""'@r which chemical energy is involved.

INTRODUCTION, -~

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. Thermedynamies 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

Or
Chemical thermodynamics is one of the branches of
physical ¢hemistry 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?
(i1} If they do react, what energy changes will be associated
with the reaction?
(i) 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

contrary to these laws will ever occur.

.Limitations of thermodynamics: (i) The laws of

- thermodynamics apply only to the matter in bulk, ie,

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
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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 and. 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, ie, 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.

formal proof for them. Scientists are of the view that nothing - A substance contained in an ideal thermos flask is an example o

. an isolated system.

(b) Closed system: This type of system can exchange
energy in the form of heat, work or radiations but not matter with
its surroundings. The boundary between system and
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.

{¢) Open system: This type of system can exchange matter
as well as energy with surroundings. The boundary is not sealed
and not jmsulated. Sodium reacting with water in an open beaker
is an ekample of open system as hydrogen escapes and heat of the
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. ¢, it consists
two or more phases. Examples are: ice in contact with water, two
or more immiscible liquids, insoluble solid in contact with -a
liguid, a liquid in contact with vapour, etc.

»ss

(ili) Thermodynamic Properties: These are of two types:

(a) Intensive 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
heterogeneous 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 infensive properties.

(i1} The product, sum and ratio of intensive properties are also
intensive properties. Let X and Y be two intensive properties, then
(X +Y) XY, %, —); are intensive properties.

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

{b) — and 9x will be intensive variables
Y 4 A -

Extensive and intensive properties

Intensive properties Extensive properties
Molarity Heat capacity
Molality o Mass
Concentration Volume
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Density ‘Number of moles "
Temperature Gibbs free energy. -
Pressure Enthalpy
“Mole fraction Entropy
Molar enthalpy Internal energy
Molar éntropy
Refractive index
Specific heat
Viscosity
Surface tension
Dielectric constant

When the total mass, temperature, volume, number of moles
and composition have definite values, the system is said tobein a
definite state. When there is any change in any one 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)

3. Volume (V)

5. Enthalpy (H)

7. Free energy (G)

2. Temperature (T')

4. Internal energy (E)
6. Entropy (S5)

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 d1' = 0, i.e.  heat is exchanged with the surroundmgs 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= 0. 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.

(¢) Isobaric process: The process is known as isobaric in
which the pressure remains constant throughout the change ie,
dP =0

(d) Tsochoric process: The process is termed as isochoric
in which volume remains constant throughout the change, i.e.,
dV =0
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(e) Cyclic process: When a system undergoes a numbet-of

. different processes and finally returns to its initial state, it is

termed cyclic process. For a cyclic process dF = 0 and dH = (.

(D Reversible process: A process which occurs
infinitesimally slowly, ie, 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 reversiblé process is considered to proceed
from initial state to final state through an infinite series of
infinitesimally small stages and at every stage it is virtually in
state of equilibrium. A reversible process is an 1dea1 process and
cannot be realised in practice.

- {g) Irreversible process: When the process goes from
initial to final state in single step in finite time and cannot be
reversed, it is termed as irreversible process. In such a case
equilibrium state exists only at the initial and final stages of the
process. An irreversible process is spontaneous in nature. It is
real and can be performed in pracnce All natural processes are
irreversible in nature. -

Revembte process Trreversible process = -

1. Itis an 1deal process and takes
infinite time.

It is. a spontaneous process and
takes finite time. ,

The driving forde is - much
greater than the opposing force.

2. The driving force is ihﬁnitesi-
. mally greater than the opposing
force. ;

3. 1t 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.

5.1t is difficult to realise in|It can be performed in practice.

practice.”

Nature of Work and Heat

Work is a mode of energy transfer to or from a system with
reference to the surroundings. If an object is displaced through a

distance d x against a force of F, then the amount of work done is

defined as
W-=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 of them are:

(a) Gravitational work = (mg)x h
where, m=mass of body, g= acceleratmn due to 0rav1ty,
h = height moved.

(b) Eleetncal work = charge x potential

=QxV
where,  =charge,V = potentlal gradient. .
(c) Mechanical work = Po, (V, =¥ ) =P AV

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

=external pressure, AV = increase or decrease in

5
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P = intensity factor
AV = 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 o
between a system and its surroundings on account of temperature
difference. Heat always flows from high temperature to low
temperature.

Heat absorbed or evolved AQ=ms At
where, m = mass of substance, s = specific heat ‘
and  Ar = temperature difference. :

(i) Heat flowing into the system, AQor AH = + ve.

The process in this case is endothermic in which the
temperature of the system is ralsed and that of the surroundmgs is
lowered.

(ii) Heat flowing out of the system, AQor AH =—ve. °

The process in this case is exothermic in which the
temperature of the system is lowered and that of the 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 1°C. :

Since, heat and work are interrelated, SI umt of heat is the
joule ().

- ljoule= 0.2390031 .
lcalorie=4.184 ]
lkeal =4.184 kJ
llitre -atm =101.3J
=1.013x10° erg

=24.206cal
::::::::m ':221 :

Example 1. 4 gas expands by 0. 5 litre against a constant
pressure of one atmosp}zere Calculate the work done in joule and
calorie.

Solutien: Work=~P,, X volume change
= -1X 0.5=~ 0.5litre-atm
: - =-0.5x101.328)=-50.664 1

0.5 litre -atm =—.0.5 x 24.20cal =~12.10cal

;- Example 2. One mole of an ideal gas is put through a
series of changes as shown in the graph in which 4,B and C
mark the three stages of the system. At each stage the variables
are shown in the graph.

(@) Calculate the pressure at three stages of the system.

(b) Name the processes during the following changes:

() AtoB(ii) Bto C (iii) Cto A and (iv) overall change.
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24.0 (L)

120 ()
v

300 K
T —

(a) Atstage 4:
V'=240L;T=300K; n=1; R = 0.0821litre -atm K™ mol?t

Solution:

Substituting these values in the ideal gas equation, -

PV = nRT,
_ 1x0.0821x300 _} 456 atm
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 4.

Pressure at B = 2% 1.026=2.052atm.

At stage C:  Temperature is 300 K and volume is half that of
stage 4. Thus, according to Boyle’s law, the pressure at C will be
doubled with respect to 4.

Pressureat C = 2x 1.026= 2. 052 atm

() (i) During the change from 4 to B, volume remains
constant,"the process i$ isochoric. '

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

(iil) During the change from C to 4, the temperature remains
constant, the process is isothermal.

(iv) Overall, the process is eyelie as it returns to initial state
:--Example3. 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 - B,B—C,C — D and

D—> A, (@) work done in the complete cycle
A—=B->C—-H>D—>A4.
Selution: . (i) Work done in the process 4 — B (the process
is expansion, hence work is done by the gas)
T 121 A > 1B
6:;10 -
< gl
g i ¥
@ 6F
7 c
D 4r ;
a 2D < c
1 2 3 4 5 6

V (litre) —»

=—PxdV=-12x10° ><5><u;r3
=-6000]

. Work done in the process B — C is zero as volume remains
constant.

Work done in the process C — D (The process is contractmn
hence work is done on the gas)

= PxdV=2x10° x5><10’3 ‘
=10007J :
(11) Work done in the process D — 4 i$ zero as volume ]
remains constant.
Net workdone in the whole cycle =—6000- + 1000 ~50007
Le, net work is done by the gas. = -
Example 4. Calculate the work done when 1.0 mole: of

water at 373 K vaporizes against an atmospheric pressure of 1.0
atmosphere. Assume ideal gas behaviour. .
Solution: The volume occupied by water is very small and
thus the volume change is equal to the volume occupxed by one
gram mole of water vapour.
nRT 1.0x0.0821x 373

V= = = 31.0 litre
P B U A '

== P,, x AV =~(1.0)x (31.0) litre -atm
=—(3L.0)x101.3]=-31403]

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

A B Temperature At 4,58
» and Fis T} and atC,
F c ) DandEisT,
P 1, >7,
V et
Solution: (i) 4 — B (Temperature and pressure are

. constant).

It is isothermal and isobaric process.

(i) B—C: It is adiabatic expans:on in which temperature
falls from7, to 7). : :

(i) C>D (Temperature and volume are constant)
This process is isothermal and isochoric.

(iv) D — E (Temperature and pressure are constant)
It is isothermal and isobaric contraction.
(v) E— F (It is adiabatic compression in which temperature
increases from 7, to 7} ). :
(vi) F > A4 (Temperature and volume are constant).
It is isothermal and isochoric process.

- ‘Example 6. One mole of a monoatomic gas is subjected to
Jollowing cyclic process:



424 l

" T4, 20 atm,

T, 20 atm, 20 litre
5 I A 1 litre, B
P
T4, 2 atm, 10 litre
V—

( a) Calculate Ty and T,.

(b) Calculate AE, g and W in calories in each step of cyclic
process.

Solution: (a) AtA4:
PV =unRT
20x1=1x00821x T4
) I, =2436K
AtB: PV =nRT
20x10=1x0.0821x T,

=2436.05K
(b) Path AB: Isobaric process (AE=0,9=W)

W = PAV =20 x 9 =180 litre -atm
180x 101.3 '
=Xl

4.185
=43569cal (Work in compression is positive)
Path BC : Isochoric proecess
W=0
gy =AU = nCy, AT =1x 3Rx(2436 243.6)

- % X 2% 2192.4= 6577 2 cal

It is cooling process : g, =~ 6577.2cal

Path C4: 1t is wothermal compression AE

g=W =2303nRT log /2
Y

G=W =2303x1x 2x log 119 = 1122.02¢al

INTERNAL ENERGY

Every system 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 incjudes
all types of energies of molecules constituting the given mass of
matter such as translational, vibrational, rotational, the kinetic
and potential cnergy of the nuclei and -electrons within the
individval molecules and the manner in which the molecules a-
linked together, etc. The internal energy is denoted by E.

E=E iranstational +E rotational T E vibrational +E bonding +E electronic T -
Accurate measurements of some forms of energy which

G.R.B. PHysICAL CHEMISTRY FOR COMPETITIONS

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, ie., total of all
possible kinds of energy of a system is called its internal
energy*,

1t 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 AE be the difference
of energy of the initial state (£, ) and the final state (£ , ), then

AE=E, - E;

AE is positive if £ ; > E, and negative if £ ; <E,.

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.
(i) 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 encrgy
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. E , ‘

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 thermal equilibrium with each other have the
sagme temperature.

Courses of thermodynamics usually deal with the three laws :
the first, second and third laws, which constitute the subject
matter of thermodynamics. However, at present an ever
increasing use is made in thermodynamics of the law of thermal
equilibrium formulated by R. Fowler in 1931, i.e., the Zeroth law
of thermodynamics. 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 svstem, they are also in thermal equilibrium with each other.

Conversely, the law can be stated as follows :

If three or more systems are in thermal contact with each other
by means of diathermal walls and 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 4, B and C as shown in Fig.
7.1. It is an experimental fact that if system 4 is in thermal

*The word internal is often omitted and the word energy ;mphes mtemal energy of a system.
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equilibrium with system C and system B is also in thermal

equilibrium with system C, then 4 and B are in thermal

equilibrium with each other.

Fig. 7.1 Systems in thermal equilibrium

FIRST LAW OF THERMODYNAMICS

This law has been stated in various forms but is merely the law of
conservation of energy. It was given by Robert Mayer and
Helmbholtz.

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

(i1} The total energy of the universe is constant.

(iit) Whenever a quantity of one kind of energy disappears, an v

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

(iv) It is impossible tc 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 fnitial state to the final state, it
undergoes a change in the internal energy from E; to £ ;. Thus,
AE can be written as:

AE=E,-E,

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 F, . If the system is
supplied g amount of heat, the internal energy of the system will
become E; + g. Now if work w is also done on the system, the
final internal energy becomes E; . Thus,

-or E,~E =g+w
or AE=qg+w

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

In case ¢ is the heat absorbed and w the work done by the
system, then the relationship becomes
‘ | AE=g+(-w)=q-w

The first law of thermodynamics may also be stated as:

The net energy change of a closed system is equal to heat
abg.orbed plus the work done on the system.
Or :
The net energy change of a closed 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.
=" Example 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, ¢ = 500cal

Work done by the system, w = ~ 350cal
Applying the first law of thermodynamics,
AE = g + w= 500+ {-350) = 150calorie
wExample 8. If100 calorie of heat are added to the same

s}stem as in example Vand a work of 50 calorie is done on the
system, calculate the energy change of the system.

Heat absorbed, g = 100cal

Work done on the system, w = + 50cal
Applying the first law of thermodynamics,
AE = g+ 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, ¢ and w are, therefore,
not state functions but AE is a state function.

Solution:

Some useful conclusions drawn from the first law:
AE=qg+w

(i) When a system undergoes a change A 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=g+w

or g=—w
(heat absorbed from surroundings = work done by the system)
or . w=-—gq v
{(heat given to surroundings = work done on the system)

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

AE =g

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.

(i1i) If there is no exchange of heat between the system and
surroundings, q = 0, the first law reduces to

AE=w

It shows that if work 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 A¥V. The
mechanical work done by the gas is equal to —P X AV,

425
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Substituting this value in AE = g+w,

AE=g—-PAV
When AV =0,
AE=gq or gy

The symbol ¢, indicates the heat change at constant volume.
. Example 9. A gas contained in q cylinder fitted with a

frictionless piston expands against a constant pressure 1

atmosphere from>a volume of 4 litre to a volume of 14 litre. In
doing so, it absorbs 800 J thermal energy ﬁvm surroundmgs
Determine AE for the process.
Solution: Given, g = 8007
: AV = (14 - 4)=10litre
_ w=~-~P XAV = -1x10=~10litre -atm
But 0.082 litre -atm = 1.987 cal

So, we- 1OXLBT__ 13 cal

: » 0.082

But  lcalorie=4.184J ,

So, w=~242.3%4.184=-1013.7]

Substituting the values in equation,
AE=g+w=(800-1013.7)=-213.7J

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

AQ=AE + FAV (i)

At constant pressure heat can be replaced by enthalpy.

AH=AE+PAV : ... (i)

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

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

"AQ=AE
“AH = Heat change or heat of reaction (in chemical process)
at constant pressure

AE = Heat change or heat of reaction at constant volume.
(i) In case of solids and liquids participating in a reaction,
AH = AE (P AV = 0)
(ii} Difference between AH and AF is significant when gases
are involved in a chemical reaction.
AH=AE+PAV.
AH =AE + AnRT
Here, PAV = AnRT
--An = Number of gaseous moles of products — Number of
" gaseous moles of reactants.

Usmg 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 quaﬁtity of heat
required to raise the temperature of the system by one degree. Let
a very small quantity of heat dg be given to a system and the

~ temperature of the system rises by dT.

dgq

Thus, Heat capacity =——

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, g=AE

© So, Heat capacity at constant volume, C), = (—g-é;—)
- : V

At constant pressure, g = AE + PAV = AH

. o /:
So, Heat capacity at constant pressure, Cp = L—aﬁ]
For 1 mole of a gas, heat capacities at constant volume and
constartt pressure are denoted by C;, and Cp , respectively. These

are termed as-molar heat capacities. Thus, for 1 mole of a gas,

-(3r)
' lor),
and Cp = @_‘L{]
oT )p

The difference between Cp and C,, 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 AV,

For 1 mole of gas PV = RT.

