R == 8.314 JK-1 morl (SCRA 2(09) 
(a) -50700J (b) -63171 J 
(c) -38229 J (d) +38229 J 
[Hint: !lH == t1U + t1ngRT 

-50700==t1U + (-5)x 8.314 x 300 
t1U = -38229J] 

157. Two mole of an ideal gas is expanded isothennally and 
reversibly from 1 litre to 10 litre at 300 K. The enthalpy 
change (in kJ) for the process is: (liT (S) 20041 
(a) 11.4kJ (b) -11.4kJ (c) OkJ (d) 4.8kJ 

158. The enthalpy of vaporization of a liqu~ is 30 kJ mor1 and . 
entropy of vaporization is 75 J mol-1 K- . The boiling point of 
the liquid at I atm is: lIlT (S) 2004J 
(a) 250K (b)400K (c)450K (d)600K 

159. The sublimation energy of 12 (s) is 57.3 kJ/mol and the 
enthalpy of fusion is 15.5 kJ/mol. The enthalpy of 
vaporisation of 12 is: (DCE 20(5) 
(a) 41.8 kJ/mol (b)- 41.8 kJ/mol 
(c) 72.8 kJ/mol . (d) - 72.8 kJ/mol 

[ Hint: !lH sublimation == !lH fusion + Mf vaporisation] 

160. !lH and M for a reaction are +30.558 kJ mol-1 and 0.066 kJ 
K-1 mol-1 at 1 atm pressure. The temperature at which free 
energy change is zero and the nature of the reaction below 
this temperature is: [PET (Kerala) 20051 
(a) 483 K, spontaneous (b) 443 K, non-spontaneous 
(c) 443 K, spontaneous (d) 463 K, non-spontaneous 
(e) 463 K, spontaneous 

161. What would be the amount of heat released when an aqueous 
solution,containirig 0.5 mole of HN03 is mixed with 0.3 mole 

. ofOH- (enthalpy of neutralisation is -57.1 kJ)? 
[PET (Kerala) 2005] 

(a)28.5kJ (b) 17.1 kJ (c)45.7kJ (d)1.7kJ 
(e) 2.85 kJ 
[Hint: 0.3 mole OH ion will be completely neutralised,. 
.. AH == - 57.1 x 0.3 = -17.13 kJ] 

162. A process in which the system does not exchange heat with the 
surroundings is known as: teET (J&K) 2005] 
(a) isothennal (b) isobaric (c) isochoric (d) adiabatic 

163. The entropy of a crystalline substance at. absolute .zero on the . 
basis of third law ofthennodynamics should be taken.as: 

·,CET (J&K) 20B51 

164. 

165. 

166. 

167. 

168. 

(a) 100 (b) 50 
(c) zero (d) different for different substances 
Which of the following expressions is correct? 

[JEE (Orissa) 20051 
(a) t1Go == nFEO (b) t1GO = + nFE 0 

(c) t1G 0 . 2.303RTnFE~ell (d) t1G 0 = - nF log Kc 

Consider the reaction, Nz (g ) + 3H2 (g ) ----j 2NH3 (g ) ; 
carried out at constant temperature and pressure. If !lH and 
t1U are enthalpy change and internal energy change 
respectively, which of the following expressions is true? 

(a)!lH 0 
(c)Ml< t1U 

(b) Ml == t1U 
(d)!lH> t1U 

[Hint: Ml=t1U+b.nRT,t1n=2-4 2 

.. Ml <t1U] 

(AIEEE 20(5) 

The absolute enthalpy of neutralisation of the reaction, 
MgO(s) + 2HCl(aq.) ----7 MgCI2(aq.) + H20(/) 

will be: ICBSE-PMT (Pre) 20051 
(a) -57.33 kJ ~01-1 
(b) greater than -57.33 kJ mol-1 

(c) less than -57.33 kJ mol-1 

(d) 57.33 kJ mol-1 

[Hint: Since, MgO is an oxide of a weak base, hence its 
neutralisation will evolve the heat less t!J:cin 57.33 kJ mol-I] 
The entropy values (in J K-1 mol-I) ofH 2 (g) = 130.6, C12 (g) 
= 223 and HCl(g) 186.7 at 298 K and I atm pressure are 
given. Then entropy change for the reaction, 

H2(g) + Cl2(g) ----7 2HC1(g) 

is: !BHU (Pre) 20051 
(a) + 540.3 (b) + 727.3 (c) 166.9 . (d) + 19.8 
A mixture of2 mole ofCO(g ) and one mole of O2, in a closed 
vessel, is ignited to convert the carbon monoxide to carbon 
dioxide. If !lH and t1U are enthalpy and internal energy 
change, then: (KCET 20(5) 
(a)!lH > t1U 
(b)!lH < t1U 
(c)!lH t1U 

(d) the relationship depends on the capacity of the vessel 
1:69. Consider the following reactions at 1000°C, 

A. Zn(s) + 1. 02(g) ----7 ZnO(s); t1GO = - 360 kJ mol-1 

2 
·1· ' 

B. C (graphite) +"2 02(g) ----7 CO(g); t1GO = -460 kJ/mol 

Choose the correct statement at 100OOC: 
IPMT (Kerala) 20061 

(a) zinc can be oxidised by carbon monoxide. 
. (b) ZnO can be reduced by graphite. 

(c) both (a) arrd(b)are true. 
(d) both (a)and (b) are false. 

. (e). catbon monoxide can be reduced by zinc. 
170. Which. one of the following equations does notcorrectfy 

represent the first law of thennodynamics for the given 
process? rPET (Kerala) 20061 
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(a) Isothermal process q = - w 
(b) Cyclic process . q = - w 

(crI~ochoric proces's', /:,.U = q 
(d) . Ad,iabatic process /:,. U = - w 
(eY 'Expansion of gasit:tto vacuum /:,.U = q 
[mnti In adiabatic process q = 0 

:. Froni/:,.U=q-w' 
Work is done by the system, 
. '. /:,.U = -w '. for adiabatiC process] 

171. The,enthalpy and e~tr:opy changes for the reaction: 
.' , Bril)+Clig)~2BrCl(g) 

are 30. kJ mol-land 105 J K-I mol-I respectively. The 
temperature at which the reaction will be in equilibrium is: 

'. [CBSE(Med.) 2006] 
(a) 285.1 K (b) 273 K (c) 450 K (d) 300 K 

172. (/:,.H - /:,.U) for the formation of carbon monoxide (CO) from 

its .element at 298K is:(R = 8.314 J K-1 mol-I) 

(AIEEE 2006) 
(a) "":1238,78 Jmol-I (b) 1238.78 J mol-I 

! (c) -2477.57 J mol-I. (d) 2477.57 J mol-I 

,,' 1· 1 1 
[Hink C(s) + - 02(g)~ CO(g) I1ng.= 1- - =-

. '." 2" ,,' 2 2 
JiH - /:,.U = I1nRT 
. " .' 1 ,", 

= - x 8.314 x 298 = 1238.786 J mol-I] 
2. ' , 

173. For a phase change: 
. H20(l) ~ H20(s) 

O°C, 1 bar (AnMS 2006) 
(a)/:"G = 0 (b) /:,.S = 0 
(c) /:,.H = 0 (d) /:,.U = 0 

174., We can drive any thermodynamically forbidden reaction in the 
desired direction bycol,lpling with: . [PET (Kerala) ,2006] 

. (a) highly exothermic reaction 
(b) highly endothermic reaction 
(c) .h,ighly exergonic reaction 
(d) "highly endergonic reaction 
(e) reaction with large positive /:,.S values 

.175 •. Given that; bond energies of H - Hand Cl - Cl are 

.A30kJ/mol and 240 kJ/mol respectively. /:,.HI for HCI is 
- 90 kJ/mo!. Bond enthalpy ofHCl is: ICBSE (Med.) 2007] 
('1),380 kJ mol-I (b) 425 kJ mol-I 

(c) 245kJmol-1 (d) 290kJmol-1 

d~. The ~in6uitt .of heat rel!!ased, when 20mL 0[0.5 M NaOH is 
mixed with 100 mLaf 0.1 M HCl;is x kJ. The heat of 
neutralization (in kJJrK;r~l) is: .. ~ f(M:alns))~OD'7] 
(~) -100x (b) - 50x (c) + 100i Cd) + 50x ' 

, MV 0.5x 20 
[Hmt~ Number of moles ofNaOH = -- = = 0.01 
'. 1000 1000 

" .' MV 0.1 x 100 
Number of moles ofHCl = --, = = 0.01 

" 1000 1000 
. -x 

Heat of'neUtralization = - = - 1 OOx ] 
. . ", 0.01 

lifil.. LIl,J4~i~qJ1version of limestone to lime, 
, ., CaC03 (s) ~ CaO(s) + CO2 (g) 

the \,alues of /:,.H0 and !:,.So are +179.1kJmol-1 and 

160.2 JK-I mo1-1 respectively at 298 K and 1 bar. Assuming 

that, /:,.H0 and /:,.S ° do not change with temperature; 
temperature above which conversion of limestone to lime will 
be spontaneous is: . (AIEEE2007) 
(a) 1118 K (b) 1008 K (c) 1200 K (d) 845 K 

178. Assuming that, water vapour is an ideal gas, the internal energy 
change (/:,. U) when 1 mp1 of water is vaporised at 1 bar pressure 
and 100°C, (given: molar enthalpy of vaporisation of water at 1 
bar and 373K = 41 kJ mo1-1 and R = 8.3 J K-I mol-I) will be: 

(AIEEE 2007) 
(a) 41.00kJmol-1 (b) 4.l00kJmol-1 

(c) 3.7904 kJmo1-1 (d) 37.904 kJmol- 1 

,[Hint: I1U = Ml - /:"~RT 

= 41000 - 1 x 8.314 x 373 
= 37898.878 J mo1-1 

= 37.9 kJ mol-I] 

179. For the process, 
H20(l) (1 bar, 373K) ~ H20(g)(1 bar, 373K). 

The correct set of thermodynamic parameters is: (lIT 2007) 
(a) /:,.G=O,/:,.S=+ve (b) /:,.G=O,/:,.S=-ve 
(c) /:,.G=+ve,/:"S=O (d) /:,.G=-ve,/:,.S=+ve 

180. For the reaction, 
2H2 (g) + 02 (g) ~ 2H20(g ); /:,.H0 = - 573.2 kJ 

The heat of decomposition of water per mol is: 
(MHT-CET 2007) 

(a) 286.6 kJ (b) 573.2 kJ (c) - 28.66 kJ (d) zero 

181. The free energy change /:"G = 0, when: [CET (J&K) 2007] 

(a) the reactants are completely consumed 
(b) a catalyst is added 
(c) the system is at equilibrium 
(d) the reactants are initially mixed 

182. In a closed container, a liquid is. stirred with a paddle to 
increase the temperature, which of the following is true? 