When temperature is raised by 1°C, the volume becomes -
V + AV, ‘

So, PV + AV )=R(T +1)
or : " PAV =R
Hence, Cp-Cy =PAV=R

7
. . C . :
Ratio of heat capacity L = C_P] depends on atomicity of gas.
e , B
. A wCr
Atomicity - G | Cp=Cy+R Y='C',;
Monoatomic He, Ne, | ER‘ 5 _5/2R e
Ar etc. 3/2R
Diatomic 5 7 - 7/2R
A ZR ~R =122 2140
0,,N,, H,, Cl, Y=5I2R
Tri and polyatomic 3R . 4R _AR _ 133
C0,, NH,, 805 : 3R
NOz, CH4 etc. ’

Let », and 7, moles of two non-reacting gases A4 and B are
mixed then heat capacity of the mixture may be calculated as.

n, (C +n, {(C
(€ Vae =1 72 (7 Do
nl +n2
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7.7 EXPANSION OF AN IDEAL GAS

(i) Isothermal Expansion

In an isothermal expansion, heat is allowed to flow into or out~
of the system so that temperature remains constant throughout the
process of expansion. Since, for an ideal gas, the internal energy,

- AE, depends only on temperature, it follows that at constant
temperature, the internal energy of the gas remains constant, i.e. ,
AE is zero.

» AE: 0
According to first law of thermodynamics,
;q+w'
Since, for isothermal process, AE = 0, hence
S ) qg=- .

This shows that in isothermal expansion, the work is done by
the system at the expense of heat absorbed. The magnitude of g 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 H can be done according to the following

equation;

H=E+PV
or AH = AE + A(PV )
or  AH=AE+A(nRT) -

Since, for isothermal process, AE and AT aré 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 P, »1s equal to pressure of the gas, Poas
Let it be P. : :

P ext T P gas =P -

If the external pressure is decreased by. an infinitesimal-
amount dP, the gas will expand by an infinitesimal volume, dV.
As a result of expansion, the pressure of the gas within the
cylinder falls to Py,
external pressure and,.thus, the piston comes to rest: Such a
process is repeated for a number of times, i. ., 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

Fig. 7.2

~dP, i.e., it becomes again equal to the

" depends upon the external pressure. The higher the value of P,
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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,=~(Py —dPydV=-P, -dV=~PdV

dP - dV ,the product of two infiditesimal quantities, is neglected.

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

w=-|, Z pay
Foranidealgas, P= "_ii
So,  w=-nRT|’ a

L | Ly
Integrating, —nRT log, 1;_2 =~2.303nRT log V—2
R 1 1

At constant temperature accordmg to Boyle’s law,

BV =Rl
or . KZ- = i_
" P
: ' , P
So, - - w=-2.303nRT log B

. 2 -
Isothermal compression work of an ideal gas may be derived:

similarly and it has exactly the same value with positive sign.

wcompression

= 2.303RT log L = 2.3031RT log 12
Vs P

Work done in wrevarsnble isothermal expansion

Two types of irteversible 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 mtermedlate expansion, the
external pressure is less than gas pressure. So, the work done
when volume changes from¥, to¥, is given by -

W”—I PexIXdV__ cxt(V2 1)

Since, P, 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 P, is
almost equal to P,

Maximum work The work done by the system always
ext »
the more work is done by the gas. As P,,, cannot be more than
Pgas, otherwise compression will occur, thus the largest value of
Fey can be equal to Py, . Under this condition when expansion
occurs, the maximum work is done by the gas on the surroundings.

(ii) Adiabatic Expansion

In adiabatic expansion, no heat is allowed to enter or leave the
system, hence, g = 0. When this value is substituted in first law of
thermodynamics, AE =g+ w,we get AE =w.

In expansion, work is done by the system.on the surroundings,
hence, w is negative. Accordingly AE is also negative, ie.,
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internal energy decreases and therefore, the temperature of the

system falls. In case of compression, AE 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 18 given by .

ac
dar )y
or dE =Cy -dT (D)
and for finite change = AE=C, AT . - {i1)
So, w=AE=C, AT .. (i)

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=-—PAV A1)
If AT is the fall in temperature, then

Cy AT:“‘P A,’; (V)

For very small change in reversible process,
Cpdl =~ PdV =~ KVZ dV (for 1 mole of the gas)
dar av .

Cyp —=-R-— e (1) -

v v (vi)

Integrating the above equaiion between temperatures 7; and
T, when corresponding values are ¥} and¥,,

Cy ‘[Tz dT=—RJVZ g

n T hoov
T. |14
Cy, log, -2 =-Rlog, -~ =Rlog, -
¥ e T] e 3 g sz
or logz’i:-——R—log—z—zilogK‘— .. (i)
1 Cy ) oG £
or . Ci—l:i
Cy Cy
H
R
or |
1y=1 G,
. R . .
Putting the value of — in eq. (vii},
Cy
T 14
log =2 = (y — ) log -1
ng -0 sz
-1
p ) !
=log | -+ .. (viii
g(yj (vii1)

. Y—l
or ' ; L. [5—} ' .. (ix)

. -1
or IL: V—2 : (X5
' T, Wi
. ¥ -1
o RY (7
' Py, "
or PV,Y = PV," . (xi)
“or PV 7 =constant . (xii).

Thus, knowing v, ¥, ,¥, and initial temperature, 7, , the final
temperature, T,, can be readily evaluated.
Modifying the eq. (x),

RT,NTT!
n_|Bh | _(R TzT’“‘
T, | RT, \p 1)
P ‘

. , -
or’ [5] =(ﬁ} [PZJ : ... (xiii)
’ T By b ‘

Thus, knowing v, P, P, and initial temperature, the final
temperature, 7, , can be evaluated.

From eq. (v),
Workdone=Cy, -AT=Cy (T, - T )--( ¢ (T, -Ty)
For n moles = (——) T -1)

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

- is zero. Accordingly, AE which is equal to wis also zero. IfAE is

zero, AT should be zero. Thus, in free expansnon (adiabatically),
AT =0, AE=0,w=0and AH =0.

In intermediate expansion, the volume changes from ¥ to ¥,

against external pressure, P, .

RT, RT,
W= Py (Vy ~T)) =P [_P?"?;L}
-_P, ( M} ¥R
L AP :
LP-1,P
or w=C, (T, ~T.)=—RP_ |21 172
1 4 ( 2 1 ) ext P1~P2
R ' Heat Internal | . .
Process | Condition | ch - energy | Workdone
' Eeq change AU
Free (U) constant| . — 0 1 0asP=0
oXpansion | (yyconstant| AU nCy AT | OasAV =0
Isochoric - -
Isothermal | (T") constant - W 0 2.303 nRT
lo 143
2 v,
=2.303 nRT
log A
B
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Isobaric | (P)constant | uCp AT nCy AT P -Vp
=nR(T, ~T))
Adiabatic | (¢) constant 0 - W C, -1
nR
= m
I [ T 2)
-1
_Y—l
: (BV, - BYV,)
Cyclic P W 0 Area of
process cycle
GRAPHICAL REPRESENTATION OF
VARIOUS THERMODYNAMIC

PROCESSES AND THE CALCULATION
OF WORK DONE BY GRAPHICAL
METHODS

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

Isobaric process

—

o Isothermal process
2
&’ Adiabatic process
Isochoric process
Volume —»
Fig. 7.3 (a)
Expansion
Comgpression.
T Isothermal

Adiabatic

Volume —» Volume —»
Fig. 7.3 (b) Fig. 7.3 (c)
2, Let a gas is compressed from V; or ¥ by an external

pressure of P,,, . The work done on the gas can be calculated by
the shaded area of the graph représented in following Fig. 7.4.
Work done on the gas, w=—~ P, (¥, —V;) '

=+ ve work, Since V, <V,
o a®re .
2
@
a- ¥ ]
V¢ Vi

" external pressure F,,

3. Let compressiou of gas takes place from volume ¥, to Vein
the finite munber 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 of the diagfam.

—>

Pressure

Volume

Fig. 7.5 Indicator diagram {P-¥) 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 ¥, then the area under
the curve gives the external work done by the gas.

e

Pext

Pressure

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

Wexp = Pext (I/2 -V )
= —ve work

2 \\

ol 4 S

173 N 4

w3 . H

o

a )

Vi Va

Volume —»

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

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

——p

P44

mpzvﬂz

Pressure

Volume ——» Volume —>» Volume ——»
@ (b) (©)
Shaded area Shaded area Shaded area
gives the work . gives the work gives the net work -
done by the gas done on the gas done by the gas

Fig. 7.8 Complete cyclic process of a gas
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6. Work done by the gasin a claéed path ABCA.

AR

3

Pressure —»

‘V‘I : V2 :

Volume —»

Fig. 7.9 The gas in closed cyclic process ABCA
Work done = Area of shaded triangle

= é X Length of base x Length of perpendwular

='§X(V2“Va)(f)2_1)1)

7. Let a system of gas passes from initial state 4 to B in

following three ways. The work done by the gas will be
calculated by the shaded area.

I = | P %
L P E\B
- :

yp— R R Vp—
(a) : o (©

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

8. Work done in clockwise and anti-clockwise cyclic :

process :

V—> N —
@ _ ®)

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

Shaded area represents the net work done in the _cyclic
process.

* Case 1 : If the cyclic process is in clockwise dli'CCthIl then

work done will be negative because the net work will be done by
the system.

Case II : If the cychc process is in anti- clockw;se direction

then work done will be posmve because the net work is done on-

the system. ‘
*

G.R.B. ' PHYSICAL CHEMISTRY FOR COMPETITIONS

9. If the 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.

R

P ‘ v| . P

[V — T— T
(a ‘ (b) ‘ (©

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.

[ r..__..

Pl v Pl

V—> T—> T—»
(a) (b) ()

Fig. 7.13 lIsobars of Ideal Gas .

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

v— T T ——>»
@ '_ y - ()

‘Fig.7.14 gsotherm 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 internal energy. whxch only depends upon the

temperature.

However, when a real gas is forced through a porous ‘plug into
aregion of low pressure, it is found that due to expansion, the gas
on the side.of low pressure gets cooled. The greater the difference
in pressure on the two sides, the higher shall-be dlﬁ‘erence in
temperature. :

The phenomenon of producmg lowering of temperature
when a gas is made to expand adiabatically from a region of
high pressuie into a region of- low pressure, is known as
Joule-Thomson effect



The experiméntal set-ﬁp 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.

Porous plug

AT o AP/

B L s EEFEEEL LT i

Fig. 7.15

Consider that a certain amount of the gas is passed through the
porous plug by slow movement of piston X, i.e.,a volume ¥, of
the gas at pressure P, 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 ¥, and pressure P, by moving the piston ¥. 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 P¥}. The work done on right hand side

by the gas is equal to BV, .

Total work done by the gas = P1 v, - BV,

As g =0, the work done by the gas lowers its internal energy

and consequently temperature falls.
AE=PV, - PV,
E, —E\ =RV, - BV,
(Ey + PVy)—(E, + AV)=0
or - Hy,~H, =0
or ) AH=0
Thus, Joule-Thomson effect accurs at constant enthalpy.

.]oule-Thomsoh 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 ceefficient. It is denoted by 1.

‘ dT . *
7 h= dp :

When 1 has positive vélue, the gas cools on expansion. If it
has negative value, the gas warms on expansion. Every gas has a
definite value of arrperature when the sign changes from
negative to positive This temperature is termed inversion

- —80°C. Thus,

SIS
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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 H, is
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 other cooling devices.

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

-4
‘ Rb
Thus, inversion temperature- depends‘upon van der Waals’
constants ¢ and b of the gas.

e e o098 WA SOME SOLVED EXAMPLES)

-+ Example 10. lmole of Fe,04 and 2mole of Al are mixed at
temperature 25° C and the reaction is completed to give :
Fe,04(s)+ QAI(S) —3 Al Oy (s)+ 2Fe(l); AH =— 850 k7
The liberated heat is retained -within the products, whose
combined specific heat over a wide temperature range is about’
. 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 of iron in order fo get it welded.
Selution: Mass of products
= Mass of one mole Al 03 + Mass of two mole Fe
=214g
g=ms AT =214 x0.8% (1803—298) :
= 257656 ] = 257.656 k}

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

- Example 11. Calculate wand AE for 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 .

Sess -
L LR R

Selutien: Volume of 0.5 mole of steam at 1 atm pressure

_nRT _0.5%0.0821x 373
P10 .
Change in volume = Vol. of ‘Steam — Vol.of water
=153- neghgxble— 15. 3L
Work done by the system,

=153L

=P X yolumé change
= 1%15.3 =153 litre -atm
"=153x101.3F=1549.89J
should be negative as the work has been done by the system

onthe surroundings.

w=~1549.89]
Heat required to convert 0.5 mole of water at 100° Cto steam
’ =0.5x 40670 = 20335 J ' ’

~ According to first law of thetmodynamics,

AE =g+ w=20335-1549.89= 18785.11]
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. Example 12. Calculate the work done when 50 g of iron is
dissolved in HCI at 25°C in (i) a closed vessel and (ii) an open
beaker when the atmospheric pressure is 1 atm.

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

Fe + 2HCl— FeCl, +  H,

S6g 1 mole
e L% 50 mole
56
Vohume of hydrogen produced at 25° C
_nRT _5_(_)>< 0.0821x 298

=21.84 L

This is equal to volume change when the reaction is carried in

open beaker.
Work done by thesystem=—-P AV =-1.0x 21.84
= —21.84 litre -atm = —2212.39]
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, Cp =703 cal mol "' deg™ and R=8.31J mol -t
-1

deg

Solution: R=831Jmol 'deg™ = ;'?—;cal mol ™! deg™

=1.99¢cal mol™ deg ™!
We know that, CP - CV =R
or  C,=Cp—R=703-199=5.04cal mol™ deg™
Heat absorbed by 5 mole of oxygen in heating from 10° Cto
20°C
=5XCy x AT =5% 5.04 x 10=252cal

Smce the gas is heated at constant volume, no external work
is done,

Le., ' w=90 ‘
So, change in internal energy will be equal to heat absorbed,
AE =g+ w=252+0=252cal

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

Solution: Amount of work_done in reversible isothermal

expansion,
V.
w=—2303nRT log - .

, S 4
Given,n=2,R = 8314 JK ™' mol™,7T=298K,V, =20 Land
v, =10L.

Substituting the values in above equation,

w=—2303x 2><8314><29810g%§

=-2303x2x 8314 %x298x 0.3010=—-3434.9]
i.e.,work is done by the system.

“Example 15. 5 moles of an zdea! gas expand isothermally
and reversibly from a pressure of 10aim to 2atm at 300K. What is
the largest mass which can be lifted through a height of 1 metre in
this expansion?

Solution: Work done by the system

P P
=—nRT log, = =-2.303nRT log -1 .

: 120'3 ~20.075%10° J

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

Work done in lifting the mass |
=Mgh=Mx98x1J

So, M x9.8=20075%10°

M =2048 469 kg

xaple 16. Two moles of an ideal monoatomic gas at
NTP are compressed adiabatically and reversibly to occupy a

volume of 448 dm®. Calculate the amount of work done, AE,

final temperature and pressure of the gas. Cy for ideal gas
=1245J K "' mol 7.

Solution: For an ideal gas, y = g—‘p =1.667
14
=2x%22.4=448dm’
Initial pressure, P, = latm
Initial temperature, T} =273 K
Final volume, ¥, = 4.48dm>

Let the final pressure be P, and temperature be 7.

Initial volume, V;

Applying PV =RV
- Px fV2 [4 48j1667 .
or e
: P, LVI 44.8
or b (10)-57
A
Py =(10)"°7 (P, =lgiven)
log P, =1.667 log 10= 1.667
" P, =antilog 1.667= 46.45atm
Final temperature = P‘sz Iy = 46-45% 4.48 x 273
A4 1x 44.8
=1268K

Work done on the system =n- Cy LAT
=2x 12.45% (1268 - 273)
N =2x1245x995=24775.5F
From the first law of thermodynamics,
 AE=gq+w=0+24775.5= 24775.5)
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" Example 17. A certain volume of dry air at NIP is
expanded reversibly to four times its volume (a) isothermally
(b)adiabatically. Calculate the fi inal pressure and temperature in
each case, assuming ideal behaviour.

[C—P forair= 1.4}
A Cy ‘

Let¥, 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.

Solution:

P, _Anh =——IXVI =025atm -
v, 4,

{b) Adiabatic expansion:

5_(r\"
I, \W

m (W M 404
?'2 "

T, =%=156.79K

Final oressure: FL=[72]"
nal pre =1
pressure r |7
1.4
Py 1
P, =—1 - 0.143am
4!

Example 18. Calculate q,w, AE and AH for the reversible
isothermal expanszon of one mole of an ideal gas at127°C froma
volume of 10dm’ to 20dm’.

Since, the process is isothermal,
AE=AH =0

From first law of thermodynamics,

' k AE=qg+w=0

g=-w

Solution:

— ~2.303nRT log .2
"

= 2303 1x 8314 x 400 log %g'
= -2.303x 1x 8.314 x 400 % 0.3010

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

g =—w=2305.3] (Heat is absorbed by the system) -

Example 19. 4 gas expands from a volume of 3.0 dm® to
5.0dm® against a constant pressure of 3.0 atrm. The work done
during expansion is used to heat 100 mole of water of

A temperature 2900 K. Calculate the final temperature of water -

(specific heat of water = 4,184 JK T g™h, (TIT 1993)
- Work done =P X dV =30x (50~ 30)
= 6.0 litre-atm =.6.0x 101.3]

- =607.8]
Let AT be the change in temperature.

Heat absorbed = mx s X AT .
=10.0x18x 4.184 X AT.

Solution:

Given, PxdV=mxsxAT
or ar=ExX _ 607.8 = 0.807
mxs 100x 18.0x 4.184

Final temperature = 290-+ 0.807= 290.807 K

;-Example 20. 10g of argon gas is compressed isothermally
and reversibly at a temperature of 27° C from 10 lztre to 5litre.
Calculate ¢, w, AE and AH for this process.

R=2cal K " mol ™', log 2= 030. Atomic weight of Ar 40.
) T 1997)

~ V.
Solution: w=—2.303nRT log ?2
: 1

= —2303x 22 % 2x 300 log = = 103.635cal
40 10 )
AE=0
g=AE~w
g=—w=—-103.635cal
i Example 21. Calculate  the ‘maximum work done in

éxpandmg 16 g of oxygen at 300 K and occupymg a volume of
5dm® isothermally until the volume éecomes 25dm®.

Solution: Reversible work is maximum work.
s w=-2303nRT log (K%J
' "

~2303x-£x8314x30010g—5=201x]03j0u1e

" Example 22. How much heat is requzred to change 10g.
ice at 0°C to steam at 100°C? Latent heat of fusion and
vaporization for H,0 are 80cal/ g and 540 ¢cql/ g, respectzvely

. Specific heat of water is Vcall g.

Solution: Total heat absorbed ‘ ’
o = AHﬁ.lSlOﬂ + AHtemp rise +‘AHvap
=10 80+10><1x100+10>< 540 = 72000a1

“Example 23. 4 swimmer coming out of a pool is covered

with a film of water ‘weighing wbout 80g. How much heat must-be

suppized to evaporate this water? .
Solution: g=mL '
= ﬁ? % 40. 79 -
.18,

=181.28KJ
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5-moles of an ideal gas at 27°C expands isothermally and

reversibly from a volume of 6 L to 60 L. The work done in kJ
is: ' : ‘

(a)-14.7 1)-28.72  (c)+28.72  (d)~56.72
[Ans. ()] '
[Hint:  w=-2.3032RT log %
: i
/ 60
/ =-2.303 x 5 % 8.314'x 300 log <
=-28.72KI]

* 10 moles of an ideal gas confined to a volume of 10 L is

released into atmosphere at 300 K where the pressure is 1 bar.
The work done by the gas is: :

(R=0083LbarK™! mol™)

(2) 249 L bar (b) 259 Lbar (c) 239 L bar (d)220 L bar
fAns. (c)] :

[Hint: Initial volume, ¥, ='10L
¥, (final) = m;? _ 10x0.083 x300 _ 249 -
W =P AV =1x (249 - 10)
=239 L bar]

1 litre-atm work is approximately equal to:
S (@) 10137 (b) 83141 (c)931) 1927

[Ans. ()] :
" [Hint:  0.0821 litre-atm = 8314 J (values of gas constant)

.1 litre -atm =101.3 J]

A system absorbs 20 kJ heet and also does 10 kJ of work. The

net internal energy of the system:
(a) increases by 10 kJ (b) decreases by 10kJ

(c) increases by 30 kJ (d) decreases by 30 kJ
[Ans. (a)]
[Hint: AU =g+ w=20-10=10kJ]

One mole of a gas is heated at constant pressure to raise its

- temperature by 1°C. The work done in joules is:

(a)—4.3 (b)-8.314

{c) 1662 (d) unpredictable -~

[Ans. (b)] :

[Hint: w=-nRAT or w=-P AV ,
=-1x8.314 x 1——}9("”2 "RT‘J

P P

=-83147] '

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. ()]

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

Exothermic

‘740. THERMOCHEMISTRY

Thermochemistry is & branch of physical chemlstry which is
concerned with energy changes accomganymg chemical
transformations. It is also termed as chemical energetics. It is
based on the first 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,
AH=(Hp, -Hp)=-ve, ie, Hp<Hy
At constant volume, '
. AE=(Ep-Eg)=-ve, ie, Ep<Eg

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 constant pressure,
AH=Hp ~Hp =+ve, ie, Hp>H,
At constant volume, B
AE=E, —Ep=+ve, ie, Ep>Eg
Slgn conventions:
AQ AE AH
Exothermic = (=) (=) .-()

Endothermic  (+) CIRNCY k
Exothermic and endothemrnc chemrcal equatlons can be

 represented as:

NaOH(aq )+ HCl(aq )—> NaCl(aq.) + H0(1)

+ 137 keal
NaOH(agq. ) + HCl(aq ) 3 NaCl(aq )Y+ H,0(D);
: AH =-137kcal

Endothermic {C(S) +H,0(g)—> CO(g) + H,(g) ~ 314 keal

C(s)+ H,O(g ) —— CO(g)+ H,0(g );
'2 AH =+ 314 keal

744 HEAT OF REACTION OR ENTHALPY
OF REACTION . .

Heat of reaction is defined 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)

=AH =XH, -XH,
For example, the equation '
H,(g)+ Cl,(g)=2HCl{g)+ 44 0keal or AH ==44 kcal

indicates that when 2 g of hydrogen (1 mole) completely reacts
with 71 g of chlorine (1 mole) to form 73 g of HCI (2 mole), the
amount of heat evolved is 44.0 kcal or the enthalpy decreases by
44.0 keal or the reacting system loses 44.0 kcal of heat or the
enthalpy change of the reaction, AH = — 44.0kcal.

Consider the following reaction:

C,H, (g)+30,(g)=2CO0, + 2H,0(l); AE = — 3358 keal

The equation indicates that reaction has been carried between
1 mole of C,H, and 3 mole of oxygen at constant volume and

25° C. The heat evolved is 335.8 kcal or the internal energy of the -

system decreases by 335.8 kcal.
Consider another reaction:

C(s)+ Hzo(g)=CO(g)ji- H,(g) - 31.4 kcal
or . AH =31.4 kcal

This reaction indicates that 1 mole of carbon (12 g) reacts with

1 mole of steam (18 g) to form 1 mole of CO and 1 mole of

hydrogen and 31.4 keal of heat is absorbed. The enthalpy of the

_ system increases by 31.4 kcal or the total enthalpy of the products
- 18 31.4 kecal more than the enthalpy of reactants.

Factors which Influence the Heat of Reaction

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

(i) 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:

Hz(g)+—;~0:(g)=H20(g); AH = —57.8keal

Hy(g)+ %_ 0,(g)=H,0(/); AH =~ 68.32 keal

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

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

C (diamond) + O, (g) —> CO, (g ); AH = - 94.3 keal
C (amorphous) + O, (g ) — CO, (g); AH = —-97.6 keal

. The difference between the two values is equalr fo 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 (amorphous); AH = 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, m the
reaction between hydrogen sulphide and iodine, .

H,S(g)+1,(g)— 2HI+S; AH = ~17.2keal
H,S8(g) + 1, (solution) — 2HI (solution) + S;

AH =~ 2193 keal

(iv) Temperature: Heat of reaction or enthalpy of reaction
also depends on the temperature at which the reaction is carried
out. This is due to variation in the heat capacity of the system

* with temperature. Due to this reason, énthalpies of reaction are

calculated and expressed at a standard temperature of 25°C or
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. Y

AE + AnRT = AH

“or gy +AnRT =g

gy = heat change at constant volume, -
qp = heat change at constant pressure.

An = total number of moles of products — total number of moles
: of reactants
%GuMxample 24. The heat of combustion of ethylene at 18°C
and at constant volume is -335.8 kcal when water is obtained in

liquid state. Calculate the heat of combustzon at constant
pressure and at 18°C.

Solution: The chemical equauon for the combustion of
C,H, is
C,H,(g)+ 30, (g) 2C02 (g)+28,0()); AE = - 335.8 keal
1 mole 3 mole; 2 moley

No. of moles of reactants = (1+3)=4
No.of moles of products = 2 '

So, An=(2-4)=-2
Given, AE = —335.8kcal, An=-2, R=2x10" kcal
and T =(18+273)=291K
Applying AH = AFE + AnRT

=-335.8+ (-2)(2x 107 )(291)
=-336.964 keal
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i xfgmple 25. The enthalpy of formation of methane at
constdnt pressure and 300 K is ~75.83 kJ. What will be the heat of
formation at constant volume? (R =8.3J K ™ mol ')

Solutlon: The equation for the formation of méthene is
Ols)+ 2H, (g) = CHy (g); AH =~ 7583 K]

Zmoles : 1 mole
 An=(1-2)=-1
~75.83kJ,R=83x107 KJIK™!

AH = AE + AnRT
~75.83= AE + (-1)(83% 107 )(300)
So, . AE=-75.83+2.49 '
=-73.34K]

W38 ENTHALPY OF FORMATION OR HEAT
OF FORMATION '

The process in which a compound is formed from its constituent
. ¢lements in their standard state is called formation.

The amount of heat absorbed or evolved when 1 mole of the

Given, AH =
Applying

mol ™, T = 300K

substance is directly obtained from its constituent elements is

called heat of formation. -
C(amorphous) + 0, (g)— CO, (g); AH
" Enthalpy of formation of CO, is -97.6 keal
H,(g)+Cl,(g)—2HCl(g); AH=-44 keal
Thus, enthalpy of formation of HCl is —22 kcal permol:

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 pressure), the heat of formation or enthalpy of

* formation is called standard heat of formation or standard

enthalpy of formation. It is denoted by AE; (volume constant)
k f -

= — 97.6 kcal/mol

“or AH; (pressure constant).

It is very difficult 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 1
atmospheric pressure are taken arbitrarily as zero.

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

C(s)+02(g) CO,(g); AH=AH, =-393.5kJ
AH, =AH=Hp - Hy =-3935kJ
Hy = 0,i.e. , enthalpies of free elements are taken as zero.
So, AHf AH = Hp = enthalpy of CO, =—-393.5k]J

. Thus, WAH; =-393.5k].

The 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. '

‘mol !, -3935 k7 mol ' and ~2862k/ mol !

. G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

The knowledge of standard heats .. :ormation of various
substances caun be used to calculate the heats of reactions under
standard conditions, i.e.,AH".

AH® § | Sumof thestandard | | Sumof the standard
th Oii =| heats of formation |—| heats of formation
creachion | ¢ products of reactants

i.e., AH® = z AH; (products) -2 AH; (reactants)

The heats of . formation 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

“Addmonal amount of energy which one gram mole of the
compound possesses above that of its constituent elements

Let us consider the combustion of carbon.

C(s)+ 0,(g) — CO,(g); AH =-94.38keal

When 1 mole CO, is formed, 94.38 kcal heat is evolved. It
means, energy content of CO, is less than energy content of C(s)
and O, (g)by 94.38 kcal Thus, intrinsic energy of CO, is 94.38
keal.
~ If we assume that intrinsic energy of elements is zero, then
intrinsic energy of compound may be calculated in the form of

. heat of formation. Hence, intrinsic energy may not be considered

as internal energy of the compound.

3 ample 26. Calculate the enthalpy change for the
foIlowmg reaction:

CH4(8)+ 203(g)——>C02(g)+ 2H,0(1)

given, enthalpies of formation of CH , ,CO, and H,O are —T4.8k]
respectively.

Solution:

AH® = AHf (products) AH f (reaz:tants)

= [AHf cop * 2AHf w1~ [AH 7y + ZAH/’ opl
[-3935+ 2 (~2862)] — [-74.8+ 2% 0]
~393.5-572.4 + 74.8

=—891.1kJ '

Ye 27. The standard heats of formatzon at 298 X for
CCQ (), H,0(g), C02 (g)and HCI(g) are -25.5, -57.8, 94.1

and -22.1 kecal mol~ respeczzvely. Calculate AH298 Jor the
reaction.

Ccl, (g)+ 2HzO(g) — COz (g) + 4HC1(g)
Solution:

B

AH® = AH ¢ (proaues) = AH 7 (restans
=[AH fcoy + 4AH yaicy 1~ [AH poory + 28H 7,01
=[-94.1+ 4 x (= 22.1)] - [~ 25.5+ 2 (~57. 8)]

=—94.1- 884+ 255+ 115.6
==-182.5+ 141.1 = — 41.4 kcal
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is —367.5kJ and those of N,0(g)and H,O(l Yare + 81.46 kJ and

—285.78 kJ respectively at 25°C and 1 atmospheric pressure.

Calculate the AH and AE for the reaction,
NHNO, (s)—> N,0(g) + 2H,0(] )

s, o _ o ©
Solution: AH®° = AHf (products) ~ AHf (reactants)

=[AH} ov0+ 2% AHJ (1,0) 1= [AH gy oy
= 81.46+ 2 X (~285.78)~ (~367.5)
=81.46—- 571.56+ 367.5
=-122.56 kJ
We know that, AH = AE + AnRT
or ' AE=AH - AnRT
An=1; R=8314x107 KJmol™' K™';
AE =-122.56~- (1)(8.314x 107 )(298)
=—122.56-2.477
=-125.037kJ

* ENTHALPY OF COMBUSTION OR
HEAT OF COMBUSTION

~ Enthalpy of combustion 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.,AH is always negative. For example,

CH,(g)+20,(g) —> CO,(g)+ 2H20-
AH =-8903 k]
CZH OH(I) + 302 (g)— 2C0, (g)+3H,0(]);
) AH =-13674k]
2C,Hg(g) + 70, (g) — 4C0, (g) + 6H,0(/);
AH = — 7456 kcal

Since, 2 mole of C2H6 are involved, hence enthalpy of
combustion of ethane

= = = 3728 keal

T=298K

Cls)+5 03 (g) —> CO(g); AH =~ 26.0keal
C(s)+ 0,(g)—> CO,(g); AH = — 943 keal

The enthalpy of combustion 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 combusuon of
carbon is thus —94.3 kcal.