[PMt (Pb.) 2007] 
(a) /:,.U = /:,.W * 0, q = 0 (b) /:,.U = W = 0, q * 0 
(c) /:,.U = 0, W = q * 0 (d) W = 0, /:,.U = q * 0 

183. For the gas phase reaction, 
PCls (g)'~ PCl3 (g ) + Cl2 (g ) 

Which of the following conditions are correct? 
[CBSE-PMT (Pre) 2008] 

(a) /:,.H < 0, /:,.S < 0 (b) /:,.H > 0 and /:,.S < 0 
(c) /:,.H = 0, /:,.S < 0 (d) /:,.H > o and /:,.S > 0 

184. Which of the following is correct? :[BHU (Screening) 2008] 

(a)Cv = (~~]p (b)C
p =(~~]v 

(c) Cp - Cv = R (d) (au] - a 
av:.t V

2 

(Internal pressure in van dar Waals' equation) 
lti. Which of the following represents total kinetic energy of one 

mole of gas?I[HEE«(Orissap,n08] 

(a).!RT (b)~RT (c)(Cp-Cv)RT (d)~RT 
223 
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186. Standard entropy of X 2' Y2 and XY3 are 60, 40 and 50 JK - I 

mol- 1 respectively. For the reaction: 
I 3 
- X 2 +- Y2 -----? XY3, Ml 30 kJ, 
2 2 

to be at equilibrium, the temperature will be: (AIEEE 2008) 
(a) lOOOK (b) 1250K (c) 500K (d) 750K 

[Hint: .!.X2 + ~12 --7 XJ3 
2 2 

MO Reaction = MO XlS3 -.!. MO X - ~ MO l' 
2 2 2 1 

= 50 - .!. X 60 - ~ X 40 = - 40 JK- 1 mol- 1 
2 2 

AG = I:l1f - T M = 0 at equilibrium. 

. . T = I:l1f = - 30 X 1000 750 K ] 
M 40 

187. 4.48 L of an ideal gas at S.T.P requires 12 calories to raise its 
temperature by 15Co at constant volume. The C p of the gas is : 

[PMT (Kerala) 2009] 
(a) 3 cal (b) 4 cal (c) 7 cal (d) 6 cal 
(e) 9 cal 

[Hin . C - AU - 4.48 - 0 2 t. v- ,n- -. 
nAT 2.24 

12 
=--=4 cal 

0.2 x 15 

C p = C v + R = 4 + 2 = 6 cal] 
188. On the basis offollowing thermochemical data : 

[A JGo H+ (aq) = 0] 

HzO(l)---t W(aq)+ Of1(aq); Ml = 57.32kJ 

1 
H2(g)+2: 02 (g)---t H2°(l) Ml -286.2kJ 

The value of enthalpy of formation of OH- ion at 25°C is: 
(AIEEE 2009) 

(a) -22.88 kJ 
(c) +228.88 kJ 

(b) -228.88 kJ 

(d) -343.52 kJ 

[Hint: The equation for the formation ofOf1(aq) is: 

H2(g)+.!.02(g) ~ H+ (aq) + Of1(aq) 
2 

It is obtained by adding the two given equations : 
I:l1f = 57.32 + (-286.2) = -228.88 kJ] 

189. The values of Ml and AS for the reaction, 

C(graphite) + CO2 (g)---t 2CO(g) are 170 kJ and 170 

JK-1 respectively. This reaction will be spontaneous at : 
[CRSE (PMT) Pre 2009] 

(a) 510K (b) 710K (c) 910K (d) IIIOK 
[Hint: AG = I:l1f - TM, AG should be negative for spontaneous 
process. 

or 

I:l1f -TM < 0 
I:l1f <TM 

I:l1f 
T>

M' 

T > 1000K] 

T> 170x 1000 
170 

190. In which reaction, there will be increase in entropy? 
(DCE2009) 

191. 

192. 

193. 

I " 
(a) Na(s)+ H20(l) ---t NaOH(aq)+-H2 (g)1' 

""" 2 

(b) Ag+(aq)+Cnaq) AgCI(s) 
I . 

(c) H2(g)+2:02(g)---t H20(l) 

(d) Cu 2
+ (aq)+ 4NH3 (g) [Cu(NH3 )4]t~.) 

The species which by defmition has zero standard molar 
enthalpy of formation at 298 K is: (UT 2010) 
(a) Br2 (g) (b) Clz(g) 
(c) H20(g) (d) CH4 (g) 
The standard enthalpy of formation' of NHj is -46 kJ morl. If 

the enthalpy off ormation ofH2 from its atoms is -436 kJmorl 

and that ofN2 is -712 kJ mor l
, the average bond enthalpy of 

N-H bond in NH3 is: (AIEEE WI:O) 
(a) + 1056 kJ mor l 

" (b) -1l02 kJ mor l 

(c) -:964 kJ mol-1 (d) +352 kJ mol-1 

[Hint: ~ (N N)+ ~ H) H~N<: 
I:l1f -46 kJ mol-1 

BE (N N) =-712 kJ mol-1 

H) -436 kJ mol-1 

Let RE. H) x kJ mol-I 

I:l1f L(B. E. )Rcactants - L(B. E. )Products 

-46 [~(712)+~(436)J-3X 
." 

x 352 kJ mol-I] 

A 1 g sample of substance A at 100°C is added to 100 mL of 
H20 at 25°C. Using separate 100 mL portion of H20, the 
procedure is repeated with substance B and then with substance 
C. How will the final temperatures of the water compare? 

Substance $pecific heat 
A 0.6 J g-I 0 C-1 

B O.4J 0C- I 

C 0.2 J 0C-
I 

(DUMET 2010) 

(a) Tc > TB > TA (b) > TA > Tc 
(c) > TB > (d) TA TB Tc 
[Hint: q msl:J.T 

1 sOC 
AT 

Higher is the temperature of given solution, lesser is the 
temperature so higher is the specific h~t. Order of 
specific heat is A > B > C. Hence order of temperature will be : 

'" "-~'i 
TA >TB ] 

194. For vaporisation of water at 1 atmospheric pressure, the values 
of Ml and I:J.S are 40.63 kJ mol-I and 108.8 J r1morl 

respectively. The temperature when Gibbs free energy change 
(I:J.G) for transformation will be zero, is:rCBSEi(pMl'~ 2010] 
(a) 273.4 K (b) 393.4 K 
(c) 373.4 K (d) 293.4 K 
[Hint: AG I:l1f - TM 

o 40.63xlOOO-TxlO8.8 
T 373.4 K] 
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Set·2: The questions given below may have more 
than one correct answers 

I. Which is intensive property? 
(a) Mass (b) Mass/volume 
(c) Volume (d) Volume/mass 

2. Which is an irreversible process? 
(a) Mixing of two gases by diffusion 
(b) Evaporation of water at 373 K and 1 attn pressure 
(c) Dissolution ofNaCI in water 
(d) All of the' above 

3. One mole of anhydrous MgCl2 dissolves in water and liberates 
25 cal/mol of heat. Mf hydration of MgCl2 = - 30 cal/mol. Heat 
of dissolution of MgCl2 . H20 is: 
(a) +5 cal/mol (b) -5 cal/mol 
(c) 55 cal/mol (d) -55 cal/mol 

4. Following enthalpy changes are given: 
a-D g\ucose(s) ----7 a-D g\ucose(aq.); Mi = 10.72 kJ 

~ -D glucose(s) ----7 J3 -D glucose(aq.); Mi = 4.68 kJ 

a -D glucose(s) ----7 J3 - D glucose(aq.); Mi 1.16 kJ 
Calculate the enthalpy change in, 
a-D glucose(s)----7J3-D glucose(s) 
(a) 14.24 kl (b) 16.56 kl (c) -7.2 kl (d) 4.88 kl 

5. If x and yare arbitrary extensi.ve variables, then: 
(a) (x + y) is an extensive variable 
(b) x/ y is an intensive variable 
(c) dx/ dy is an intensive variable 
(d) both (b) and (c) 

6. If x and yare arbitrary intensive variables, then: 
(a) xy is an intensive variable 
(b) xl y is an intensive variable 
(c) (x + y) is an extensive property 
(d) dx/ dy is an intenSive property 

1 
7. H2(g) + "2 02(g) H20(g); Mi = x 

1 
H2(g) + 2 °2(g) ----7 HP(I); Mi = Y 

Heat of vaporization of water is: 
(a) x+ y (b) x- Y (c) y-x (d) (x+ y) 

8. Which is correct about 6.G? 
(a) 6.G = Mf - T 6.S (b) At equilibrium, 6.G 0 = 0 
(c) At eq. 6.G RT logK (d) 6.G 6.G ° + RT log K 

9. Dissociation of sodium azide is given by, 
NaN3 ----7 Na + 312N2; 

Mi for this is: 

(a) YzMf;(N2) - Mf;(NaN 3) 

(b) - Mf; (NaN 3) 

(c) Mf;(NaN3) -[Mf;(Na) + Yz Mf;(Nz)] 
(d) Mf; (Na) + Yz Mf; (Nz) Mf; (NaN3 ) 

10. The lattice energy of KCI is 202 kcal/mol. When KCI is 
dissolved in water 2 kcal/mol is absorbed. If the sol energies of 
K+ and Cl- are in the ratio 2 : 3; then Mfhydration ofK+ is: 
(a) -80 kllmol (b) -120 kllmol 
(c) -150 kllmol (d) 133.3 kllmol 

11 •. Which is a correct relationship? 

(a) [dH] _[dE] = (+ve) 
dT p dT T 

'. 

(b) [dE] 0 (for ideal gas) dV T 

(c) [dV] = nR (for ideal gas) 
dT p P 

(d) All of the above 
12. The standard Gibbs free energy 6.G ° is related to eqUilibrium 

constant K pas: 
(a) Kp RT log 6.G o (b) Kp = [el RT ]I'.G 

(c) Kp = -6.GoIRT (d) Kp = e-l'.GolRT 

13. For the two equations given below: 
H2(g) + .x02(g) ----7 H20(l) + Xl kJ 

Hz(g) + .x 02(g) ----7 H20(g) + x2 kJ 
Select the correct answer: 
(a) Xl > X2 

(c) Xl =x2 

14. M = 0, for which process? 

(b) x2 > Xl 

(d) Xl + Xz o 

(a) Cyclic process (b) Isothermal expansion 
(c) Isochoric process (d) Adiabatic process 

15. For a reaction to be spontaneous in neither direction, which of 
the following is/are correct regarding the closed system? 

(1) (6.G)r.p = 0 
(3) (6.S)u.v 0 
Codes: 
(a) 1,2 and 3 are correct 
(c) 2 and 4 are correct 

IBHU (Mains) 2007] 
(2) (6.G)T,P < 0 
(4) (M)u,v >0 

(b) 1 and 2 are correct 
(d) 1 and 3 are correct 
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Assertion-Reason TYPE QUESTIONS 

Set-1 

The questions given below consist of an 'Assertion' (A) and the 
'Reason' (R). Use the following keys to choose the appropriate 
answer: 

(a) If both (A) and (R) are correct and (R) is the correct 
explanation for (A). 