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

@ Calorific values of foods and fuels: Energy is needed
for the working of all machines. Even human body is no
exception. 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
/substances undergo oxidation or combustion and release energy.

/

!
/

iﬂmple 28. The molar keét of formation of NH,NO, (s) -

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 of 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. The amount of heat produced in

calorie or joule when one gram of a substance (food or fuel) is

completely burnt or oxidised. ‘
When methane burns, 890.3 kJ mol ™! of energy is released.

CH,(g) +20,(g)—> CO,(g) ¥ 2H,0()),
1 mole(16 g)

AHgy, =-8903K]

3903 _ 556 kJ/g

Calorific values of some important foodstuffs and fuels are
given below:

So, the caloriﬁc value of methane = —

1 Calorific valie (kl/g)| “Food  Caloriflc valite (kJ/g)~
wood 17 Milk X T
Charcoat 33 Egg , 6.7
Kerosine 48 Rice 167
Methane 55 Sugar ~ 113
LPG 55 Butter 30.4
Hydrogen 150 Ghee 376

Out of the fuels listed, hydrogen has the highest calorific
value: However, 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.

(if) Enthalpies of formation: Enthalpies of fonnatlon of

" various compounds, which are not directly obtained, can be

calculated from the data of enthalples of combustions easxly by
the application of Hess’s law. .

Heéat of reaction = 3 Heat of combustlon of reactants
— 3 Heat of combustion of products

——-—-————-———————-—, "
Ve e e 2
_ 1323388 W SoME SoLvep Exampies) §88257. -

—w

A foample 29. The heats of combustion of CH 4 and C,H
are -8903 kS mol ™ and ~2878.7kJ mol ! respectively. Which of
the two has greater efficiency as fuel per gram?

Molar mass of methane = 16

Heat produced per gram of methane = — §91%§- =-5564k]

Solution:

Molar mass of butane = 58 .
’ ‘ , 28787 _
Heat produced per gramof butane = - —— e - 4963 kJ

Thus, methane has greater fuel efficiency than bﬁtane.
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ample 30. Ina Gobar gas plant, gobar gas is formed by
bacterial fermentation of animal refuse. It mamly contains

methane and its heat of combustion is ~809 kJ mol "t according
to following equation:
CH, +20, —>CO, + 2H,0; AH =—809 kJ mol™

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% 20,000kJ =1x 10° kJ
809 kJ of energy is obtained by burning methane =16g

1% 10® kJ of energy will be obtained by burning methane

~16 108 =198x10%g
809 4
=19.8kg
Since, methane content in gobar gas is 80% by mass, hence,
" the mass of gobar gas needed
100

=— X 198=2475
80, ke

e fixample 31. 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 requlred chemical equation for combustion
. of ethane is

2C2H6(g)+ 70,(g)= 4C02(g)+ 6H,0(/); AH ° =

The equatmn mvolves 2 moles of C,Hg; heat of combustion

AH® = AH7 (roanetsy = AHY (reactants)

-
=[4X AHj o,y + 6AH] 4.0 1= [2AH] g +TAH} )]

[4 % (-941)+ 6% (- 68.3)] - [2X (-21.1)+ 7% 0]
~376.4 - 409.8 + 42.2 ‘
~ 744.0 kal

AR _ Heat of combustioh of ethane = — %9 =-372.0keal -

it

““Example 32.. An intimate mixture of ferric. oxide and
, aluminium zs used as solid fuel in rockets. Calculate the fuel

value per om’ of the mixture. Heats of formation and densities
are as follows:

H; 41,09 =—399kcal mol ™' Hy g, 0, = —199 keal mol ™

Density of Fe,03 = 5.2 glem’; Density of Al=2.1g/cm’

~ Solution: The required equation is:

2A1+Fe203 —->A1‘203 + 2Fe; AH =17

G.R. B PHYSIGAL CHEMISTRY FOR COMPET TIONS . A

AH = AHf (products) — AH f (rcactants}

= (=399+ 2% 0)— [2X 0+ (~199)]

=—399+ 199 = —200 keal
At. mass of aluminium =27, Mol. mass of Fe,0; =160
160  2x27

Volume of reactants = el + =50.77 cm’

Fuel value percm® = 200 _ 3.92 keal
5077 -

Example 33. When 2mole of C,H are completely burnt,
3129 kJ of heat is liberated. Calculate the heat of formation of
CyHg. AH for CO, and H,0 are ~395kJ and -286 kJ respec-
tively.

Solution: The equation for the combustion of C, Hy is:

2C,Hg + 70, —> 4CO, +6H,0; AH =-3129kJ

AH = AHf (products) AH f {(reactants)

~3120=[4 x (~395)+ 6 X (~286)] ~ [2X AH 1 + 7X 0]
Or 2% AH]‘(CZHQ =_167
167
SO, . AHf(CzHé)’_‘T=_83SkJ

xample 34. The standard heats of formation of CH , (g)
C02 {g) and HZO(g) are ~76.2, -398.8 and ~241.6 kJ mol ~

respectively. Calculate the amount of heat evolved by burning 1 m

of methane measured under normal conditions. (11T 1990)

Solution: The required equation for the combustion of
methane is: :

CH4+ 202 _—)COZ +2H20; AH: ?

AH= AH f (products) — AH f (reactants)

~ AHjycn,) = 28Hy o,
=~398.8~ 2% 241.6~ (—76,2)— 2x0
= —805.8 kJ mol ™!

= AH{ o, + 2% AHp 0

Heat evolved by buming 224 litre (1 mole) methane
=-8058kJ. So, heat evolved by burning 1000 htre (1m*)
methane
_ 805.8

224

x 1000 = —35973 2 k}

. Example35. A gas _mixture of 3.67 litre of ethylene and
methane on complete combustion at 25° C produces 6.11 litre of
CO,. Find out the heat evolved on burning | litre of the gas
mixture. The heats of combustion of ethylene and methane are
~1423 and —891k/ mol ' at 25°C. (T 1991)
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Solution: C,H, + 30, — 2CO, +2H,0

a litre 2aq litre

CH, +20,—> CO,
(3.67 - a) litre (3.67 - a) litre

2a+3.67-a=6.11
a=2.44litre
Volume of ethylene in mixture = 2.44 litre

+2H,0

Given,

Volume of methane in mixture =1.23 litre _

Volume of ethylene in 1 litre mixture = %4;7— =0.6649litre

Volume of methane in 1 litre mixture = 3—?

0.3351litre
24.45 litre of a gas at 25° Ccorrespond to 1 mole.
Thus, heat evolved by burning 0.6649 litre of ethylene

1423 % 0.6649 = —38.69kJ
24.5

and heat evolved by burning 0. 3351 litre of methane

=89 L 03351=—12.21K)
24.45

So, total heat evolved by burning 1 litre of mixture
=-38.69-12.21
=-50.90 kJ

7.14. 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:
H,S80,()+aq.=H,S80,4(aq.); AH =-202kcal
KCl(s) + ag.=KCl(aq.); AH = 44kcal
KOH(s) + ag.=KOH(aq.); AH = —-133kcal

Heat of ideal solution is taken zero.

Generally, dissolution’ of substances in a solvent is a
disintegration process. This process needs energy. In such cases,
energy is absorbed, i.e., AH 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 equal to the heat of hydration.

7.15 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
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equivalent of an acid is neutralised by 1 gram eqhivalent of abase
in dilute solution. Some examples are: -

Strong acid + Strong base = Salt + Water; AH =—13.7kcal
HNO3 (aq )+ NaOH(aq )=NaNO, (aq.) + H,O(1); .

AH = -137keal
HCl(aq.) + NaOH(aq )=NaCl(aq.) + H,O(1);
AH=-13. 75 kcal

. H,50, (ag.) + NaOH(ag. )= NayS0, (ag) + H,00);

‘ AH=—137kcal

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"+4 N B"+OH  _B'+4
Strong acid  Strong base Salt

+H,0; AH = —137keal

Cancelling the ions which are common on both the sides,
H' +OH™ =H,0; AH = —137kcal

Thus, heat 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 & 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:

HCl(aq.) + NH4OH(aq )=NH,Cl(ag.)+ H,0(1);
e AH = —12.3 keal
HCN(ag) + NaOFi(ag.) ~NaCN(ag) + H20(1)
e AH = —123 keal

CH,COOH(ag.)+ NH, Sel;lk(aq.) = CH,COONH, (aq.) +H,0(!);

Weak :
AH'=—-11.9kcal

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 néutralisation of NH4OH with HCl can be
explained in the following way:

NH,OH(ag:) =NHj (aq.) + OH" (aq. )  AH=Q
and NH; (aq.)+ Cl™ (ag.)+ H' (aq.)+ OH (ag.)=NHj (aq.)
+Cl™ (ag.) + H,0(});
AH =—-13.7 keal
or NH,OH(ag.)+ H" (aq.) + Cl” (ag.)=NHj (aq.)+ Cl” (aq.)

+H,0(1);
AH =-12.3kcal
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So, . . 0-137=-123
cor Q=13.7-12.3= 1.4 keal

Hénce, 1.4 kcal of heat energy is absorbed for ionisation of
- NH,OH which get subtracted from 13.7 kcal. Thus, the observed
" value of heat of neutralisation is not —13.7 kcal but —~12.3 kcal.

Determinatidntof Heat of Neutralisation

The heat of neutralisation
of an acid or base can be.
easily = determined in the =
laboratory with the help of
polythene or polystyrene
bottle. Bottle is fitted with
" rubber cork through which a
thermoineter and a stirrer are
fitted as shown in the Fig.
7.16. 100 mL each of acid and
alkali of equal normality are

Thermometer
Stirrer

| —Polythene
bottle .

| Solution

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.
Calculatmns

Supposc, the initial temperature of acid and base = T;
Final temperature of solutlon after mlxmg Tz

R.ISC in temperature =T, - T}

For the purpose of simplicity, the heat capacxty of the bottle
may be neglected as it is very small in comparison to that of
solution. The specific heat capamty 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 (T, = T;)
Q is thé heat evolved by the neutralisation.

Therefore, the énthalpy of neutralisation = i%() x 1000 x 1

X
here, x = nonnahty of theacid or base.

Lk mple 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 neutralzsatzon of
nitric acid with sodium hydroxide.

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

0= Total. heat produced = 300 (28.77 - 2535)cal
=300x 342 =1026cal

Heat of neutralisation = = x 1000%
150 05
1026 1

= —— X 1000 X — = 1368kcal
150 0.5

Since, heat is liberated, heat of neutralisation should be negatlve '
So, heat of neutralisation = —13.68kcal.

xample 37. Whenever an acid is neutralzsed by a base, .

.the net reaction is

H*(aq.)+OH (ag.)—> H,0(l); AH=-5T.1kJ

Calculate the heat evolved for the following experiments:

() 0.50 mole of HCI solution is neutrafzsed by 0.50 mole of
NaOH solution.

(i)} 0.50 mole of HNO, solunon is mixed with 0.30 mole of
KOH solution.

@iy 100 mL of 0.2 M HCI is mixed with 100 mL ofO 3IM
NaOH solution.

(ivy 400 mL ofO 2 M H,80, is mixed with 600 mL of 0.1 M
KOH solution,

" Solution: = According to the reaction,
H*(aq.)+ OH (aq.) —> H,0(]); AH=-571KkJ

when 1 mole of H" ions‘and 1 mole of OH™ ions are neutralised,
1 mole of water is formed and 57.1 kJ of energy is released.

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

0.50 mole NaOH = 0.50 mole OH ™ ions

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

=57.1% 0.5=28.55kJ
(i)  0.50 mole HNO; =0.50mole H*
0.30 mole KOH = 0.30 mole OH ™ ions

i.e.,0.30 mole of H™ ions react with 0.30 mole of OH™ ions to
form 0.30 mole of water molecules.

Heat evolved in the formation of 0.3 mole of water
=57.1x03=1713&J
(iii) 100mL of 0.2 M HCl will give ‘

(-93 X 100) =0.02 moleof H* ions
L1000

and 100mL of 0.3 M NaOH will give

(~0—3— X 100) =0.03 moleof OH™ ions
1000 :

ie., 0.02 mole of H * ions réact with 0.02 rﬁolé of OH ™ ions to

form 0.02 mole of water molecules.

Heat evolved in the formation of 0.02 mole of water
=0.02% 57.1=1. 142kJ
(iv) 40011’1LofV0.2M H,80, will give ' '

(2>< 0.2
"L 1000

X 400] =0.16moleof H" ions

and 600 mLL of 0.1 M KOH will give
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[il— X 600] =0.06 moleof OH ™ ions
1000 .

ie. ,0.06:mole of H™ ions react with 0.06 mole of OH ™
form 0.06 mole of water molecules.
Heat evolved in the formation of 0.06 mole of water
=0.06x 57.1= 3.426 kJ

“: Example38. 100 cm of 0.5 N HCI solution at 299. 95K
were mixed with 100 cm® 0.5 N NaOH solution at 29975K in a

-thermos flask. The final temperature was found to be 302.65K. -

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 S

- 29995 -; 29975 _ 299.85 K

Rise in temperature = (302.65 — 299.85)= 2. SOK
Heat evolved during neutralisation
=(100+100+44)x 4.184 x 2. 8=285851
.. Enthalpy of neutralisation =~ % % 1000 x _L
=-5717kJ

2 Example 39. When a student mixed 50 mL of | M HCI and
50mL of 1 M NaOH in a coffee cup calorimeter, the temperature

of the resultant solution increases from 21°C to 21.5°C.~
Assuming that the calorimeter absorbs only a negligible quantity

of heat that the total volume of solution is 100 mL, its a’ens:ty
1g mL™! and that its specific heat is 418 J/g. Calculate :

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

HCl(aq.) + NaOH(aq.) —> NaCl(ag.) + H,0(aq.)

Selution:  (a) Number of moles of HCI and NaOH added
My _1x50_ 005
1000 1000

Mass of mixture. =¥ x d =100 1=100g
Heat evolved, g= = ms AT = 100x 418 x (275-210)
=100x418% 65J=2717J=2.717kJ
(b) The involved reaction is:
HCl(aq.) + NaOH(aq.) — NaCl(ag.) + H,0
AH = Heat evolved per mol

27T 54341
~ 7005

: Example 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 1 equivalent of HA and HB ; the enthalpy change was
~13.5kcal. In what ratio is the base dtstnbuted berween H4 and
" HB?

Solution: Let x equivalent of HA and yequivalent of HB are
- taken in the mixture

-ions to

x+y=1 .
i xx13.7+ yx12.7=13.5 ()
Solving egs. (i) and (ii), we get
: x=08,y=02
x:y=4:1

ENTHALPIES OF 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 mult:iplied by the molecular mass. The value of
enthalpy of fusion gives an idea about the strength of the
intermolecular forces operatmg in a solid. The values of
enthalpies of fusion for ionic solids are much more than
molecular solids in which molecules are held together by weak
van der Waa]s forces :

H,0(s) L SN H0(); . AH =144 kcal
Freeziny o

H20(l) ) Hzo(s) * AH(freezing) = - 1.44 kcal

(i) 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.