(b) Ifboth (A) and (R) are correct but (R) is not the correct 
explanation for (A). 

(c) If (A) is correct but (R) is incorrect. 
(d) If (A) is incorrect but (R) is correct. 

1. (A) The endothermic reactions are favoured at lower 
temperature and the exothermic reactions are favoured at 
higher temperature. 

(R) When a system in equilibrium is disturbed by changing the 
temperature, it will tend to adjust itself so as to overcome 
the effect of the change. 

2. (A)Cp Cv Rforanidealgas. 

(R) [iJE ] = 0 for an ideal gas. av T 

3. (A) When hydrogen gas at high pressure and room 
temperature expands adiabatically into a region of low 
pressure, there is a decrease in temperature. 

(R) Hydrogen gas at room temperature is above its inversion 
temperature. 

4. (A) The thermodynamic factor which determines the 
spontanei ty of a process is the free energy. For a process to 
be spontaneous the free energy must be -ve. 

(R) The change in free energy is related to the change in 
enthalpy and change in entropy. The change in entropy for 
a process must always be positive if it is spontaneous. 

5. (A) The Joules-Thomson coefficient for an ideal gas is zero. 
(R) There are no intermolecular attractive forces in an ideal 

gas. 
6. (A) As temperature increases, heat of reaction also increases 

for exothermic as well as endothermic reactions. 
(R) Mireaction varies according to the relation: 

--"-----'- = AC P 
T2 -T1 

7. (A) All exothermic reactions are spontaneous at room 
temperature. 

(R) AG ve for above reactions and for spontaneous 
reactions AG = - ve. 

8. (A) Efficiency of a reversible engine is 100% (maximum) 
when the temperature of sink is - 273°C. 

(R) . T2 -1j 
Efficiency of engme, II == ---. 

T2 

Set-2 
The questions given below consist of statements' Assertion' (A) and 
'Reason' (R). 

(a) If both (A) and (R) are correct and (R) is the correct 
reason for (A). 

(b) Ifboth (A) and (R) are correct but (R) is not the correct 
explanation for (A). 

(c). If (A) is true but (R) is false. 
(d) Ifboth (A) and (R) are false. 

1. (A) Enthalpy of graphite is lower than that of diamond. 
(R) Entropy of graphite is lower than that of diamond. 

(AUMS1994) 
2. (A) The enthalpy of formation of gaseous oxygen molecules at 

298 K and under a pressure of one atrn is zero. 
(R) The entropy of formation of gaseous oxygen molecules 

under the same condition is zero. (AUMS 1996) 
3. (A) Heat of neutralization for both HN03 and HCl with NaOH 

is 53.7 kJ per mol. 
(R) NaOH is a strong electrolyte/base. (AllMS 1997) 

4. (A) Decrease in free energy causes spontaneous reaction. 
(R) Spontaneous reactions are invariably exothermic. 

(AIlMS 1997) 
5. (A) Many endothermic reactions that are not spontaneous at 

room temperature become spontaneous at high 
temperature. 

(R) Entropy of the system increases with increase in 
temperature. (AUMS 1998) 

6. (A) The enthalpy offormation ofH20(l) is greater than that of 
H20(g). 

(R) Enthalpy change is negative for the condensation reaction 
H20(g) ----t HP(I) 

7. (A) For a particular reaction, heat of combustion at constant 
pressure (qp) is always greater than that at constant 
volume (qv ). 

(R) Combustion reactions are invariably accomplished by 
increase in number of moles. (AUMS 1998) 

8. (A) The enthalpy of both graphite and diamond is taken to be 
zero, being elementary substances. 

(R) The enthalpy of formation of an elementary substance in 
any state is taken as zero. 

9. (A) Heat of neutralization of perchloric acid, HCI04, with 
NaOH is same as that of HCl with NaOH. 

(R) Both HCI and HCI04 are strong acids. 
10. (A) Heat of ionization of water is equal to the heat of 

neutralization of a strong acid with a strong base. 
(R) Water ionizes to a very small extent while W ions from 

acid combine very rapidly with OIr from base to form H20. 
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11. (A) Enthalpy offormation ofHCI is equal to the bond energy 
ofHCI. .. 

(R) Enthalpy of formation and bond energy both involve 
formation of one mole of HCI from the elements. 

ll. (A) Pressure, volume and temperature are all extensive 
properties. 

(R) Extensive properttes depend upon the amount and nature 
of the substance. 

13. (A}When a gas at high pressure expands against vacuum, the 
work done is maximum. 

(R) Work done in expansion depends upon the pressure inside 
the gas and increase in volume. 

14. (A) When a real gas is allowed to expand adiabatically 
through a fine hole from a region of high pressure to a 
region of low pressure, the temperature of the gas falls. 

(R) Work is done at the cost of internal energy ofthe gas. 
15. (A) Internal energy change in a cyclic process is zero. 

(R) Internal energy is a state function. 
16:.- (A) An exothermic process, non-spontaneous at high 

temperature, may become spontaneous at low 
tempemture. 

(R) With decrease in temperature, randomness (entropy) 
decrease. 

17. (A) There is noreaction known for which I1G is positive, yet it 
is spontaneous. 

(R) For photochemical reaction, I1G is negative. 
18. (A) A reaction which is spontaneous and accompanied by 

decrease of randomness must be exothermic. 
(R) All exothermic reactions are accompanied by decrease of 

randomness. 
19. (A) Molar entropy of vaporization of water is different from 

ethanol. 
(R) Water is more polar than methanol. 

20. (A) Heat of neutralization for both HN0 3 and HCI with NaOH 
is 53.7 kJ/mol. 

(R) NaOH is a strong electrolytelbase. 
21. (A) In the following reaction: 

C(s) + 02(g) ~ CO2(g); Ml = I1U - RT 
(R) MI is related to I1U by the equation, 

Ml = au I1ngRT 
22. (A) Enthalpy of graphite is lower than that of diamond. 

(R) Entropy of graphite is greater than that of diamond. 
23. (A) For a reaction 

2NH3(g)~ N2(g)+ 3H2 (g); MI > AE 
(R) Enthalpy change is always greater than internal energy 

change. (ADMS 2008) 
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Tbe foQo'ft'ing questions contain siagle correct option : 
1. In which of the following pairs, both properties are intensive? ' 

(a) Pressure, temperature (b) Density, volume 
(c) Temperature, density (d) Pressure, volume 

1. Although the dissolution of ammonium chloride (NH4CI) in 

water is an endothermic reaction, even then it is spontaneous 
because: 
(a) t:.S - ve (b) t:.s zero 
(c) T M. < MI (d) t:.S := + ve and MI < T M 

3. The S-S bond energy is if MI'f(Et - S Et ) -147kJ/mol; 

MI'f(Et ~S S- Et ) -202 kJ/mol and MI'fS(g):= + 223 

kJ/mol: 
(a) 168 kJ (b) 126 kJ (c) 278 kJ (d) 572 kJ 
[Rial: 
CzHs - S- C2HS + S(s) ---7 CzHs - S- S- CzHs 

o ' ° 
Mf reaction = ~ f (products) - "'£tJf f (reactants) . '-

== (-202) - (-147) - 55 kJ 
MIreaction L (BE)reactonts:'" l:(BE)prodUCts 

-55 = Heat of sublimation or enthalpy of atomisation 
of sulphur BE(S- S) 

-55 = 223 BE(S- S) 
BE(S- S) == 223 + 55 278 kJ 

(Common bonds of reactants and products are rejected.)] 
4. Standard enthalpies of formation of °3, CO2 , NH3 and HI are 

142.2, -393.2, 46.2 and +25.9 kJ mol- l respectively. The 
order of their increasing stabilities will be: 
(a) 03'COZ ' NH3 ,HI (b) CO2 , NH3 ,HI'03 
(c) 03' HI, NH3 , CO2 (d) NH3 , HI, CO2 , 0 3 
[llial: (i) Exothermic compounds are more stable than 
endothermic compounds. 
(ii) Greater is the amount of heat evolved in the formation of a 
compound, more will be its stability.] 

S. Combustion of octane takes place in an automobile engine. 
The homogeneous equation of combustion is: 

CSHlS(g) + ¥ 02(g) ---7 8C02(g} + 9H20(g) 

The signs of MI, t:.S and t:.G for the reaction will be: 
(a) +ve, -ve, +ve (b) -:-ve; +ve, -ve 
( c) -ve, +ve, +ve (d) +ve, +ve, -ve 

6. Which among the following represents the reaction of 
formation of the product? 
(a) C(diamond) + 02(g)~ CO2 (g) 
(b) S(monoclinic) + 02(g) ~ S02(g) 
(c) 2N2 (g)+ 02(g)~ 2N20(g) 
(d) None of the above 

7. How much energy must be supplied to change 36 g of ice at 
0° C to water at room temperature 25°C? 

Data for water 
MI~on 6.01 kJ/mol 

C 4.18 J K-l g-: p liquid 

(a) 12 kJ (b) 16 kJ (c) 19 kJ (d) 22 kJ 

lIT ASPIRANTS 1 ,.j 
[Hint: MI =:= MI fusion of two moles + ms t:.T 

= 6.01 x 2 +36 x 4.18 x 25 x 10-3 

'" 16 kJ] 
8. Alarge positive value of t:.Go corresponds to which of these? 