Boiling ©
H,0() ———H,0(g); - AH =105keal

Condensation
HZO(g) —— H,0(}),

AH (condensation) % ~ 105 keal

Enthalpy of vaporization of a liquid gives an idea about the
strength of intermolecular forccs 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. .
L(s)— L (g); AH =149kcal
The enthalpy of sublimation of a solid is equal to the sum of
enthalpy of fusion and enthalpy of vaporization.

AH giimation = AH g + AH
'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
enthalpychange 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 substan(:e A4
be changed in three steps to D with enthalpy change from 4 to

-
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B AH, calorie, from B to C AH, calorie and from C to D AH,
calorie. Total enthalpy change from 4 to D will be equal to the
sum of enthalpies involved in vanous steps.

Total enthalpy change

AHsteps =A.H1 +AH2 +AH3

Now if D is directly converted into 4, let the enthalpy change
be AH g, - According to Hess’s law AH g, + AH g0y = 0,i.e.,
AH ., must be equal to AH .., numerically but with opposite
sign. In case it is not 8o, say AH .. (which is negative) is more
than AH & ., (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, AHg,,, must be equal to AH g
numerically.

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

following examples:
() Formation of carbon dioxide from carbon:
First method; Carbon is directly converted into CO,(g).
C(s)+0,(g)=C0,(g); AH=-940kcal
Second method: Carbon is first converted into CO(g) and
then CO(g ) into COZ (), i.e.,conversion has been carried in two
steps: :

C(s)+%02 =C0(g), AH=-260kcal

CO(g)+ 7,12 0, =C0,(g); AH = - 680 keal

“Total enthalpy change C(s) to CO,(g); -AH = ~94.0 kcal
(ii) Formation of ammonium chloride from ammonia and
hydrochloric acid:
First method: :
NH,(g)+HCl(g)=NH,Cl(g); “AH =-422kcal
NH,Cl(g)+ ag.=NH,Claq.); AH =+4.0kcal
NH, (g)+HCl(g)+ ag. =NH,Cl(aq.); AH =-382kcal
Second method: , ,
NH,(g)+ ag.=NH;(aq.); AH = -84 keal
HCl(g) + ag. =HCl(aq.); AH = ~17.3 keal
NH; (ag)+ HCl(aq. ) =NH,;Cl(ag.); AH =-12.3 kecal
NH, (g)+ HCI(g) + ag. =NH,Cl(aq.); ~AH =-38.0 kcal
Conclusions

(i) The heat of formation of compounds is independent of

the manner of its formation.

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

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

~ (iv) Thermochemical equations can be added, subtracted or

- multiplied like algebraic equations. :

Appllcauons of Hess's Law

(i) Forthe 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.
AH,, .., = Z Bond energies of reactants
— X Bond energies of products

(v) For the determination of resonance energy.

(vi) For the determination of lattice energy.
Thermochemical calculations: For making thennochenncal .
calculations, the following points are kept in mind:

(i) Write down the required thermochemical equat:on For
example, if heat of formation of methane is to be
determined, write down the following equation:

Cs)+2H, (g)=CH,(g); AH =7
(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 thermochemical equations. Or -
(b) Heat of reaction = Total enthalpies of products ~ Total

. enthalpies of reactants

Note: In case of calculation of heat of formation, the enthalpies of free

clements can be arbitrarily fixed as zero at 25°C and 1
atmospheric pressure.

. Example 41. Calculate the standard heat of formation of

- carbon disulphide (I). Given that the standard heats of

combustion of carbon (5), sulphur () and carbon disulphide (1)
are—393.3, 293.7 and ~1108.76 kJ mol ! respectively.

Solution: Required equation is 4
C(s)+ 28(s) — CS,(1); AH, =?
Given,
C(s)+ 0,(g)— CO,(g) (AH=-3933k)) ..(i)
S(s)+0,(g) —> SO, (g) (AH =-293.72KJ) ..(ii)
CS,(1)+30, (8)— 00, (g) + 250, (g) (i)

(AH=-1108.76 kI)
First method: Multiply the eq. (i) by 2.
28(s)+20,(g)—>280,(g) ..(iv) (AH =-58744KkJ)
Adding egs. (i) and (iv) and subtracting eq. (iii),
[C(s) +25(s) + 30, (g) - CS, (1) - 30,(g)
— CO, (g)+ 250, (g)~ CO, - 280, ]
C(s)+ 28(s) — CS, ()
This is the required equation.
Thus, AH, =-3933-58744+110876=12802kJ
Standard heat of formation of CS, (/)=128.02kJ
Second method: ,
C(s)+0,(g)—>CO,(g); (AH=-3933k]) o (D)
S(s)+0,(g)—>80,(g); (AH=-=293.72kJ)) ...(ii)
CS, (1) +30,(g) —> CO,(g) + 280, (g);
(AH =-1108.76 kJ) ... (iii)
From egs. (i) and (ii), ’
Enthalpy of CO, =-393.3 kJ
Enthalpy of SO, =-293.72kJ
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" Enthalpy of O, =0
AH of eq. (iii) = Enthalpies of products
— Enthalpies of reactants
—1108.76 = —393.3 + 2 x (— 293.72) — AH_. S, (D
AHcg, ) = (1108.76 - 980.74) = 128.02 kJ
Enthalpy of CS, (/)=128.02kJ -
Uxample 42 Calculate the heat of formation of acetic
acid from the following data:
CH;COOH(1 )+ 20,(g)—2C0, (g)+2H,0(1) ..()

' (By convention)

(AH = -2079 kcal)

C(s)+0,(g)—>CO,(g) (AH =—-9448kcal) ..(i})
H,(g)+ %02 (e)—> H,0(l) (AH =-684keal) ..(iii)

Solution: First methed: The required equation is
2C(s)+2H,(g)+ O,(g)=CH,COOH(l); AH=1?
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+ 20, +2H, + O, — CH;COOH(/) ~ 20, |
— 2C0O, +2H,0-2C0, —2H,0]}
AH ey coougy = 2% (—94.48)+ 2 (~ 68.4)— (- 207.9)
=—188.96— 136.8+ 207.9 ’
=~325.76+ 207.9=~117.86 kcal
Second method: From eqs. (it) and (iii)
Enthalpy of CO, =-94.48 kcal
Enthalpy of H,O =~ 68.4 kcal
Enthalpy of O, =0 (by convention)
AH of eq. (i) = Enthalpies of products — Enthalpies of reactants
~-207.9=2x (- 94.48)+ 2(~ 68.4)— AH COOH()
AHcy goon == 188.96 - 136.8+207.9
=-325.76+ 207.9=-117.86 keal

"Example 43. Given the following standard heats of
reactions :

(a) heat of formation of. water = ~ 68.3 keal, (b) heat of
combustion of C, H, = —3106kcal and (c) heat of combustion of
ethylene = — 3372 kcal. Calculate the heat of the reaction for the
hydrogenation of acetylene at constant volume and at 25°C.

Solution: The required equation is V
CH,(g)+Hy(g)— C,H, (g):; AH =17
Given, ' :
(a) H,(g)+ - 02 &) —H,0() -..i) (AH =68 3kcal)
(b) CH,(g)+ 02 &)— 2C02 (g)+H,0() (i)

(AH =-3106 kcal)
(c) C,H,(g)+ 302 (g)—>2C0,(g)+2H,0() . (iii)
(AH = ~3372kcal)
The required equation can be achieved by adding egs. (i) and (ii)
and subtracting (iii).
CH,(g) + Hy(g) +30,(g) - CHy(g) - 302 (g)
3200, + 2H,0() - 2CO, (g ) - 2H, 0()

or GH,(g)+ Hy(g)— CH, (g)

AH =-683~310.6— (—337.2)=-378.9+ 337.2=— 4] 7 kcal
We know that,

AH = AE + AnRT
or AE = AH — AnRT
An=(1-2)=-1R=2x10"3 keal mol ™" K™*
and T=(25+273)=298K

Substituting the values in above equation,
AE =~ 41.7 - (-1)(2x 107> )(298)
=—41.7+ 0.596=— 41.104 kcal

Example 44. Determine the heat of transformation of
C(dmmwd) —>C(gmp,me) Jfrom the following data:

C(a‘mmond) + 02 (g ) — C02 (g ) (I)
, (AH = —94.5 keal)
C@'aé}sire) + 02 (g ) _'_>602 (g ) ; (ll)

- (AH = -940 keal)

Selution: Subtraciing eq. (i) from (i), the required equation

is obtained.
AH oosormmtion = — 94.5~ (=94.0)
_ =-945+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)+2H,(g)—>CH,OH(l) .

- Determine the enthalpy of this reaction by an appropriate
combination of the followmg data: ‘

C(gmphrte) +- 02 (g ) E— CO(g ) ) (l)
(AH =—-110.5kJ mol ')

C(graph:te ) + 02 (g ) E— COZ (g) (ii)
(AH =-3935k mol ")

1
Hz(g)-!-EOZ(g)———)HZO(z’) ..{iid)

" (AH=-2859k mol ")
CH,O0H(]) +§ 0,(8)——COy () +2H,0() ..

(AH = —726.6 kJ mol ™)

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

—eq. (1) + 2eq. (iii) + eq. (i) —eq. (iv) = CO, (g )+ 2H, (g)
; ——> CH,OH(g)
So, AH =110.5~ 571.8~ 393.5+ 726.6=—128.2 kJ mol !

‘Example 46. How much heat will be required to make

.2 kg of calcium carbide (CaC,) according to the followmg

reaction?
A CaO(s) + 3C(s) — CaC, (s)+ CO(g)
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The heats of Jformation of CaO(s), CaC,(s) and CO(g) are
~151.6, -14.2 and —26.4 kcal respectively.

Solution: AH =EAH (ot ~ EAH 7 (reactants)

=[AH} cacy + D 00y 1= [AHp (cagy +38H ()]

=[~14.2~26.4]- [-151.6+ 3% Q]
=~40.6+ 151.6=111.0 keal
For formation of 64 g of CaC, 111.0 kcal of heat is reqmred

So, heat required for making 2000 g of '

CaC, = 111.0
64

x 2000 = 3468.75 kcal

- INFLUENCE 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:
‘ AH=Hp - Hp
Differentiating the above equation with respect to ‘T’ at
constant pressure, we get:

[‘_fﬁ__f’_) {é“i}’.} -(EH_RJ
ar ), \dr ), \dr ),
=(Cp)p ~(Cplp =ACp

or d(AH Y=ACp dT

Integrating above differential equation within proper limit, we
get: :

n - T
. dAH =ACp Ir, dT

AHy - AHy =ACH(T; = T))
T,- T,

Above equation is Kirchhoff’s equation. It is used to
calculate heat of reaction dt a temperature provided it is known at
- another temperature. »
Change in heat of reaction due to per degree change in
temperature is equivalent to heat capac:ty difference between
‘reactant and product.
Kirchhoff’s equation at constant volume may be given as:

AEg —AEg -ac,

‘Tz "“Tl

) 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
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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, ie., to

separate the atoms in the gaseous state under 1 atmospheric
pressure and the specified temperature is called bond dissociation
energy. For example,

H—H(g)— 2H(g);

Cl—Cl(g)—> 2Cl(g);

H—Cl(g)— H(g)+ Cl(g);
I—I(g)—~——>2i(g)' AH =+15.1kJ mol ™!
H—I(g)— H(g)+1(g); AH = +299kJ mol ™

The bond dissociation energy of a diatomic molecule is -also
called bond energy. However, the bond dissociation energy

AH =+ 433 kJmol ™! 7
AH =+ 242.5k] mol
AH =+ 431kJ mol ™!

~depends upon the nature of bond and also the molecule in which

the bond is present. 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
compound is called bond energy.*

Consider the dissociation of water molecule which consists of
two O—H bonds. The dissociation occurs in two stages.

H,0(g)— H(g)+ OH(g);  AH =4978kJmol™'
OH(g)— H(g)+ O(g); AH = 428.5k] mol ™!
The average of these two bonds dissociation energies gives the

value of bond energy of O—H.

497.8+ 428.5

Bond energy of O— H bond = =463.15kJ mol !

Similarly, the bond energy of N—H bond in NH; is equal to
one-third of the energy of dissociation of NH; and those of C—H
bond in CH, is equal to one—founh of the energy of dissociation
of CH4

Bond energy c— H—}%Gi =416 kJ mol !

[CH,(g)— C(g)+ 4H(g); AH =1664 kJ mol ']

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

~ % Bond energy of products

Note: In case of atomic spemes 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 energlc”
and that determined experimentally.
Resonance energy. = Experimental or actual heat of formation
~ Calculated heat of fom;atlon

"‘Bond energy is also called the heat of formation of the bond from gaseous atoms consututmg the bond w1th reverse sxgn

H(g)+ Clig) » H—Cl(g);  AH =-431kJ mol™!

Bond energy of H—Cl= (enthalpy of formation) =— (— 431) =+ 431kJ mol'
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i ive s 88 WSOME SoLvED EXAMPLES)

Example 47. . Calculate the AH of the reaction,
H
H—C—Cl(g)—>C(s)+2H(g)+2Cl(g)
I . .

a

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

Solution: AH = Sumof bond energies of reactants

"~ Sum of bond energies of products _

=[2x(C—H)+2x (C—CI)]-0
(All the products are free atoms)

=2xX415+2x 326
=830+ 652=1482kJ .

reaction:
H,C=CH,(g)+ H,(g)—> CH; —CH, (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
| |1

C—C(g)+ H—H(g)— H—C—C—H(g); AH=?

v

H H _ H H
AH = Sumof bond energies of reactants

— Sumof the bond energies of products

= [AHc=c +4XAHc_y +AHy_ 4]
—[AHe ¢ +6XAHc y]
=(147+4x99+104)— (83+ 6% 99)=—30kcal
xample 49. The bond dissociation energies of gaseous

H,,Cl, and HCl are 104, 58 and 103 kcal mol 1 respectively.
Calculate the enthalpy of formation of HCg).
Solution: The requlred equatlon is
1 AH="?

5 Hz(g)+ Lal (g)—>HC1(g),

1 1. -
AH = [E AHH—H_+ E_AHCI-—CI 1-[AHy_¢1]

=% %104 + % x 58 —103 = ~ 22 keal inol ™!

ixample 50. Calculate the enthalpy of. formation of
ammonid from the following bond energy data:

(N—H) bond =389 kJ mol }; (H—H) bond 435 kJ
mol land(N_N)bond 945.36 kJ mol .

T
—

Example 48. Calculate the enthalpy of the following

445
- Solution:
H
| i |
N=N+3H—H)—> 2N—H; AH =7
' -
H

AH =[AHy oy + 3% AHy_ )1~ [6AHy_gp]
= 94536+ 3x 435.0— 6x 389.0 =—83.64kJ

AH 83.64 _

Heat of formation of NH; = - =-— —41.82kJmol ™!

-Example 51.