(a) Small positive K (b) Small negative K 
(c) Large positive K (d) Large negative K 

9. Consider the values for MIO (in kJ mol-I) and for MO (in J 
mol-I K-1

) given for four different reactions. For which 
reaction will t:.Go increase the most (becoming more positive) 

. when the temperature is increased from ooe to 25°C? 
(a) MIo 50, MO == 50 (b) MIo 90, MO := 20 
(c) MIo = 20, MO - 50 (d) MIo = - 90, MO = - 20 
[Hint: Use the relation, t:.GO == MIO - T MO] 

3 3 
10. Fe203(S)+ "2 C(s)~ 2 CO2(g) + 2Fe(s); 

MIo = + 234.1 kJ 
C(s) + 0z(g) ---7 CO2 (g); MIo == 393.5 kJ 

Use these equations and MI ° values to calculate MI ° for this 
reaction: 

4Fe(s) + 302(g) ---7 2FeP3(s) 
(a) -1648.7 kJ (b) -1255.3 kJ 
(c) -1021.2 kJ (d) -129.4 kJ 

[Iliac 2Fe(s) + 3 CO2 (g) ---7 FeP3(s) + ~C(s) ... (i) 
2. 2 

(t:.W = - 234.1kJ) 
C(s) + 0z(g) ---7 COz(g) (AW:= - 393.5 kJ) ... (ii) 

MUltiplying eq. (i) by 2 and eq. (ii) by 3 and on adding both 
equations, we get: 

4Fe(s) + 302(g) ---7 2FeP3(s); 
MIo = (-234.1 x 2) + (-3 x 393.5) 

= 1648.7 kJ] 
11. Consider this equation and the associated value for MI 0: 

2H2(g) + 2C12(g) ---7 4HCI(g); mo = -92.3 kJ 
Which statement about this information is incorrect? . 
(a) If the equation is reversed, the MIO value equals + 92.3 kJ 
(b) The four HC] bonds are stronger than four bonds in H2 and 

Cl2 
(c) TheMIO value will be -92.3 kJ if HC! is produced as a 

liquid 
(d) 23.1 kJ of heat will be evolved when 1 mole of HCI(g ) is 

produced 
11. If the internal energy of an ideal ~as decreases by the same 

amount as the work done by the system, the process is: 
(a) cyclic (b) isothermal (c) adiabatic (d) isolated 

13. The enthalpy of neutralization of a strong acid by a strong base 
is -57.32 kJ mol-I. The enthalpy of formation of water is 
-285.84 kJ mol-I. The enthalpy of formation of hydroxyl 
ion is: 
(a) +228.52 kJ mol-I 

(c) -228.52 kJ mol-I 

(b) -114.26 kJ mol-I 

(d) +114.2 kJ mo]-l 
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[Hint: The process of neutralization is: 
H+ (aq.) + OW(aq.) H20(l); 1lH0 = - 57.32 kJ mol-I 

IlH reaction' = L Heat of formation of products 
L Heat of formation of reactants 

= 1lH' . -[IlH" + 1lH" ) 
f H20 (1) fH+{aq.) fOW(aq,) 

-57.32 = 285.84 - (0 + x) 
x -285.84 + 57.32 

= - 228.52 kJ) 
14. For which process will Mfo and t:!.Go be expected to be most 

similar? 
(a) 2Al(s) + Fez03(s)~ 2Fe(s) + AI20 3(s) 
(b) 2Na(s) + 2Hz0(l) ~ 2NaOH(aq.) + Hz (g) 
(c) 2N02(g)~ NZ0 4(g) 

(d) 2H2(g) + 02(g) ~ 2H20(g) 
[Hint: (a) In this reaction, I3.S o 

"" 0 

t:!.GO = MfO - Tt:!.So 
t:!.GO", MfO] 

15. For a particular reaction, Mfo == - 38.3 kJ and t:!.SO 

J K-I mol-I. This reaction is: 

(a) spontaneous at all temperatures 
(b) non-spontaneous at all temperatures 
(c) spontaneous at temperatures below 66°C 
(d) spontaneous at temperatures above 66°C 
[Hint: t:!.G IlH - T t:!.S 

For spontaneous process, t:!.G < O. 
.. IlH-T/JiS<O 

Mf <T 
/J.S 

-38.3 x 1000 < T 
-113 

i.e., T > 338.93 K, i.e., 66° C] 

-113 

16. Which halogen in its standard state has the greatest absolute 
entropy per mole? ' 
(a) F2(g) (bfCI2Cg) (c) Br2(l) (d) 12 (s) 

17. For which of these processes is the value of /J.S negative? 
I. Sugar is dissolved in water. 
II. Steam condenses on a surface. 
IILCaC03 is decomposed into CaO and CO2 , 

(a) I only (b) II only 
( c) I and III only (d) II and III only 

. . 18. When solid NH4N03 is dissolved in water at 25°C, the 

temperature of the solution decreases. What is true about the 
signs of Mf and /J.S for this process? 

Mf t:!.S 

(a) + 

(b) 

(c) 

(d) 

+ + 

+ 

19. The diagram below shows the heat of reaction between N2 , 02' 

NOandN02: 

2NO~)+Oz~) ~~~-----------
MfO = -112 kJ 

2N02~) 

N2~)+ 202~) !J.H0 = 180 kJ 
~------------------

Which of the following statements pertaining to the fonnation 
of NO and N02 are correct? 

1. Thestandard heat offonnation ofNOz is 68 kJ mol-I. 

2. N02 is fonned faster than NO at higher temperature. 
3. The oxidation reaction or nitrogen to N02 is endothennic. 
4. These two reactions often take place in troposphere and 

causes green-house effeCt. 
5. These two reactions often take place and are responsible for 

city smog. 
Wl~2 OOI~3 ~1~4 ~3~4 

(e) 3 and 5 
20. The enthalpy changes for two reactions are given by the 

equations: 
1 

2Cr(s) + 12 Oz~) ----4 Cr203(s); IlH 1130 kJ 

1 
C(s) + 2 02~) ----4 CO~); IlH -110 kJ 

What is the enthalpy change, in kJ, for the reaction? 
3C(s) + Cr203(s) ----4 2Cr(s) + 3CO~) 

(a) -1460 kJ (b) -800 kJ (c) +800 kJ (d) + 1 020 kJ 
(e) +1460 kJ 
[Hint: The given equations can be written as: 

3 . 
Cr203(s) ----4 2Cr(s) + - 02~); IlH = + 1130 kJ 

2, 
3 

3C(s) + 2 02~) ----4 3CO~); !J.H 330 kJ 

Adding the above equations, we get: 
Cr20 3(s) + 3C(s) ----4 2Cr(s) + 3CO~); t:!.H = + 800 kJ) 

21. The enthalpy change at 298 K for decomposition is given in 
the following two steps: 

Step I: H20(g) ~ H(g) + OH(g); Mf == 498 kJ morl 

Step II: OH(g) ~ H(g) + O(g); Mf == 428 kJ mOrl 

The bond enthalpy of the O-H bond is: 
(a) 498 kJ mol- l (b) 463 kJ mo\-l 

(c) 428 kJ mo\-I (d) 70 kJ mo\-I 

22. Consider the following two reactions: 
(i) Propene + H2 ~ Propane; Mfl 

(ii) Cyclopropane + H2 ~ Propane; Mf2 

Then, Mfz - Mfl will be: 
(a) 0 (b) 2BEc--.c BEc=c 
(c) BEc=c (d) 2BEc=c BEc-c 
[Hint: CH3 CH=CH2 + H2 ----4 CH3-CHz-CH3; 

Mil = (BEc=c + BEH_ H) (2BEc_H + BEc-d 
. CH 

/ 2~ + H2 ----4 CH3 -- CH2 CH3 ; 

CH2---CHz 
!J.H 2 = (BEc_c + BEH_ H) - (2 X BEe_H) 

IlH 2 - Mf I = 2BEc_c -:- BEc= c ] 
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23. Under which circumstances would the free energy change for 
a reaction be relatively temperature independent? 
(a) 1::Jf0 is negative 
(b) 1::Jf0 is positive 
(c) MO has a large positive value 
(d) MO has a small magnitude 

24. Use the free energy change, t1GO = + 63.3 kJ, for this reaction, 

to calculate the K sp of Ag 2C03 (s) in water at 25°C: 

Ag2C03(s) ~ Ag+ (aq.) + CO~- (aq.) 

(a) 3.2 x 10-26 (b) 8 x 10-12 (c) 2.9 X 10-3 (d) 7.9 x 10-2 

25. Which statement(s) is/are true? 
1. So values for all elements in their states are positive. 
2. So values for all aqueous ions are positive. 
3. MO values for all spontaneous reactions are positive. 
(a) 1 only (b) I and 2 only 
(c) 2 and 3 only (d) All of these 

26. The enthalpy ofa reaction does not depend upon: 
(a) the intermediate reaction steps 
(b) the temperature of initial and final state of the reaction 
(c) the physical states of reactants and products 
(d) use of different reactants for the formation of the same 

product 
27. When a solution of500 mL of2 MKOH is added to 500 mL of 

2 M HCI, then the rise in temperature 1] is noted. When the 
same experiment is repeated by mixing 250 mL of each 
solution, the rise in temperature T2 is noted: 
(a) 1] T2 (b)1] = 2T2 (c) T2 = 21] (d) 1] 4T2 

28. The heat of combustion of solid benzoic acid at constant 
volume is -321.30 kJ at 27°e. The heat of combustion at 
constant pressure is: 
(a) 321.30 - 300R (b) -321.30 + 300R 
(c) -321.30 150R (d) -321.30 + 900R 
[Hint: 

15 
C6HsCOOH(s)+ - 02(g)~ 7C02(g) + 3Hz0(l), 

2 

t1n=7_
15 =-.! 
2 2 

Mf =: t1U + t1nRT 

321.30 -.! x R x 300 = - 321.30 150R] 
2 

29. A B; t1U 40 kJ mol- I 

If the system goes from A to B by a reversible path and returns 
to state A by an irreversible path, what would be the net 
change in internal energy? 
(a) More than 40 kJ (b) Zero 
(c) Less than 40 kJ (d) 40 kJ 

30. For the process, NH3(g) + HCI(g) ~ NH4CI(s): 

(a) I::Jf + ve, t1S = + ve (b) I::Jf = ve, t1S + ve 
(c) I::Jf = + ve, t1U = - ve (d) I::Jf = ve, t1S ve 

31. Match the thermodynamic properties (List-I) with their 
relation (List-II): 

• List-I List-II 

A. Free energy change (t1GO) (i) RT loge K 

B. Entropy change MO (ii) -nFE 

32. 

C. Mfo enthalpy change of a (iii) R T 2 r d In K J 
reaction in standard state \ dT p 

D. Standard free energy change (iv) _ {d t1G} . 
(t1GO) dT p 

Select the correct answer: 
Codes: A B C D 

(a) (i) (ii) (iii) (iv) 

(b) (ii) (iv) (iii) (i) 

(c) (iv) (ii) (iii) (i) 

(d) (i) (ii) (iv) (iii) 

An ideal gas is allowed to expand under adiabatic conditions. 
The zero value is of: 
.(a) t1T (b) t1S 

(c) t1G Cd) none of these 
33. Match the physical changes in List-I with their relations given 

in List-II: 
List-I 

A. t1G 

B. I::Jf 

C. t1So 

D. t1Go 

List-D 

(i) t1U + Pt1V 

(ii) -nFE 

(iii) -RT loge K 

r
v \ 

(iv) nR loge ....l.j 
\JIj 

Select the correct answer from the given codes: 
Codes: A B C D 

(a) (ii) (i) (iv) (iii) 

(b) (i) (ii) (iii) (iv) 

(c) (iv) (iii) (ii) (i) 

(d) (i) (ii) (iv) (iii) 

34. Given the following data: 

Sa~ ~..,.)"~~~~'~:~i;~~ 
FeO(s) -266.3 57.49 -245.12 

C (Graphite) 0 5.74 0 

Fe(s) 0 27.28 0 

CO(g) -110.5 197.6 -137.15 

Determine at what temperature the following reaction is 
spontaneous? 