Calculate the resonance ehergy of N,Ofrom

. the following data:

AHY of N,O =82k mol ™! o
Bond energy of N=N,N=N,O=0 and N=20 bonds is
946,418, 498 and 607 kJ mol - respectively. C(LIT 1991)

Solution: N=N(g)+ % (0=0)— N=N=0(g)

1 .
AH ru0) = [AH v =y + 5 AH (0—0) 1 = [AH (—0) + AH (v ]

~ (946 + % x 498) — (607+ 418)

= 946 + 249607 418
=1195-1025=170kJ mol
Resonance energy = Observed heat of formation
~ Calb_ulated heat of formation
= 82~170= 88 kJ mol '

iExample 52. The enthalpies for the followmg reactions at
25°C are given:
1

EHz(g)+%02(g)—>OH(g); AH=10.06kcal-
H,(g)—>2H(g); AH=104.18kcal
0,(g)—>20(g); AH=118.32kcal

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

H(g)+ O(g)— O—H(g);
Given: ;Hz (g)+= Oz(g)—>0H(g)

AH=?
AH = +10.06 kcal

H(g) — % H,(g), AH =-52.09keal
O(g)'—>% 0,(g); AH=-59.16kcal
Adding, H(g)+O(g)— OH(g); AH=-101.19kcal

Example 53. The standard molar enthalpies of formation

| of cyclohexane (1) and benzene (I)at 25° C are —156 and + 49kJ

mol ™! respectively. The standard enthalpy of hydrogenation of
cyclohexene (1) at 25°C is —119 kJ mol . Use these data to

estimate the magnitude of resonance energy of benzene. .
(HIT 1996)
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Solution:
Cyclohexene(/) + H, (g ) — Cyclohexane(!); AH =~119kJ
Enthalpy of formation of cyclohexane(!)=—156 kJ mol -
‘So,enthalpy of formation of cyclohexane =—156 — (-1 19) kJ

) =~ 37kJ mel !

© Since, AH cyclomé is —156 kJ mol ™, we can say that for every

double bond the energy decreases by an amount +119kJ mol !
and therefore for the introduction of three double bonds (present
in benzene ring) the energy required

=3x119kImol™! =357kImol™"
Hence, theoretical AH, for benzene = (357 - 156) kJ mol ™!
= 201kJ mol '
~ Observed AH
=(201~49)kJmol™! =152kJ mol™

Resonance energy = Theoretical AH,

i Eﬁﬁiﬁle 54. Calculate hect of combustion of ethene:
H .
>C=C< +30=0-—20=C~0+2H—~0—H
H
Jrom bond energy data: C=C, C -—H,0=0, C=0, 0—H
BEK mol™: 619 414 499 724 460
Solution:
AH = Sumof bond energies of reactants
"— Sum of bond energies of products
= [AH(Cgc) + 4AH{C—H) +3x AH(G———O) ]
=[619+4 x 414 + 3 %X 499] —[4 x 724 + 4 X 460] -
=964 kI mol ™!
: R xample 55. Using the data (all values are in kilocalorie

per mole at 25°C ) given below, calculate the bond energy of
C—C and C—H bonds.

AHS o 3700

combustion of ethane

S
combustion of propane

AH® for C graphiey — C(g)=+172.0
Bond energy of H~— H bond = +104.0

AHG of HO(1 )=-68.0

AH =-530.0

‘ AH of CO,(g)=-940
Solution: . ,
C,H, (g)+ % 0, —2C0,(g)+ 3H,0(1); AH =-372.0
AHG g = 2X (-94.0)+ 3% (-68.0) + 372.0= —20kcal
C3Hg (g)+ 50, —> 3C0, (g)+ 4H,0()); AH =-530.0

G.R.B. PHysicAL CHEMISTRY FOR COMPETITIONS

AH (g = 2% (~94.0) + 4 X (- 68.0) + 530.0= — 24 keal

2C(s)+ 3H,(g)— C;Hg(g); AH =-20.0
. 2C(g) — 2C(s); AH =-344.0
6H(g)——3H,(g);  AH=-3120

Adding 2C(g)+6H(g)—> C,Hy(g); AH =—676keal

So, enthalpy of formation of 6C——-H bonds and one C—C bond
is —676.0kceal.

3C(s)+ 4H,(8)—> CsHy(g);  AH=-24.0
3C(g)— 3C(s); AH =-516.0
SH(g)—4H,(g);  AH=-4160
Adding 3C(g)+ 8H(g)—— CyHy(g); AH =-956.0kcal
So, enthalpy of formation of 8C—H and 2C—C bonds is
-956 keal.
Let the bond energy of C—C be x and of C—Hbe ykcalv.,
In cthane x+6y =676
In propane 2x+ 8y =956
- On solving, =82 and y=99

Thus, bond energy of C— C=82keal and
bond energy of C— H=99kcal

i Example 56. Using the bond enthalpy data given below,
calculate the enthalpy of formation of acetone (g ).

Bond energy C—H = 4134 kJ mol ™';
Bond energy C —C = 347.0kJ mol ™*;
Bond energy C=0=728.0kJ mol ™*;
Bond energy O=0=495.0kJ mol ~;
Bond energy H—H = 4358 kJ mol ™'
AH o C(s) = T18.4 kJ mol™
Solution: ‘
3C(g)+ 6H(g) + O(g) —> CH;COCH; (g)

In acetone, six C—H bonds, one C=0 bond and two C—C
bonds are present. Energy released in the formatlon of these

" bonds i is

= —6x 4134 7280~ 2x 3470 = - 3002.4 kJmor‘
The equation of the enthalpy of formation of acetone is.

1
3C graphitey + 3H2 () + - 02 (g)—> CH;COCH;(g); AH=?

This equation can be obtained from the followmg equations
by adding: :

3C(g)+6H(g)+ O(g) —> CH3C0CH3 (g)
AH =-3902.4 kimol ™"

3C(s)—> 3C(g); AH =21552kImol ™"
3H,(g)—> 6H(g); AH =13074 kimol '
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and ' % 0,(8)—0(g); - AH =2475kI mol™

3C(s) + 3H, (g) + % 0,(g)— CH,COCH, (g);
AH =-192.3kJ mol™!
ILLUSTRATIONS OF OBJECTIVE QUESTIONS.

7. AH; 298 K of methanol is given by the chemical equation:
' (AIIMS 2005)
1
(s) CH,(g) + - Oy(g) — CH;0H(g)

(b) C (graphite) + % 0,(g) + 2H,(g) —> CH;0H(})

(¢) C (diamond) + % 0,(g) + 2H,(g ) —> CH,0H(/)

(d) CO(g) + 2H,(g) —> CH,OH(l)
[Ans. (b)] _
[Hint: In the process of formation, the compound must be
formed from constituent elements in their standard state.]

8.  The standard molar heat of formation of ethane, CO, and H,0

(1 )arerespectively —21.1,-94.1 and —68.3 kcal. The standard
molar heat of combustion of ethane will be:

(a) ~372 keal (b) 240 kcal

© 162 keal (d) 183.5 kcal
[Ans. (a)]

[Hint: . C,Hy(g) + % 0,(g) —> 2C0,(g) + 3H,0(g)

AH =2AHyco, + 30H; @0~ Ay ug)
=2(=94.1) + 3(~683) - (~211) = — 372 keal

9. When ethyne is passed through ared hot tube, then formation
of benzene takes place:.

- -1 .
AH o1, = 230 kI mol
o -1

Calculate the standard heat of tnmensatlon of ethyne to

benzene.
3CH,(g)— C6H6 (&)
(a) 205 kJ mol ! (b) 605 kJ mol "
(c) — 605 k) mol ™ (d) —205 kJ mol !
[Ans. (¢)]
[Hint:  AH uion = AHp cquy) — 30Hr o,y
= 85— 3(230)
 =-605K mol™'],

10. E,(g)+ 2HCl(g) —> 2HF(g)+ Cl,(g);
) AH® =-352.18kJ
The heat of formation of HCI will be: _
{a) 22 kJ mol ™! (b) 88 kJ mol ™

(c)-92.21kJ mol ™ (d)-183.8 kJ mol !
fAns. (c)] .

11.

12.

13.
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[Hint:  AH .. = 2AHf°(Hp) - ZAHfo(ch
—352.18 =2 x (-268.3) — 2x
2x = 2(-268.3) + 352.18
x=-92.21kI mol™]

Given two processes:

% P, (s)+3Cl, (g)— 2PCl, (I); AH =—635k]

PCL; (1) + Cl,(g) —> PCl5(s); AH=—-137K

The value of AH, of PCl is:
(a) 454.5 K mol ™!
(c) <772 kJ mol !
[Ans. (b)]
635

[Hint: — P4(s) +2 c12(g) ——PCI()); AH =— —2 KJ

(b) — 454.5kJ
(d) — 498 kJ mol ™’

PCl, () + c12(g) —— PCly(s); AH =—137KJ

On addmg, Py(s) + > c12(g) —— PCly(s); AH = —454.5kJ]

The enthalpy of combustion at 25°C of H,, cyclohexane
(C¢H,,) and cyclohexene (CgH,o) 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: H,(g)+ % 0,(g) —> H,0() (AH =-241kJ) ...(i)

ClHi + 5 0,(8) —> 6C0,(8) + SHO0) (i)

(AH =-3800 kJ)

CH,, + 90,(g) — 6CO,(g) + 6H,0() ...(iii)

_ (AH =-3920KkJ) -

Eq. (i) + eq. (ii) — eq. (iii) gives

AH =-241- 3800 — (-3920) = -121kJ
for CeHyo + Hy — CHy, |
Given that:

2Fe(s) +% 0,(g)— Fe, 0, (s) (AH =—193.4 k) ...(J)

Mg(s)+—1 0,(g)—> MgO(s) (AH =-140.2KJ) ...(i1)

What is AH of the reaction?
3Mg +Fe,0; — 3MgO + 2Fe [JEE (Orlssa) 2005]
(a)-2272kJ (b) 2723 kJ
(€)227.2kJ) d)2723KJ
[Ans. (a)]
[Hint: Subtractmg equation 1st from 2nd multiplied by 3,

2Fe(s) + = o 2(8) — Fe,0,(s) (AH =-1934 KT) ...(J)

3Mg(s) + 5 0,(g) — 3MgO(s)  (AH =—-420.6kJ)...(ii)

Subtracting eq. (i) from (ii),
3Mg(s) + Fe,0; ——> 3MgO + 2Fe; AH = —420.6 - (—193.4)
' =-2272%]
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14.

15.

16.

17.

. (a)-1460 kJ (b) 800 kJ

"G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

Given that:
20(s)+ 20,(g) —> 2C0,(g) (AH=-787Kk))  ..(0)
1 ..
Hz(g)_+5 0,(g)—> H,0()) (A =-286k)) (i)
5 ~’ L
GHy(g)+ 5 0,(g)— 2C0,(g) + H0() -(iii)
(AH = —1301KkJ)
Heat of formation of acetylene is: [JEE (Orissa) 2005|
(a) 1802 ki . (b) +1802 kJ
{c)-800 kJ (d)+228kJ
[Ans. (d)]
[Hint: Required equation is:
2C(s) + Hy(g) —> CH,(g)

Eq. (i) + eq. (il) ~ eq. (iii) gives
AH =(=787) + (-286) — (-1301)
=+ 228KkJ]

The enthalpy changes for two reactions are given by the
equations:

2Cr(s)+ % 0,(g)—Cr,04(s); AH=-1130k]

‘ C(s)+—é02(g)——>C0(g); AH =—110k]

What is the enthalpy change in kJ fbr the following reaction?
3C(s) + Cr, 05 (s) — 2Cr(s) + 3CO(g )
(c)+800kJ (d)+1020 Kk}

(e) +1460 kJ

[Ams. (¢)]

[Hint: 3C(s)+ % 0,(8) —> 3CO(g);  AH =~330KJ
Cry04(s) —— 2Cr(s) + 3 Oz(g); AH =+1130kJ

On adding, 3C(s) + Cr203(s) — 2Cr(s) + 3C0(g)
AH =800 kJ}

The enthalpy change AH for the neutralisation of 1 MHCI by

caustic potash in dilute solution at 298 K is:  (DPMT 2005)
(a) 68 kJ (b) 65 kJ :
(c)57.3k] (d) 50 k¥

[Ans. (c}]

[Hint: Since, both HCI and KOH are strong, 57.3 kJ heat will

be released.].

- Enthalpy of ne.utmhsa’uon of the reaction between CH,COOH

(ag. )and NaOH(agq. )is —13.2 keal eq'I and that of the reaction
between H,S0, (aq.) and KOH(ag.) is —13.7 keal eq ", The
enthalpy of dissociation of CH;COOH(aq.)is: .

(a) 0.5 kcal eq* ' (b) +0.5 keal eq !

(¢)~26.9 keal eq”! (d) +13.45 keal eq”"

TAns, ()]

[Hint: Dissociation enthalpy of CH,COOH —-137— 132
=05 keal eq”’. Thus, 0.5 kcal eq™' heat wnll be used to
dlssocxate CH,COOH completely. ]

18.

19.

20.

21,

Calculate the enthalpy change when 50 mL of 0.01 M

Ca(OH), reacts with 25 mL of 0.01 M HCL. Given that AH®
neutrahsanon of a strong acid and a strong base is 140 kcal
mol ™.

(a) 14 keal
[Ans, (b)]

[Hint:

’.(b) 35 cal {c) 10 cal (d)7.5 cal

Number of moles of HCI = MY _ 00125

1000 1000
=25%x107°

HCl —s H* +CI"
n, =25x107
H

Number of moles of Ca(OH), = MY M =50%107°

1000 1600
Py - =2x50x107° =107
In the process of neutralisation 25 x 10™° mole H‘” will be

: completely neutralised

=140 x 25 x 10 keal = 0.035 kcal =35 cal ]

Equal volumes of 1 M HCl and 1 M H, S0, are neutralised by
-1 M NaOH solution and x and y kJ/equivalent of heat are

liberated respectively. Which of the following relations is
correct?

(@x=2y (b)x=3y ()x=4y (dx=}y.
[Ans. (d)]
[Hint: Since, H;SO, gives 2 moles H" while HCI gives 1

mole H* from 1 mole after ionisation. Hence, H,S0, will
release double amount of heat as compared to HCI,

ie, y=2x0rx¥73—;~]

Which of the following acid will release maximum amount
of heat when completely neutralised by strong base NaOH?

(@) 1 MHCI (b) 1 MHNO,
()l MHCIO, (d) 1 MH,80,
[Ans. (d}]
[Hint: Ionisation of H,S0, gives double amount of H* ions as

compared to other acids.
H,S0, — 2H" + 807 ]

Déterminé the heat of the following reaction:

FeO(s)+ Fe, 04 (s) —— Fe; 04 (s)
Given informations:

2Fe(s) + O,(g ) —> 2Fe0(s); AH® =—544 kJ

4Fe(s) + 30,(g ) — 2Fe,04(s); AH® =—~1648.4 kI

Fe;04(5) — 3Fe(s) + 20,(g ,AH® = +11184 KJ
(a)~1074kJ (b)—22.2kJ (c)+249.8 kJ (d) +2214.6 kJ
[Ans. (b)]

[Hint: 2FeO(s) ——> 2Fe(s) + Oz(g), AH® =+ 544 KJ
2Fe,04(s) — 4Fe(s) + 30,(2); AH® - +16484 k)
6Fe(s) + 40,(g) —> 2‘Fe304(s); AH° = f:zz"x';l 1184 kJ
On adding, ”
2FeO(s) + 2Fe,05(s) —— 2Fejo4(s), AH® =444 kJ
. FeO(s) + Fe,04(s) — Fey0,(s); - AH® =-222KI]
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23.