FeO(s) + C (Graphite) ----" Fe(s) + CO(g) 
(a) 298 K 
(b) 668 K 
(c) 966 K 
(d) t1Go is +ve, hence the reaction will never be spontaneous. 

[Hint: Mf reaction "L.{Mf; Fe(s) + Mf; CO(g)} 

{Mf; FeG(s) + Mf; C(graphite)} 

(0 - 110.5) - (-266.3 + 0) = 155.8 kJ mo[-I 

t1Sreaction "L.[S;e(s) + S~o(g)] - [S;eG(s) + S~(graphite)] 
(27.28 + 197.6) - (57.49 + 5.74) 
161.65 JK- I mor l 
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. W 155.8 x 1000 
For spontaneous reactIOn, T > - ; T > ----

!1S 161.65 

T >966K] 
35. Which of the following equations haslhave enthalpy changes 

equal to W comb C? 
I. C( s) + O2 (g ) ~ CO2 (g ) 

I . 
II. C(s) + - 02(g) ~ CO(g) 

2 
1 

III. CO(g) + - O2 (g ) ~ CO2 (g ) 
2 

(a) I and II 
(c) I and III 

(b) I, II and III 
(d) I only 

36. The enthalpy change of which reaction corresponds to W~ 

for Na2C03 (s) at 298 K? 
3 

(a) 2Na(s)+ C(s) + - 02(g) ~ Na2C03 (s) 
2 

(b) Na20(s)+ CO2 (g) ~ Na2C03 (s) 

(c) 2Na+ (aq.) + CO~- (aq.)~ Na2C0:i(s) 

(d) 2Na + (aq. )+20Ir (aq. )+C02(aq. )-7Na2C03 (s)+ H20 

37. Enthalpy is equal to: (VITEEE 2007) 

(a) T 2 [ d(G/T) ] (b) _ T 2 [ d(G/T) ] 
dT p dT p 

(c) T 2 [ d(G/T) ] 
dT v 

(d) _T2 [ d(G/T)] 
. dT v 

[Hint: G=H-TS 

G =U + PV -TS 
!1G =!1U + P!1V + VM - ns - S!1T 

From the first and second laws, 
ns =!1U + P!1V 
!1G = VM - S!1T 

At constant pressure, M = 0 

!1G =-S 
!1T 

From eqs. (i) and (ii), 

G =H + T !1G 
!1T 

OR 

G =H + T ( dG J 
aT p 

-;z = - :2 + t ( ~~ J p 

= [ a(G/T) ] 
aT p 

H = _T2 [ a(G/T)] ] 
aT p 

.,.(i) 

... (ii) 

38. When a bomb calorimeter is used to determine the heat of 
reaction, which property of the system under investigation is 
most likely to remain constant? 
( a) Number of molecules (b) Pressure 
(c) Temperature (d) Volume 

39. For the reaction shown, which is closest to the value of W? 
2Cr3+ (aq.) + 3Ni(s) ----7 2Cr(s) + 3Ni2+ (aq.) 

W; (kJ mol-I) 

Cr3+ (aq.) -143 

Ni2+ (aq.) 

(a) 124 kJ 
(c) -89 kJ 

- 54 

(b) 89 kJ 
(d) -124 kJ 

40. An ice cube at O.OO°C is placed in 200 is of distilled water at 

25° C. The final temperature after the ice is completely melted 
is 5°C. What is the mass ofthe ice cube? 

(w =340Jg-l C =418Jg-1°C-1) fus , p . 

(a) 23.6 g (b) 46.3 g 
(c) 50.0 g (d) 800 g 

41. Which reaction occurs with the greatest increase in entropy? 
(a) 2H20(l) ~ 2H2 (g) + 02 (g) 
(b) 2NO(g) ~ N2(g) + 02(g) 
(c) C(s) + 02(g) ~ CO2 (g) 
(d) Br2 (g ) + CI2 (g ) ~ 2BrCI(g) 

42. The bond dissociation energies for single covalent bonds 
formed between ·carbon and A, B, C, D and E atoms are: 

Bond Bond energy (kcal mol-I) 

(i) C-A 240 

(ii) C-B· 382 

(iii) C-D 

(iv) C-E 
276 

486 

This indicates that the smallest atom is: 
(a) A (b) B(c) C (d) E 
[Hint: C----'-E bond has highest bond energy; it means that the 
covalent bond C-E will be strongest. Smaller is the size of atom, 
stronger is the covalent bond.] 

43. An ideal gas is taken around the cycle ABCA as: 

B 14:: ---------A

GC 
Il.. 1 1 

I 1 
I I 
I I 
I I 

(a) 12~fJ (b) 6~fJ (c) 3~fJ . (d) ~fJ 
[Hint: Work done in the cyclic process 

= Area bounded (ABCA) 
I 

=-x AC xAB 
2 
1 

= "2 x 2 VI X 3PI = 3PI Vd 

44. One gram mole of graphite and diamond were burnt to form 
CO2 gas. 

C(graphite) + O2 (g) ~ CO2 (g); wo = - 399.5 kJ 
C(diamond) + 02(g) ----7 CO2 (g); wo = - 395.4 kJ 

I 
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(a) graphite is more stable than diamond 
(b) diamond is more stable than graphite 
(c) graphite has greater affinity with oxygen 
(d) diamond has greater affinity with oxygen 
[Hint: Thermal stability of one isotope is directly proportional 
to the heat of combustion.] 

45. Which among the following is not an exact differential? 
.(a) Q (dQ heat absorbed) 
(b) U (dU change in internal energy) 
(c) S (dS entropy change) 
(d) G (dG = Gibbs free energy change) 
[Hint: Heat' Q' is a path dependent function, hence its exact 

differentiation is not possible; however, internal energy, entropy 
and Gibbs free energy are state functions, hence can be 
differentiated exactly.] 

46. A gas expands adiabatically at constant pressure such that: 
1 

T=-

47. 

.JV 
The value ofy, i.e., (Cp I Cv ) of the gas will be: 
(a) 1.30 . (b) 1.50 (c) 1.70 (d) 2 

I 
[Hint: T oc-

.Jv 
TV 1/2 = constant 

For adiabatic process, TV Iff TV Y - 1 == constant 

1 3 
y-l=2,y==2"] 

2Zn + 0z ----42ZnO; t.GO = 616 J ... (i) 

2Zn + 8 ----42Zn8; t.Go = 293 J ... (ii) 

2S+ 202 ----4 2802(g); t.Go = -408 J ... (iii) 
t.Go for the following reaction: 

would be: 
(a)-731J 

2ZnS + 302 ----4 2ZriO + 2802 

(b)-l317J (c)+731J 

[Hint: t.GO == 28.G~no + 2t.G;02 -2t.G~ns 

[-616-408] [-293] 
-1024 + 293 

=-731J] 

(d) +1317 J 

48. The efficiency of the reversible cycle shown in the figure will 
be: 
(a) 33.33% (b) 56% (c) 66% (d) 25% 

t 250 ---------~ 

Temp. (K) 150 ---------W c A: : 
I I 
I I 
I I 
I I 

1000 1500 
Entropy JI\1 __ 

. Area of closed 
[Hint: EffiCiency of cycle = x 100 

Area under the curve 

~ x (1500 1000) x (250 - 150) 
~----~~-------------------------xl00 

x (1500-1000) x (250 -150) + (1500-1000) x (150 - 0) 
2 

.!. x 500 x 100 
= I 2 x 100 

- x 500 x 100 + 500 x 150 
2 

500 x 50x 100 = 25] 
500 x 50 + 500 x 150 

49. In Haber's process of ammonia manufacture: 
N 2(g) + 3H2(g) ----4 2NH3(g); 

lili;soc - 922 kJ 

Molecules 

Cp J K-I mol-I 

H2 (g) 

28.8 

NH3(g) 
35.1 

If C p is independent of temperature, then reaction at 100cC as 
compared to that of25°C will be: 
(a) more endothermic (b) less endothermic 
(c) more exothermic (d) less exothermic 

[Hint: Use: lili 2 lili I == t.c p ] 
. T2 T1 

SO. Consider the following statements: 
I. Change in enthalpy is always smaller than change in 

internal energy. 
II. The variation in enthalpy of a reaction with temperature is 

given by Kirchhoff's equation. 
III. The entropy change in reversible adiabatic process is equal 

to zero. 
Select the correct answer: 
(a) I and II (b) II and III 
( c) III and I (d) all are correct 

51. In CzH4 , energy off ormation of(C C)and (C-C) are -145 

kJ/mol and 80 kJ/mol respectively. What is the enthalpy 
change when ethylene polymerises to form polythene? 

[JEE (Orissa) 2006] 
(a) +650 kJ/mol (b) +65kJ/mol 

(c) 650 kJ mol-1 (d) -65 kJ mol-1 

[Hint: Po\ymerisation of ethene may be given as: 

nCH2 ----4 -+ CH2 - CHzin 

lili ~(BE)reaetants ~ (BE)producls 
= (+145) (+80) = + 65 kJ/mo!] 

[Note: C-H bonds are common in both reactants and prodUcts.] 
52. If 150 kJ of energy is needed for muscular work to walk a 

distance of I km, then how much of glucose one has to consume 
to walk a distance of 5 km, provided only 30% of energy is 
available for muscular work. The enthalpy of combustion of 

glucose is 3000 kJ mol-I: IPMT (Kerala) 2007] 

(a) 75 g (b) 30 g (c) 180 g (d) 150 g 
(e) 45 g 

53. The value oflog 10 K for a reaction A ~ B is: 

(Given, t.rH~9gK - 54.07 kJ morl , 

t.rS~98K == 10JK-1 morl and R = 8.314 JK-I mol-I; 
2.303 x 8.314 x 298 = 5705) (lIT 2007) 
(a) 5 (b) 10 (c) 95 (d) 100 
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[Hint: /j,G ° = Mlo - T/'o"S° 

= - 54.07 x 1000 - 298 x 10 
= -57050 J 

/j,Go = -2.303 RT loglOK 

- 57050 = - 5705 logtoK 
loglO K = 10] 

54. The lattice enthalpy and hydration enthalpy of four 
compounds are given below : 

Compound 
Lattice enthalpy Hydration enthalpy 

(kJ/mol) (kJ/mol) 

P +780 -920 

Q +1012 - 812 

R + 828 - 878 

S + 632 -600 

The pair of compounds which is soluble in water is : 
[PET (Kerala) 2008] 

WP~Q ~Q~R ~R~S ~Q~S 

(e) P andR 
[Hint: For solubility of ionic compounds, hydration energy must 
be greater than lattice energy.] 

[,,f.~(HtfIA) 
• Single correct option 

1. (c) 2. (d) 3. (c) 4. (c) 

9. (c) 10. (a) il. (c) 12. (c) 

17. (b) 18. (c) 19. (e) 20. (c) 

25. (a) 26. (a) 27. (a) 28. (c) 

33. (a) 34. (c) 35. (d) 36. (a) 

41. (a) 42. (d) 43. (c) 44. (a) 

49. (d) 50. (b) 51. (b) 52. (d) 

• One or more tllan ·GRe correct ,options 

1. (a,b,e,d) 2. (a,b,e) 3. (b) 

Following questions may have more than one correct options: 
1. Which of the following are correct about irreversible 

isothermal expansion of ideal gas? 
(a) W = - q (b) /j,U = 0 

p, 
(c) I1T = 0 (d) W = - nRT In --.l.. 

P2 

2. The work done during adiabatic expansion or compression of 
an ideal gas is given by : 

(a) n Cv I1T (b)~(T -T,) 
(y_l) 2 1 

(e)-nRPext [T2~ -~Pi] (d)-2.303RTlog V2 

p[P2 Vi 

3. For an ideal gas [Cpm = yJ; of molar mass M, its specific heat 
CVm 

capacity at constant volume is : 

(a) yR (b) y (c) M (d) Y RM 
(y-I)M M(y-I) R(y-I) y-l 

[Hint: C Pm = y, C Pm - C Vm = R 
CVm 

5. (b) 

13. (c) 

21. (b) 

29. (b) 

37. (b) 

45. (a) 

53. (b) 

R Ry 
CVm =--andCpni =-

y-I y-I 

-y_=CVm xM 
y-I 

C x] 
Vm M (y -I) 

6. (d) 

14. (a) 

22. (b) 

30. (d) 

38. (d) 

46. (b) 

54. (e) 

7: (b) 

15. (d) 

23. (d) 

31. (b) 

39. (a) 

47. (a) 

8. (a) 

16. (b) 

24. (b) 

32. (d) 

40. (b) 

48. (d) 

I 
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Integer Answer TYPE QUESTIONS 

This section contains 11 questions. The answer to each 
of the questions is a single digit integer, ranging from 
o to 9. Ifthe correct answers to question numbers X, Y, 
Z and W (say) are 6, 0, 9 and 2 respectively, then the 
correct darkening of bubbles will look like the given 
figure: 

1. A bubble of8 moles of helium is submerged at certain depth in 
water. The temperature of water increases by 30°C. How much 
heat is added approximately to helium (in kJ) during 
expansion? 

2. For a Iiq~id, enthalpy of fusion is 1.435 kcal mol-1 and molar 
entropy change is 5.26 cal mol-IK~I. The freezing point of 
liquid in ce\cius will be : 

3. For the reaction, Ag20(S)~ 2Ag(s)+ .:!. O2 (g ) 
2 

W,6S and Tare 40.63 kJ mol-I, 108.8 JK-1 morl and 

373.4 K respectively. Free energy change I1G of the reaction 
will be: 

4. Standard Gibbs Free energy change I1Go for a reaction is zero. 
The value of equilibrium constant of the reaction will be: . 

5. 6Go for the reaction x + y ~ z is 4.606 kcaL The value of 
equilibrium constant of the reaction at 227°C is (x x 102). The 
value of' x' is : 

6. 4.48 L of an ideal gas at STP requires 12 cal to raise the 
temperature by 15°C at constant volume. The Cp of the gas is 
........... cal. 

7. 

i 
p 

I 

V-

In the present graph, the area of circle A and B are 25 unit and 
20 unit respectively. Work done will be ........... unit. 

'8 •. For the reaction, 

N2 (g ) + 3H2 (g) ----7 2NH3 (g ) 

Heat of reaction at constant volume exceeds the heat of 
reaction at constant pressure by the value of xRT. The value of 
x is: 

ll. (3) 

':9... (1) 

j. (0) 

:t.tl. (9) 

j .. (0) 

1t. (2) 

9. Gas (Ax) has the ratio of specific heat, equal to 1.66. The 
value of x will be : 

10. For a liquid the vapour pressure is given by : 

log 10 P -400 + 10 
T 

Vapour pressure of the liquid is I if mm Hg. The value ofx will 
be:' . 

11. One' mole of an ideal gas is taken from a to b along two paths 
denoted by the solid and the dashed lines as shown in the 
graph below. If the work done along the solid line path is Ws 

and that along the dotted line path is W d' then the integer 
closest to the ratio W d / Ws is: 

~ 

E 
:§. 
a. 

4.5 

4.0 

3.5 

3.0 

2.5 

2.0 

1.5 

1.0 

0.5 

0.0 i 
0.0 

a -----~-----, 

.1 

I 
I 
I 
I 
I 
I 
1 
1 

't' 
1 
1 
I. 
1 
1 
1 
1 
I 

-------~-----------
b 

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 '4.5' 5.0 5.5 6.0 

V (lit.) 

(liT 2010) 
[Hint: wd = work done along dotted line 

'LP6V 

.5. (I) 

4 x L5 + I x 1 + 25 x ~ 8.65 L atm 
3 

Ws :;:: It is reversible isothermal process 

== 2303nRT IOg[ ~~ J 

= 2.303 x (PV) log ( ~: J 
= 2.303 x 2 log 5.5 = 4.79 L atm 

0.5 

Wd = 8.65 "" 2 ] 
Ws 4.79. 

6~ (6) 1. (5) 8. (2) 
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• Passage 1 

Chemical rea,etions are invariably associated with the transfer of 
energy either in the form oj heat or light. In the laboratory, heat 
changes in physical and chemical processes are measured with an 
instrument called calorimeter. Heat change in the process is 
calculated as: 

q ms flT; 

cflT; 

s = Specific heat 

c == Heat capacity 

Heat of reaction at constant volume is measured using bomb 
calorimeter. 

qv flU, Internal energy change 

Heat of reaction at constant pressure is measured using simple or 
water calorimeter.' " 

qp=M 

qp :::: qv + P flV 

M flU + flnRT 

The amount of energy released during a chemical change 
depends ',011 the physical state of reactants and products, the 
condition of pressure, temperature and volume at which the reaction 
is carried out. The variation of heat of reaction with temperature and 
pressure is given by Kirchhoff's equation: 

_-"-_--'- == flC
p 

flU2 - flU! ==,flC
v 

T2 11 T2 -11 
(At constant pressure) (At constant volume) 

Answer the following questions: 
1. Match the List-I with List-II and select the answer from the 

given codes: 

List-I List-II 

A. C(s)+ 02(g) CO2(g) 1. M = flU + RT 

B. N2 (g)+3Hz(g) 2NH3(g) 2. M=flU 

C. NH4HS(s) NH3 (g ) + H2S(g) 3. M = flU - 2RT 

D. PCI5(g) PCI3(g) + CI2(g) 4, M = flU + 2RT 

E. 2S02 (g)+ 02(g) 2S03 (g) 5. M = flU - RT 

Codes: ABC D E 
(a) I 2 3 4 5 

(b) 5 2 3 4 I 

(c) I 3 4 2 5 

(d) 2 3 ; 4 5 
2. The heat capacity of a bomb calorimeter is 500JIK. When 

0.1 g of methane was burnt in this calorimeter, the temperature 
rose by 2°e. The value of flU per mole will be: 
(a) +1 kJ, (b)-l kJ (c)+l60kJ (d)-160kJ 

3. For which reaction will M = flU? Assume each reaction is 

carried out in an open container: 
(a) 2CO(g) + 02(g) 2C02(g) 
(b) H2 (g) + Br2(g) 2HBr(g) 
(c) C(s) + 2HzO(g) 2H2 (g) + CO2 (g) , 
(d) PCIs(g) PCI3 (g) + CI2 (g) 

•• 

4. What value of flT should be used fQr the calorimetry 
experiment that gives the following graphical results? 

25°C --

lime (min) __ 

(a) lOoC (b) 25°C (c) 20°C (d) 35°C 

5. The enthalpy of fusion of ice is 6.02 kJ mol-I. The heat 
capacity of water is 4.18 J g-l C-!. What is the smallest 
number of ice cubes at DoC, each containing one mole of 
water, that are needed to cool 500 g ofliquid water from 200 e 
to DOC? 

(a) I (b) 7 (c) 14 (d) 125 
[Hint: Heat released to cool 500 g water from 200e to O°C, 

q=msflT 
500 x 4.18 x 20 = 41800 J = 41.8 kJ 

Number of moles of water (ice) that will melt to absorb 41,8 kJ 

=41.8", 7 
6.02 

:. Number of cubes of ice that will'melt = 7] 
6. The enthalpy change (M) for the reaction, 

N2(g) + 3H2(g) ---7 2NH3(g) 
is -92.38 kJ at 298 K. The internal energy change flU at 298 K 
is: '(AlIMS 2006) 
(a) -92.38 kJ (b) -87.42 kJ (c) -97.34 kJ (d) -89.9 kJ 
[Hint: 2 - 4 - 2 

6H = flU + AngRT 
flU 6H - flng RT 

92.38 x 1000 - (-2) x 8.314 x 298 
87424 J = - 87.424 kJ] 

7: The specific heat of 12 in vapour and solid state are 0.031 and 

0.055 caVg respectively, The heat of sublimation of iodine at 
2000e is 6.096 kcal mol-I. The heat of sublinlation offodine 
at 250°C will be: 
(a) 3.8 kcal mol-l (b) 4,8 kcal mol-1 

(c) 2.28 kcal mol-I (d) 5.8 kcal mol-I 

[Hint: 12(s) ~ 12(g) 

Ae p (0.031- 0.055) x 10-3 x 254 

-'-"'----" = flC p 
Tz Tl 

--,--",--_6,_09_6 = (0,031 _ 0.055) x 10-3 x 254 
50 

6Hz = 5.79 kcal mol-!] 
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• Passage 2 
I' : 

In a chemical reaction, the bonds of reactants are decomp~;ed 
and new bonds of products are formed. The amount of energy 
required to break a particular bond in a gaseous molecule under 
standard conditions homolytically is called the standard bond 

dissociation enthalpy of that bond (AH~ _ B ). 