24,

25,
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Calculate the enthalpy of formation of AH, for C,H;O0H 26.

from tabulated data and its heat of combustion as represented
by the following equations:

Hy(g)+ /0»(3) — H,0(g) ()
" (AH®°=-2418kImol™})
C(s)+ O,(g) —> CO,(g) A (i)

(AH® =-3935kImol™")

CH;OH(!) + 30,(g ) — 3H,0(g ) + 2C0O,(g)  ..{iii)
{(AH® =-12347k])
(a)-2747.1 kI mol ™! (b)-277.7kImol™"
{c) 277.7 kJ mol ™ (d)2747.1 kJ mol™* 27,
[Ans. (b)]
[Hint: Required equation:

2C(s) + 3H,(g) + 4 0,(g) — CH;0H() A
2C(s) + 202(g} —_— 2C02(g), AH® =-2x393.5kJ

3H() + 5 3 0y(g) — 3H,0(g); AH® =3 x 241.8 kJ

3H,0(1) + 2C0O4(g) — CH;OH(/) + 30,(g);

AH® =+ 12347 KJ

On adding,
20(5)+ 3y (g) + 5 0(g) — CH;OH(); 28.
AH® =-2777 ki mol™']

Which of the following methods for calculation of heat of a
reaction is not correct?

(a) AH reaction =ZAH J products
(b) AH reaction = 2-;(BE)reactzmts Z(BE)pmducts
() AHreaction = 2:Af‘{comb. (reactants) —
(d) AH reaction = EA‘H&t}lution (reactants) —

[Ans. (d)]

Heat of combustion of diamond and graphite are —94.5 kcal
and ~94 kcal/mol respectively. What will be the heat of

Z AH)' reactants

2A]{cnmb. {products)

solution (producis)

transition from diamond to graphite?

(a)— 0.5 keal (b) +0.5kcal {c) | keal
[Aps. (b)]
(Hint: AH = AH o (diamond) — A conb. (graphice) ]

(d) —1 kcal

For the reaction,
3N,0(g) + 2NH;(g) — 4Nz (g)+3H,0(g);
AH® =-8796KkJ
If AHJ[NH,(g)] = - 459 kJ mol™';

AH;[ H,0(g)]=~241.8K mol ™!

29.

 then AHZ[N,O(g)] will be:

(a) +246 kJ (b) +82 kI’
(c)-82kJ (d) 246 kJ

[Ans. (b)] :

[Hil’lt: AH reaction — 2AH f (products) ZAH f (rcat-:tams)

=4 AH] [N,]+ 3AH] [ H,0]- (3AH; [N,0]

+ 2AH7 [NH, 1}
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The bond energles of C=Cand C—C at 298 K are 590 and

331 kJ mol™ respectively. The enthalpy of pﬂlymerlsatlon
per mole of ethylene is:

(a) -70 kJ (b) ~12kl  (e)72KJS (d) -68 kJ
[Ans. (b)]
[Hint: The polymerisation of ethene may be represented as

nCH, == CH, — --CH, — CH,-}-,
one mole of C == Cbond is decomposed and two moles viC—C
bonds are formed per mole of ethene.
. AH =590~ 2% 331 = - 72 k] per mol of ethylene.]
For the reaction, '
2H,(g )+ O,(g)— 2H,0(g ); AH =-571kJ
bond energy of (H—H) = 435 kJ; of (O=0) = 498 kJ; then
calculate the average bond energy of (O—H) bond using the

above data. (DCE 2005)
(@)484 k] (b)-484 k) (c)271k} (d)-271kJ
[Ans. (a)] :

[Hint: 2(H—H) + O=0 — 2(H—0—H)

AH = X(BE)reactams - E(BE)ptoducts
~571=[2 x 435 + 498]~ 4 x (BE)g_y
2x435+ 498 + 571
(BE)o_p = n

Use the bond energies in the table to estimate AH for this
reactlon

CH, = CH, + Cl, - CICH, - CH,Cl

=~ 484 kI

Bond, C—C |C=C |C—Cl |C—H [CI-Cl
Bond energy | 347 | 612 331 414 243
(kJ/mol) '

(@) AH = — 684 k) (b) AH = —154 kJ

() AH = +89KJ (d)AH = +177kS

[Ans. (b)) ' :

[Hint: )

AH reaction — Z(BE)rmtams - 2:(BE)pmdm:ts )

=[(BE)e—c + 4(BE)c_y *+ (BE)¢in |
—[4BE)c_y + 2BE)c_¢ + BE)c_c]
[(BE)e=¢ * (BE)q_c1 1= [2(BE)c_¢y + (BE)c_c]
[612+ 243]~[2Zx 331+ 347]=-154 k}]
Heat of formation of 2 moles of NH;(g ) is —90 kJ; bond
energies of H—H and N—H bonds are 435 kJ and 390 kJ
mol™ respecnvely The value of the bond energy of N=N
will be:

()~ 472.5kI (b)- 945kJ  (c)472.5k3  (d) 945 ki mol ™!

[

[Ans. (d)]
H
(Hint: N==N+ 3(H—H)—>25‘I—‘H ;  AH =-90kJ
|
H
Aff reaction — E(BE)reac!ams - Z(BE)products
~90 = [(BE)y =y + 3(BE)y_ gy |- [6(BE)_ 4]

~90 = x + 3 X 435 = 6 X 390
x =945 kJ mol™ ]
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30.

31.

32.

33,
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If values of AH; of ICI{(g ), C¥{(g ) and I(g ) are respectively

17.57, 121.34, 106.96 J mol™'. The value of I—Cl (bond
energy) in J mol ™! is: '

(a) 17.57 (b)210.73  (c)35.15 (d) 106.96
fAns. (b)] i

[Hint: The process will be:

I(g) + Clig) —> I—Cl(gy,  AH®° =17.57 J mol™

AH = Heat of atomisation of I(g) and Cl(g)
— Bond energy of I—Cl bond
1757 =12134 + 10696 — x
x=21073 J mol™"]
Calculate the AH in joules for:
C (graphite) — C (diamond)

from the following data:
C {graphite} + O,(g) — CO,(g); AH® = ~3935k]

. C (diamond) + O,(g) —— CO,(g); AH® =~3954 k]

[CET (J&K) 2006}
(a) 1900 (b) 7889 10°
(c) 190000 @ +}§&9x 10°

[Ans. (a)]
[Hint: C (graphite) + O,(g) — CO,(g); AH® =~393.5kJ
CO,(g) — C (diamond} + O,(g); AH® =+3954KkJ

On adding, C (graphite) — C (diamond); AH® =+ 19007
=+19kJ]

The enthalpy changes for the following processes are listed
below:

Cl(g)—> 2Cl(g); AH =242.3 kJ mol™
L(g)— 2I(g); AH =151.0kJ mol ™!
ICl(g)— I(g) + Cl(g); AH = 211.3 kI mol™!
Lis)— L(g); AH = 62.76 kJ mol™!

Given that, the standard states for iodine and chlorine are
L{s)and Cl,(g) the standard enthalpy of formation for ICl

(g)is: (AIL}:E 2006)
(a) ~14.6 kKJ mol™! (b) -168KkJ mol ™!

{¢) +16.8 kJ mol™! (d) +244.8kJ mol ™!

[Ans.  (c)}

[Hint:  The reaction is:

% L(s)+ % Cly(g) — ICI(g)
1 1
ArH_q =[§ AHp g i@ T 3 AH
1
+ 3 AHCl—CIjl ~[AH,_ o]

= {lx 62.76+l>< 51 +lx 242.3]-[211.3]
2 2 2

=1673K mol™]
Given that:
2C(s)+ O,(g) —2C0,(g) (AH=-787k)) ..(0)

Hy(g)+ %40,(g) —> H,0() {-ui =—286kI) ..(GiD)
CH,(g)+2}40,(g) — 2CO,(g) + H,0(!) ..(iii)
: (AH =~ 1310kJ)
The heat of formation of acetylene is: (VITEEE 2007)
(a) — 1802 kJ mol™ (b) + 1802 kJ mol !
(©) +237 kI mot™! (d) ~ 800 kJ mot™!
[Ans. (0)] '
[Hint: Required equation is:
2C(s) + Hy(g) — CHy(g)
1t can be obtained by adding egs. (i) and (ii) and then
subtracting eq. (iii) from it.
Heat of formation of acetylene
= (~787) + (~286) - (- 1310)
=+237kImol 1]

7.20 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 gascous cations and gaseous anions.
AT (g)+B (g)—> A *B™ + Energy
1 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, if 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 chioride can be schematically represented as:

NaCl <€ Y Na* + cr
N
_Q
P
EA
1ci(e) Na(s)WNa{g} A
sub
Dissociation A
T Citg)
50D
Fig. 7.17

The formation of sodium chloride can occur either by direct
combination of sodium(s)and chiorine(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

(@) Solid sodium changes into gaseous sodium. +AH g,

Energy is absorbed. It is sublimation energy.
Na(s) + sublimation energy — Na(g)

(b)  Gaseous sodium atoms change into gaseous +IP
sodium ions. In this step, energy equivalent
to ionisation potential is absorbed. V
Na(g)+ IP —>Na" (g) + e

(¢) 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.

S Chi®)+ 2 D =Ci@)

S O [

(d) Gaseous chlorine atoms change into chloride ~E4
ions by acceptance of electrons. In this pro-
cess, energy equivalent to electron affinity is
released.

Cl(g) + e—>CI"(g) + £4

(&) Sodium and chlorine ions are held together v
by electrostatic forces to form Na*Cl™. The
energy equivalent to lattice energy is re-
leased.

Total energies involved in the above five steps

=AHmb+%D+IP-EA +U

Thus, according to Hess’s law
-0=AH, +%D+IP—EA +U

Example 57 Calculate the lattice energy for the reaction,
i T (g)+Cl ~(g)— LiCl(s)
Jfrom the followmg data:

AH 15 = 160.67 T mol éD(sz y=122.17kJ mol

IP(Li)= 52007 kJ mol ~'; EA(Cl )= —365.26 kJ mol ~*
and AH (LiCl Y=~ 401.66 kJ mol ™.
Solution: Applying the equation
~Q=AH+.D+IP-EA+U
and substituting the respective values,
~401.66 = 160.67+ 122.17+ 520.07 - 365. 26+U
U =-839.31kJ mol ™! :
Example 58. When a mole of crystalline sodium chloride

is prepared, 410kJ of heat is produced. The heat of sublimation of
sodium metal is 180.8kJ. The heat of dissociation of chlorine gas

into atoms is 242.7 kJ. The ionisation energy of Na and electron

affinity of Cl are 493.7 kJ and ~368.2 kJ respectzvely Calculate
the lattice energy of NaCl.

Solution:  Applying the equation ‘

-0Q=AH, +%D+IP—EA +U

and substituting the respective values,

~410=108.8 + % X 242.7+ 493.7- 368.2+U
U=-1765.65kI mol™!

'7.21 EXPERIMENTAL DETERMINATION OF
THE HEAT OF REACTION

The heat evolved or absorbed in a chemical reaction is measured
by carrying out the reaction in an apparatus called calorimeter.
The principle of measurement lS that heat given out 13 equal to
heat taken, i.e.,
Q=(W+m)xsx(2’2 -1,),

where, ( is the heat of the reaction -(given out), ¥ is the water
equivalent of the calorimeter and mis the mass of liquid in the
calorimeter and s its specific heat, 7, 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. 7.18.

It consists of a large vessel A in which a calorimeter 8 is held
on corks. In between the calorimeter and the vessel, there is a
packing of an-insulating material such as cotton wool. Inside the
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

-3 Boiling tube
(‘: /

L Stirrer

{ ’ ]

Thermometer

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 help of thermometer.
The heat evolved is then calculated from the formula
W+myxsx(T, -T})

-
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(ii) Bomb calorimeter

This is commonly used to find the heat of combusnon 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.

Ignition
Stirer  WTes -
— Thermometer
Oxygen

— Heat insulating
container

Steel bomb

Sample

Fig.7.19

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
volutne, the heat of combustion measured is AE.

AE = W+ m)T, =T )xs M kcal
w)
Where, M is the molecular mass of the substance and w, is the
mass of substance taken.
AH can be calculated from the relation,
AH = AE + AnRT

Example39. 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 (i) at
constant volume and (ii) at constant pressure. The thermal
capacity of the calorimeter including water was found to be 23.85

Solution: (i) Heat of combustion at constant volume, AE

= Heat capacity of calorimeter and its contents
Mol. mass of compound

. X rise in temperature X
: » Mass of compound

122 3200.67kJ

=2385%0.55x —~ =
0.5
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ie., AE =~-3200.67 kI mwi -
(i) We know that, AH = AE + AnRT

C H;COOH(s) + -155- 0,(g)—— 7C0O, (g) + 3H,0(/)

An=7-75=~-05R=8314x10"7 kI K  mol™!; 7= 288K

Substituting the values in the above equation,
AH =-3200.67+ 8314 x 107> x (- 0.5)x 288

= —3200.67— 1.197=-3201.867 kJ mol "

Example 60. A sample of 0.16 g CH, was subjected to
combustion at 27° C in a bomb calorimeier. The temperature of
the calorimeter system (including water) was found to rise by
0.5°C. Calculate the heat of combustion of methane at
(9) constant volume and (if) constant pressure. The thermal
capacity of calorimeter system is 177 kJ K 7' and
R=8314JK " mol . (LT 1998)

Solution: (i) Heat of combustion at constant volume, AE
= Heat capacity of calorxmeter system X rise in temperature
Mol. mass of compound

Mass of compound
—17.7% 0.5~ = 885
0.16

ie., AE =—885kJI mol ™
(i)  CH,(g)+20,(g)—> CO,(g)+ ZH,0(!)
An=1-3=-2T=300K R=8314x107 KIK™ mol™
AH = AE + AnRT
=~ 885+ (=2)x 8.314 x 107> x 300

= — 885 — 4.988 = -889.988 kJ mol ™!

" Example 61. The heat of combustion of ethane gas is —368
keal/mol. Assuming that 60% of heat is useful, how many m’ of
ethane measured at NTP must be burned to supply heat to convert
50 kg of water at 10° C to steam at 100° C?

Solution: Heat required per gramof water
=(90+ 540)cal = 630cal
Total heat needed for 50 kg of water
=50%10% x 630cal
As the efficiency is 60%, the actual amount of heat required
3
= 30x10° X630 100 = 52500 keal

No. of mole of ethane réquired to produce 52500 keal
52500

= L — = 142.663 mole
368 o
Volume of 142.663 moleat NTP =142.663 x 22.4
“3195 65 litre =3. 195m

'7.22° 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 forms of energy, ie., their interconversion into one
. another in exactly equivalent amounts. The law has stood the test
of time as no transformation has violated the principle of
conservation of energy. However, the first law of
thermodynamics 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 4 and B which are capable of
exchanging heat are brought in contact with each other,
the first law of thermodynamics will only tell us that one

‘system loses energy and other system gains the same
amount of energy. But the law fails to tell wheéther the
heat will flow from system 4 to B or from system B to 4.
In order to predict the direction of the flow of heat, one
more parameter, ie., 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  spontanecous  and

non-spontaneous processes is insignificant in view of the
first law.

The answers to above limitations are provided by sécond law of
thermodynamics. However, before we study this law, let us
understand the terms spontaneous, entropy and free energy.

7.23: SPONTANEOUS AND
- NON-SPONTANEOUS PROCESSES

One of the main objectives in studying therrnddynamics, 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-spontancous.

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, eleciricity 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
termed as spontancous on account of their feasibility, i.e., these
can occur without the help of external work.