Bond energies can be used to obtain an approximate value for a 
reaction enthalpy of a gas phase reaction if the appropriate 
enthalpies of formation are not available. 

o 
AHreaetion LBond energy of bonds, broken in the reactants 

- L Bond energy of bonds, formed in the products 
Bond energy depends on three factors: 
(a) Greater is the bond length, lesser is the bond energy. 
(b) Bond energy increases with the bond. multiplicity. 
(c) l!o,nd energy increases with the electronegativity difforence 

between the bonding atoms. 
Answer the following questions: 

1.· Arrange N-H, O--H and F-H bonds in the decreasing order 
of bond energy: 
(a) F-H > O-H > N-H (b) O-H > N-H > F~H 
(c) N-H > O-H > F-H (d) F-H> 1\-H > O~H 

2. X 2 represents halogen molecule. Bond energy of different 

halogen molecules wiIllie in following sequences: 
(a) F2 >C12 > Br2 > 12 (b) Cl2 > Br2 > F2 > 12 
(c) 12 >C12 >Brz >12 (d)Br2 >F2 >12 >Clz 
[Hint: Bond energy of F2 is surprisingly low due to strong 

repulsion between the lone pairs of two fluorine atoms.] 
3. Which among the following sequences is correct about the 

bond energy of C-C, C=C and C=-=C bonds? 
(a)C C>C C>C-C{b)C=-= C<C = C<C-C 
(c)C = C>C=-= C>C-C{d)C =-=C>C-C>C = C 

4. InCij4 molecule, which Clfthe following statements is correct 

about the C-H bond energy? 
(a) All C-H bonds of methane have same energy 
(b) Average of all G-H bond energies is considered 
(c) Fourth C-H bond requires highest energy to break 
(d) None ofthe above 

5. Use the bond energies to estimate AH for this reaction: 

Hz(g) + 02(g) ---t HZ02(g) 

Bond Bond energy 

H-H 436 kJmol-1 

0-0 142 kJ mol-1 

0=0 499 kJ mol-I 

H-O 460 kJmol-1 

(a)-127kJ (b)-209kJ (c)-484kJ (d)-841kJ 

6. The heat of formation of NO from its elements is +90 kJ mol-I. 
What is the approximate bond dissociation energy of the bond 
in NO? 

BENaN = 941kJ mol- l BEo=o = 499 kJ mor l 

(a) 630 kJ mol-1 (b) 720 kJ mol-1 

(c) 760 kJ mol-1 (d) 810 kJ mol-1 

•. p.~~ge3. .. ... . ... 
" 'iWe chahge' In Gibbs free jen~rgy (t.G) of tlie sy;tem alone 
provides a criterion for the spontaneity of a proeess at constant 
temperature and pressure. A change in the free energy of a system at 
constant temperature and pressure will be: 

t.GSYSlem =: AH,ystem - T D.S system 
At constant temperature and pressure: 

t.Gsystem < 0 (spontaneous) 

t. G system. =: 0 ( equilibrium) 

t.Gsystem > 0 (non -spontaneous) 

. Free energy is related to the equilibrium constant, as: 
t.Go 2.303RT loglo Ke 

Answer the fonowing questions: 
1. The free energy for a reaction having AH = 31400 cal, 

D.S 32 cal K-1mol-1 at 1000°C is: [JEE (Orissa) 2005J 

(a)-9336 cal (b)-7386 cal (c)-1936cal (d)+9336cal· 

2. For a spontaneous .reaction t.G, equilibrium 'K' and E~u will 

be respectively: (AIEEE 2005) 
(a) -ve, > I, +ve (b) +ve, > I, -ve 
(c) -ve, < I, -ve (d) -ve, > I, -ve 

3. For a system in equilibrium, I1G = 0, under conditions of 

constant.. ..... : (KCET 2005) 
(a) temperature and pressure (b) temperature and volume 
(c) pressure and volume . (d) energy and volume 

4. If both AH and D.S are negative, the reaction will be 
spontaneous: 
(a) at high temperature (b) at low temperature 
(c) at all temperatures (d) at absolute zero 

5. A reaction has positive values. of Mi and t.S. From this you 
can deduce that the reaction: 
(a) must be spontaneous at any temperature 
(b) cannot be spontaneous at any temperature 
(c) will be spontaneous only at low temperature 
(d) will be spontaneous only at high temperature 

6. For a reaction to be spontaneous at all temperatures: 
(a) t.G - ve, AH + ve and D.S + ve 

. (b) t.G + ve, AH - ve and t.s + ve 
(c) t.G - ve, AH ve and D.S -" ve 
(d) t.G - ve, AH - ve and D.S + ve 

3 moles of CO2 gas expands isothermally against external 
pressure of 1 bar. Volume increases from 10 L to 30 L respectively. 
The system is in thermal contact of surroundings at temperature 
15°C. Entropy change in Isothermal process is: 

D.S.=: 2.303 nR log (V2) 
. Vi. 

Answer the following questions: 
7. If CO2 behaves like an ideal gas, ihen,entropy change of 

system (D.S system) will be: 
(a) +27.4 J K-1 

(c) -27.4J K-1 

8. Select the correct relation: 

(b) 9.1jK-1 

(d) -9.\ J K-1 

(a) t.Ssystem > 0, D.Ssurr. = 0 (b) t.Ssurr.< O,t.Ssystem > 0 
(c) t.s system 0, D.S SWT. 0 (d) D.S SWT. > 0, t.S system < 0 
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• Passage 4 

Consider the following energy level diagram:, 

6C(s) + 6H2 (g) + 902 (g) 
o x 

, C(yH120 6 + 602 (g) 

Energy Y Z 

i 6C02 (g) + 6H 20(1) 

Answer the following qnestions on the basis of the given 
diagram: 

1. The heat of formation of glucose is: 
(a)-x (b)-y (c)x-y (d)-x+z 

2. In the given diagram z refers to: 

(a) 6 x Mlfco2 (b) ANf~H IP6 ' 

(c) AlI'::ombustion ~H rA (d) AN':.orrIJustion C{s) + l:Jff H P(I) 

3. The quantity y is equal to: 

(a) ANcorrIJustionC{s) + ANcombustion H2(g) 

(b) x + z 
(c) x - z 

(d) AN/ CO2 + AliHp , 
4. Select the incorrect statement(s): 

(a) combustion of glucose is exothermic process 
(b) standard state of glucose is C6HI20 6 (s) 
(c) heat of fonnation of glucose:: Heat of combustion of 

glucose 
(d)x-i- y= z 

• Passage 5 

i 
20 L '--:-----:--A

V
, ' ~' 

, ' I 

~' 10 L --------- ! 
~ c: : 

I I 
I I 
I I 
, I 
, I 

200K 400K 

Temperature -

Graph for one mole gas 

Ans.wer the following questions based on the above diagram: 
1. Process, A ~ B represents: 

(a) isobaric (b) isochoric (c) isothermal (d) adiabatic 
2. The pressure at Cis: 

(a) 3.284 atm (b) 1.642 atm (c) 0.0821 atm(d) 0.821 atm 
3. Work one in the process C ~ A is: 

(a) zero (b) 8.21 L atm 
(c) 16.2 L atm (d) unpredictable 

4. The process which occurs in going from, B ~ Cis: 

(a) isothermal (b) adiabatic (c) isobaric (d) isochoric 
5. The pressUres at A and B in the atmosphere are respectively: 

(a) 0.821 and 1.642 (b) 1.642 and 0.821 
(c)l and 2 (d) 0.082 and 0.164 

• Passage 6 
The thermodynamic property that measures the extent of 

molecular disorder is called entropy. The direction of a spontaneous 
process for which the energy is constant is always the one that 
increases the molecular disorder. Entropy change of phase 
transformation can be calculated using Trouton ~ formula 

( \ ' 

IlS = a; J . In the reversible adiabatic process, however, ilS will 

be zero. The rise in temperature in isobaric and isoc/Joric conditions 
is found to increase the randomness or entropy of the ,frstem. 

IlS = 2.303C log (1j / T2 ) 

C=Cp orCv 
Answer the following questions: 

1. The entropy change in an adiabatic process is: 
(a) zero 
(b) always positive 
(c) always negative 
(d) sometimes positive and sometimes negative 

2. If, water in an insulated vessel at-lOOC, suddenly freezes, the 

entropy change of the system will be: I 

(a) +10 J K-1 mol-I . 

(b) -lOJ K-1 mol-I 
(c) zero 
(d) equal to that of surroundings 

3. The melting point of a solid is 300 K and its latent heat of 
fullion is 600 cal mol-I. The entropy change for the fusion of 1 
mole of the solid (in cal K -I) at the same temperature would 
be: 
(a) 200 (b) 2 (c) 0.2 (d) 20 

4: For which of the following cases IlS == AN ? 
T· 

(a) A process for which ACp = Obllt ACI' == 0 
(b) An adiabatic process 
(c) An isobaric or isothermal process. 
(d) An isothermal reversible' phase transition process 

5. When 1 mol of an ideal gas is· compressed to half of its 
volume, its temperature becomes double; then the change in 
entropy (1lS ) would be: • 
(a)Cv In 2 (b)Cp In 2 
(c)Cv Rln2 (d)(Cv R)ln2xCp 

[Hint: 6.S == 2.303Cp log1o (~J 

Cp 1n(Vl)=Cp 10.,(,_1 ) 
V2 1/2 

=Cp 1o.,2] 
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• Passage 7 

The pressure-volume behaviour of various thermodynamic 
processes is shown in graphs~' 

1 
r------- Isobaric 

Isothermal 

Adiabatic 
Isochoric 

Volume -

Work is the mode of transference of energy. If the system involves 
gaseous substance and there is difference of pressure between system 
and surroundings, such a work is referred to as pressure-volume 
work (wpv = - Pext b.V). It has been observed that reversible work 
done by the system is the maximum obtainable work. 

wrev > wirr 

The works of isothermal and adiabatic processes are different 
from each other. 

W isotherm,,1 reversible " (V2) (~) 2.303nRT loglO -= 2.303nRT logw -
, ,~ ~ 

W"diabatic reversible = Cv (11 - T2 ) 

Answer the following questions: 
1. If WI' W2' W3 and w4 are work done in isothermal, adiabatic, 

isobaric and isochoric reversible processes, then the correct 
sequence (for expansion) would be: 

(a) WI > W2 > w3 > w4 (b) w3 > w2> WI > w 4 

(c) w3 > w2 > W4 > WI (d) w3 > WI > w2 > W4 

,[Hint: W = Work done = Area undercurve.] 

2. A thennodynamic system goes in acyclic process as 
represented in the following P-V diagf~_ 

.. 

The net work done during the com~ .. cycle is given by the 
area: 
(a) cycle ACBDA 
(b) AA1B1BDA 
(c) AA2B2B 
(d) half of area bounded by curve 

3. P - V plots for two gases during adiabatic processes are given 
in the given figure: 

1 

Volume -

Plot A and plot B should correspond to: 
(a) He and 02 (b)HeandAr (c) O2 and He (d)02andF2 
[Hint: Slope of the adiabatic curve oc y 

Slope of B > Slope of A 
He (y =:: 1.66); O2 (y =:: 1.44) 

Thus, correct answer will be (c).] 
4. The q value and work done in isothennal reversible expansion 

of one mole of an ideal gas from initial pressure of 1 bar to 
final pressure of 0.1 bar at constant temperature 273 K are: 
(a) 5.22 kJ, -5.22 kJ (b) -5.22 kJ, 5.22 kJ 
(c) 5.22 kJ, 5.22 kJ (d) -5.22 kJ, -5.22 kJ 

[Hint: w:: 2.303nRT log (~) 

= - 2.303 x I x 8.314 x 273 log (~) 
OJ 

= 5.227 kJ 
q = - w = + 5.227 kJ for isothermal process] 

5. Calculate work done when 1 mole of an ideal gas is expanded 
reversibly from 20 L to 40 L at a constant temperature of 
300K. 
(a)7.78kJ (b)-1.73kJ (c) 11.73kJ (d)-4.78kJ 
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Passage 1. 1. (d) 2. (d) "'3. (b) 4. (c) 5. (b) " 6. (b) 7. (d) 

Passage2~ 1. (a) 2~ (b) 3. (a) 4. (b) 5. (a) 6. (a) 
-.- ....... 

Passage 3. 1. (a) 2. (a) 3. (a) 4. (c) 5. (d) 6. (d) .. 7. (a) 8.' (b) 

Passage 4. 1. (a) 2~ ,(c) 3. (b) 4. (c, d) 

PassageS. 1. (b) 2~ (b) . 3. (b) 4. (c) 5. (a) 

Passage 6. 1. (a) 2. (c) 3. (b) 4. (d) 5~ (b) 

Passage 7. 1. (d) 2. (a) ,3 •. (c) 4. (a) 5. (b) 

~. 
~, 'SEtFAssESSMENT C~ .' '\.,. ':','. ,,, .' ' , (:p 

~ .. 

ASSIGNMENT NO.7 

Straight Objective Type Questions , . 
This section contains 10 :multipie choice questions. Each 
question has 4 choices (il), (b), (c) and (d), ,()ut of w~ich only 
one is correct.' '. , .. <,.,' ;. ' 

1. Reaction of silica with mineral ~cids' may be given as: 
Si02 + 4HF Sif4 + 2H26; . Ml:i; -10:17 kcal 
'Si02 + 4HCI ~ SiCl4 +2HiO; Mf = + 36.7 kcal 

which among the foHowing is correct? 
(a) HF and HCI both will react with silica 
(b) Only HF will react with silica 

, (c) Only HCI will react with silica 
(d) Neither HI" nor HClwill react with silica 
[Hint: Exothermic reactions are spontaneous] 

2. In Mayer's relation, 
Cp -C~ R 

'R' stands for: 
(a) translational kinetic energy of 1 mol gas 
(b) rotational kinetic energy of 1 mol gas 
(c) vibrational.kipet:i~ energy-ofl mol gas 
(d) work done to increase the teolperature of J mol gas by 

one degree 
[Hint: '" PV 

P(V + ,aV) f.?(T tJ) 
From eqs. (i)al1d(ii) 

paV,=.R 

(ForfmolgaS) 

i.e., W = R (work d()ne)} 
3.· FOl: an ideal gas, the.Joule-Thomson coefficient is:' 

, (a) zero(b} positive 

, .. (i) 

... (ii) 

(c) negative (d) depends on atomicity of gas 
4. Entrofl.Y change in reversible adiabatic process is: 

(a) infinite (b) zero 

(c) equal to CvaT (d) equal to nR In (V21 
VlJ 

5. For a process to be in equilibrium, it is necessary that: 

(a) aSsyaem = IlS surr, (b) llS.ystem = -assurr. 
( c) as system = 0 (d) as surr, 0 

6. Predict the sign of IlS for each of the following processes, 
which occur at constant temperature: 
I. The volume of2 moI?f02(g) increases from 44L to 54L 

II. The pressure of 2 mol of 02 (g) increases from I' atm to 
1.2atm. 

I n 
(a)~S == - ve IlS = - ve 
(b) IlS = - ve as = + ve 
(c) IlS = +ve IlS = -ve 
(d) IlS = + ve ' as ::; + ve 

7. Which of the tollowing statements must be true for the entropy 
of a pure solid to be zero? 
I. The temperature must be zero kelvin 
II. The solid must be perfectly crystalline;, 

III. The solid must be an element 
IV. The solid must be ionic 
(a) I (b) I and II 
(c) I, II andllI 'i, (d) All'arecorrect 

8. Which of the following statements is correct? 
(a) Slope of adiabatic. P -Y curve is smaller than that in 

isothermal one 
(b)Slope of adiabatic P - V curve will be sanle as that in 

isothermal one ' 

( c) Slope of adiabatic P - V curve will be larger than in. 
, isothermal one ' 

(d) S~ope of adiabatic P - V curve will b~zero 

9. (iJB) 'for an ideal gas is equal to: ' iJp T " .. 

(a) zero (b) aVRT 
P 

(c) P~V 
T 

(d) nRaT 
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10. A refrigerator is used to remove heat from enclosure at 0° C at 
. '.' the TateOC 60()watf. I1tliesuUoundings temperature,is' 30° C, 

calculate tlle power needed: .... ....... . .' . .. . 

(a}:303-watt' ... . (b) llOOOwatt 

(c) 65.9 watt. (d) 110 watt . 

SEc·nON-1i 
Multiple Answers Type Objective Questions 

11. flU will be zero for which processes? 
(a) Cyclic process (b) Isothermalexpansion 
(c) lsochoric process (d) Adiabatic process 

12. If x and yare two intensive variables then: 

(a) xy is an intensive variable 

"'SECTION-m 
.. 

Assertion-Reason Type Question~ 
This section contains 5 questions. Each question contains 
Statement-l (Assertion) and Statement-2 (Reason): Each 
question has following 4 choices (a), (b), (c) and (d), out of 
which only one is correct. - . " 
(a) Statement-l is true; statement-2 is true; statement·2 is a 

correct explanation for statement-I. . . 
(b)Statement-1 is true; statement-2 is true; statement~2 is not a 

correct explanation for statement-I. . 
(c) Statement-l is true; statement-2 is false. 
(d) Statement-l is false; statement-2 is true. 

19. Statement-I: Most of the combustion reactions' are 
exothermic. 

Beeause (b) ~ is an intensive variable 
y 

(c) (x + .y )is an intensive variable 
1~H~~.>f~:.;#;:1i ~':':;;.':~i.~ Sfjt~: Products are more stable than reactants in 
;; ~.!.. ,.""~~~.;.,...,,,,,,~: ..... :;,,,,,,. .. ,~. e,{otlternu~process. 

(d) dx is an extensive pro~rty 
dy 

13. Which of the following expressions is/are correct for an 
adiabatic process? 

(a) T2 = ( f\)Y I 
1j V2 

(c) P2V2Y = ~v. Y 

14. Seleet the state functions among the following: 
(a) temperature i' "(b) entropy 
(c) work (d) enthalpy 

15. Select the correet expressions among the following: 

(a) flG - Mf :::: (.aflG) (b) flG- Mf = [a(flG)] 
T aT p T aT v 

(c) flS :::: (aEeel!) (d) (aT) = _ (aH) . 
nF . aT p ap H . ap rlCp 

16. Which of the following are correct for an ideal gas? . 

(a) (au) = 0 (b) (aH) = 0 av r . ap r 

(c) (aT) = 0 (d) (dP) = 0 ap H aT v 

17. :~:~:S(i;:)c~ap~: eq[ ~a~o~ m]a
y 

be given as: 

~ 2.303R 11 1; 

(b) dP = flS 
dT flV 
dP q 

(c) dT= TflV . 

. (d) dP = flV 
dT flS 

18. Which of the following is/are not state function? 
(a) q (b) q - w 

(c)!. (d) q + w 
w 

20. Statement-I: There is no exchange in internal energy in a 
... cyclic process. 

Beeause 
Statement-2: In, II "p;¥~~. sRr~cr.ss, the system returns to 
original state in a h'liiiibet.6f-steps-l . 

21. Statement-I: The value of enthalpy of neutralization of weak 
acid and strong base is always numerically l.essthan 57.1 kJ. 

Betause 
Statement-2: All the OH- ions furnished by I gram 
equivalent of strong base are not completely neutralized. 

22. statement-I: Heat of solution is positive when 
Na ~04·1 OH20 is dissolved in water put it is negative when 
anhydrous CUS04 is dissolved in water. 

Beeause 
Statement-2: MoiarmassesofNa2S04.10H20andCuS04 are 
different. 

23. Statement-I: The extensive pro~rty ofa single pure 
substance dependS upon the numb~ of moles of the substance 
present. 

Beeause 
Statement-2: Any extensive property expressed ~r mole 
becomes' intensive. 

SECTION-IV 
Matrix-Matching Type Questions' 

This section contains 3 questions. Each question contains 
statement given in two columns which have to be matched. 
Statements (a, b, c and d) in Column-I have to be matchedwitb 
statements (p, q, r and s) in Column-II. The answers to these 
questions have to be appropriately bubbled as illustrated in the 
following examples: . 
If the correct matches are (a-p,s); (b-q,r); (c-p,q) and (d-s); 
then correct bubbled 4 x 4 ~atrix should be as follows: 
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p q r s 

a e ® 0 e 
b ® e • 0 
c e e 0 0 
d ® ® 0 e 

List-I List-II 

(a) (dT) dP H, 
(P) V 

(b) (dG) dP T 
(q) T 

(c) (dH) dS /' (r)-S 

(d) (dG) dT /' . I(S)~jT 

:;, ~. ~ -'" .. 

25. Match the Li:t-I wi~ List-ll and select the correct, answer 
,from the given codes: 

List-I 
(Thermodynamic properties) 
(I)~G ' 

(II) Afr 

(III)M 

(N)AGo 

Codes: 
(a) I-C,II-B, III-D, IV-A 
(b) I-B, II-C, III-D, IV-A 
(c) I-A, II-B, III-C, IV-D 
(d) 1-0, II-A, III-B, IV-C 

26. Match the List-I with List-II: 

List-I 

(a) Perfectly crystaliine solid 

(b) Reversible reaction at 
equilibrium 

( c) Isothermal process 

(d) (dG) = -S . dP , 

List-II 
(Expression) . 

(A)- RT loge K 

(B)RT2 (d In K) . 
dT. /" 

(C)nFE 

. (D)_[dAG] . 
oT /' 

.",' ...... ,">. 

'Ust~1I 
-. > . ".-' 

(P) AU =() 

(q) T = constant 

(r) Lim S --+ () 
T~OK 

. (s) Muniv~ = 0 

[~ .. ,., " ...... ,.---~----------I 
~, ., ... ·.:'i"~'''''';''· ----~-----------------------....... 

1. (b) 2. (d) 

9. (a) 10. (c) 

17. (a,b, c) 18. (a, b, c) 

24. (a-s) (b-p) (c-q) (d~r) 

3. (a) 

11. (a, b) 

19. (a) 

25. (a) 

4. (b) 

12. (a, b, d) 

20. (a) 

5. (b) 

13. (a, c) 

21. (c) 

26. (a-r) (b-s) (c-p, q) (d-q) 

6. (c) 

14. (a, b, d) 

22. (c) 

7. (b) 

15. (a, c, d) 

23. (b) 

8. (c) 

16. (a, b, c) 