453

A process which has an urge or a natural tendency to occur
either of its own or after proper initiation under the given set of
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 practically 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 termed 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 examples of spontaneous processes are listed below:

(a) Spontaneous processes where no initiation is reqmred

(i) Dissolution of sugar or salt in water
Sugar + water -~ Aqueous solution of sugar
Salt + water —— Aqueous solution of salt
(i) Evaporation of water from water reservoirs such as
ponds, lakes, rivers, sea, open vessels, etc.

H,0(1)—> H,0(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 H, (g)and I, (g )to form Hi(g).

H,(2)+ 1, (g) — 2HI(g)

(vii) Reaction between nitric oxide gas and oxygen to form
nitrogen dioxide.

2NO(g) + 0, (g) —> 2NO, (g)
(viii) Melting of ice into water.
H,0(s)— H,0()

(ix) A piece of sodium metal reacts violently with water to
form sodium hydroxide and hydrogen gas. '

2Na(s) + 2H,0(/)— 2NaOH(ag.) + H, (g)

(x) When a zinc rod is dipped in an aqueous solution of
copper sulphate, copper is precipitated.

CuSO, (aq.) + Zn(s) —> ZnSO, (ag.) + Cufs)

(b) Spentaneous processes where initiation is réquired
(i) Reaction between H, and O,: This reaction is initiated
by passing electric spark through the mixture.

Electric
2H,(g)+ 02(8)";;;‘} 2H,0())
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(ii) Coal bumns in oxygen or air when 1gmted Coal keeps on
burning once initiated.

C(5)+ 0, 0) 2% 0, @)
(ili) Methane burns with oxygen when jgnited.
CH,(g)+20,(g)—CO,(g)+ 2H,00)
(iv) A candle made up of wax burns only when ignited.
{v) Calcium carbonate evolves carbon dioxide upon heating,

Heat )
CaCO; (s)—> CaO(s)+CO,(g)

A process which can neither occur by itself nor by initiation is

called a non-spontaﬁeous 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:

(1) ‘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.

Driving force for a spontaneous process: Afier 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
responsible 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 force.

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.

(i) 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 chemlcal
reactions are exothermic. For example:

Hy(g)+ % 0,(g)—> H,0(l); "AH=- 2862k mol ™

C()+ 0,(g)—>CO,(g);  AH= —395kI mol™
N,(g)+3H,(g)—>2NH,(g);. AH= -924kImol™ -

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
(AH ='~ve).

Hence, it can be concluded that the negatlve value of AH
may be the criterion of spontaneity.

Limitations of the criterion for minimum energy

(a) Spontaneous endothermic reactions or processes: A
number of endothermic reactions and processes are known which
are spontaneous, i.e., when AH is +ve. Some examples are given
below:

@) Evaporatlon of water or meltmg of ice takes place by
absorption of heat from surroundings, i.e., these processes are
endothermic (AH = +ve). .

H,O(s) — H,0(!); AH=+6.0kImol™
H,0(l)— H,0(g); AH=+44kJ mol™

(i) The decomposition of CaCO; is non-spontaneous at room
temperature but becomes spontaneous when the temperature is
raised.

CaCO; (s) — CaO(s) + CO, (g); AH =+178.3kJ mol ™

(iii) Compounds like NH,Cl, KC], eic., dissolve in water by
absorption of heat from water. Temperature of the water
decreases.

NH,CI(s) + aq. ——>NH4 (ag. )+ Cl" (aq.);
=+15.1kJ mol ™!
(iv) Dinitrogen pentoxide (N,O;) decomposes spontane;f;

ously at room temperature into NO, and O,, although the
reaction is highly endothermic.

2N,04(g) — 4NO, (g) +0,(g);
AH =219kJ mol™
(v) The decomposition of HgO becomes spontaneous on
heating.

2HgO(s) —> Hg(1) + O, (2); ,

AH =90.3k]J mol ™!
(b) Occurrence of reversible reactions: A large number of
reactions are reversible in nature. In these reactions, both forward
and backward reactions occur simultaneously in spite of the fact

that one reaction is exothermic (AH =-ve) and other
endothermic (AH = + ve).,

AH =-ve

(O Hy(g)+1(g)—> 2HI(g);
2HI(g)— H,(g)+ 1,(g); AH =+ve
H,(g)+ L (g)=—2HIl(g)
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(i) Np(g)+3H,(g)—> 2NH;(g); -

AH =-ve
2NH,(g)— N, (g)+3H,(g); AH=+ve
N,(g)+3H,(g)==—2NH;(g)

(¢) Reactions having zero AH: 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. AH of this reaction is zero.

CH, COOH + C,H40H —> CH,COOC, H; + H,0

(d) Exothermic reactions fail to- achieve completion:
Every exothermic reaction rarely proceeds to-completion even

though AH remains negative throughout. In fact, all spontanecus

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 B

spontaneity or feasibility of a process.

2. Tendency to acquire maximum randemness: 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 of lower
probability to one of higher probability, ie., 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 AH 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 process is examined
critically, it is observed that when the valve is opened, both the
gases are provided larger volume to occupy, ie., each gas
achieves its own most probable distribution, indepeﬁdent of the
presence of other gas. The final distribution is clearly much more
probable than the initial distribution. There is, however, another

Fig. 7.20 (b)
inert gases after mixing

Fig. 7.20 (a)
Inert gases before mixing

useful way of looking 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 of the system
increases.

Another example of achieving more randomness 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 donot
form from the solution.

Thus, the second factor w}uch 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:

CaCO, (s) — CaO(s) + CO, (g); AH =+178.3 kI mol”!

This process is spontaneous because the gaseous CO, produced:
is more random than solid calcium carbonate.
(i) Evaporation of water:

H,0()—H,0(g); AH=+44kImol™"

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.

H,0(s) — H,0()); AH = +6.06kJ mol ™'

(iii) Dissolution of NH ,Cl in water:
NH,Cl(s) + ag. —— NHj (aq.) + Cl™ (agq.); ,
AH=+15.1kJ mol™"

When solid NH,Cl(s)is dissolved in water, its ions become free.
Free ions move randomly in all directions. Thus, the solutionis a
more random state as compared to solid NH,Cl. Thus, the
process of dissolution will be spontaneous because randomness
increases on dissolution. ,
(iv) Decomposition of mercgric oxide: .
2HgO(s) — 2Hg(1) + 05(g); AH = +903kJ mol !

Here again the process will be spontaneous because the product
is more random than reactant due to presence of gaseous O,.

Limitations of the criterion for maximum
randomness: Like energy factor, the randomness factor has .
also certain limitdtions. For example, in the liquefaction of a gas
or in the solidification of a liquid, the randomness 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.

Here, it should be noted that these tendencies are
‘ mdependent of each other. Both may act in the same or in
opposite directions in a process.
Case I:* When enthalpy factor is absent then randomness
Jactor decides spontaneity of a process.

Case lI: When randomness factor is absent then enthalpy or
- energy factor decides spontaneity of a process.
CaseIll: When both factors take place simultaneously then

magnitude of the tendencies becomes important to decide

spontaneity.

724 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 10-coins will come

up heads; ie, 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 10 heads can be
achieved in only one way and the totally disordered state can be
achieved in 2'° (1024) ways, i.e., the totally disordered state is
2'% 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
(2N = 2592197y Y4 o 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 whlch is a
~ measure of randomness or disorder of the molecules of the
system. ‘

Entropy is represented by the symbol *§°. 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 i = Sinitial
When § final =~ Smmal ,AS is pOSiﬁve~

For a chemical reaction,

AS=§ {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 (¢) divided by the
absolute temperature (T") during each infinitesimally small
change of the process carried out reversibly at constant
temiperature (isothermally).

f dS=}I;J' Y

9 rev .
or AS =218 .
T ()

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 AE and AH, 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, ie., liquid structure is more
random and the solid more ordered

(iti) A gas has a higher entropy than the liquid from whlch itis
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 hngher
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™, In ST units, the entropy change is expressed in terms of
joules per degree, i.e., JK™'. Entropy is an extensive property,
ie.,it depends on the mass of the substance; hence units of
entropy are expressed as cal deg™! mol™! (cal K™’ mol™) or
joule deg mol ™ (JK™' mol™").

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 pesitive, i.e.,, AS >10.

However, if a system is not isolated, the entropy changes of
both the system and surroundings are to be taken into account
because system and surroundings together constitute the isolated
system. Thus, the total entropy change (AS,,,) is sum of the
change in entropy of the system (AS.) and the change in

entropy of the surroundings (AS,;oundings)» & €

AS total = ASsystcm + ASsum)undir_\gs (ii)
For a spontaneous process, AS,.; must be positive, i.e.,
AS total = _ASsystem + Assurroundings >0 (iii)

AS a1 is also termed as AS ieree

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 = 0{at equilibrium for an isolated system) ... (iv)

If AS . 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 AS em ASmmmg AS
°c K | JK'mot! K mot™ JK mot™!
-1 T 2185 +21.93 +008
0 273 —-21.99 +21.99 _ 000
+1 274 —~22.13 _+22.05 —0.08

At 2721(: AS total = A‘Ssystem + A’S‘sun'oundings
=-21.85+21.93=+0.08JK™" mol!
‘AS >0 at212K

process

- Thus, freezing of ice at 272 K, HZO(S)AH20(S) will be
spontaneous.

At2T3K: AS = A’Ssystem + ASsnrroundings

=-21.99+21.99=0
AS g =0
Thus, at this temperature, water and ice will be at equilibrium.
H,0(/) ==H,0(s); AS=0at273K (at equilibrium)
At274K: AS tétal = ASsystcm + A’Smoundings
=~22.13+22.05=-0.08JK™! mol™

AS <0
Thus, freezing of water will be non-spontaneous at 274 K.
H,0(!) —> H,0(s) AS < 0(non-spontaneous)

Entropy Change in Reversible Process

Consider an isothermal reversible process. In this process, let
the system absorb ¢ amount of heat from surroundings at
temperature 7. The increase in the entropy of the system will be

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

A’Swrmundings == T

Total change in entropy = entropy change in system + entropy
of the process change in surroundings

AS total = A‘S’S)«stem + ASsurroundings

When the reversible process is adiabétic, there will be no heat
exchange between system and surroundings, i.e.,g =0

A‘Ssystem =0, ASsurroundings =0
AS ot = Assystcm + A‘S‘surrourldings =0

Entropy Change in Irreversible Processes

Consider a system at higher temperature 7; and its.
surroundings at lower temperature 7,. ‘g’ amount of heat goes
irreversibly from system to surroundings.

q
AS o —
system Tl
q
A’Ssurmundings =+ ?2—
Asprocess = ASsystem + ASsv.lrroundings
EE o e e S22 q|—
T T,
ButT) >T,, ~. T, =T, =+ve
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 = 2.303nC, log | 12 |+2.303nR log | 2
, T 14
{when T and ¥ are variables)
AS =2.3031C) log| 22 |+ 2.303nR log | 2L
' Ti , P,

(when T and P are variables)

(ii). Entropy change for isothermal process:

AS =2.303nR log (I;_z]
‘ 1
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AS =2.303nR log [E‘-J
P,

(iil) Entropy change for isobaric process (at constant
pressure):

AS =2303nCp log ({3—)
T

AS =2.3031Cp log {?‘}
1

(iv) Entropy change for isochoric process (at constant
volume):

AS =2.303nC, log g?—}
; )

AS =2303nC, log [i]
A

(v) Entropy changein mixing of ideal gases: et n, mole of
gas A and n, mole of gas B are mixed; then total entropy change
can be calculated as:

AS = -2.303R[n, log x, + ny log x, ]

X, X, are mole fractions of gases 4 and B,

; ! ny
Le, Xy = s Xy =
ny + 732 331 + ﬁz
1y . ny
AS/mol =-2303R log x; + log x,
m + ny n + ny

AS /mol =

Entropy change in adiabatic expansion will be zero, AS = 0.

~2.303R[x; log x; +x, log x,]

Physical Significance of Entropy at a Glance

1. Entropy as unavailable energy: Entropy is unavailable
energy of the system.

Unavailable energy
Temperature in K

Entropy =

2. Entropy and randomness: Entropy is a measure of
disorderness 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: v

(i) Entropy is an extemsive property. It is difficult to

determine the absolute value of entropy of a substance

but its value depenids 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 7, P,V and n which govern the
_ state of the system.

(iiiy 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, AS = S — Sinitial
(iv) The entropy change for a cyclic process is zero.
(v) The entropy change in the equilibrium state is zero

(AS =0).
{vi) For natural processes, entropy of universe is incrensing.
. a‘S‘um'v'erse >0 .
(vii) In a reversible process, ASu OF AS e = 0 and
therefore .
ASsystem = ASsum)undmgs'

(viii) For adiabatic revers1ble process,
ASsystem Asmoundmgs = AS total — 0

In a spontaneous (irreversible process),

AS it OF AS iverse > 0,

i.e.,in spontaneous processes, there is always increase in
entropy of the universe.

7.25 ENTROPY CHANGE DURING PHASE
TRANSITIONS

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

trans
T

where, g, is the heat absorbed or evolved and T is the
temperature of tramsition. g, is actually the molar enthalpy
change of the substance.

(i) Entropy of fusion: The entropy of fusion 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

AH.
ASfusion = Siiquia ~ Swotia = Tﬁélon
f
For example, when ice melts, the change in entropy is given by
AHggon 6000 mol ™!
‘ AS fusion Giee) = Swater ~ Sice = 1;‘5‘0“ - 73

=21.98JK"" mol™!
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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.

AH

vapour

Ty,

AS vapour — s vapour Sliquid =

P

Where, AH ... is the latent heat of vaporisation and T, is the
boiling point.

For example, when water is converted into steam, the change
in entropy is given by
AH pour 40626 J mol ™

Ty 373

AS S -S =

water

vapour (water) = Ogteam

=108.9JK™! mol™

(iii) Entropy of sublimation: Sublimation involves the
direct conversion of a solid into its vapour. The entropy of

sublimation is defined as the change in entropy when one mole of -

a solid changes into vapour at a particular temperature.
' AH_,

ASep = S vapour — Ssolid = Tsu

Where, AH_;, = heat of sublimation at temperature 7.

Lo e 098 WSOME SoLVED ExAMPLES\ $833::: -

~.Example 62. The enthalpy change, for the transition of
liquid water to steam, AH,,., is 408 kJ mol™" at 373 K.

Calculate entropy change for the process.

Solution: The transition under consideration is:
H,0()~— H,0(g)
AH
We know that, AS vapour = ;’pom
Given, AH o0 =40.8 kI mol ™!
=40.8x 1000 J mol ™'
T=373K
Thus,  AS yypour = 40-’*3"&’ =109.38JK™ mol™
" ““Example 63. What is entropy change for the conversion of

one gram of ice to water at 273 K and one atmospheric pressure?
( AHji0n = 6.025kJ mol )
' AH,,, =6.025x 1000 mol ™"

=&§5Jg_l =334.72Jg""

Solution:

AI_Ifusion
Ty

B2 a6k g™
273

ASfusion =

... Example 64. Calculate the enthalpy of vaporisation per
mole for ethanol. Given, AS =109.8J K 1 mol 7! and boiling
point of ethanol is 78.5°C.

Solution: We know that,
ASVBpour = M
. pr
Given, AS oo =109.8J K™ mol™!

Ty, =785+273=3515K
Substituting these values in above equation, we get

109.8 = — P
351.5
AH,, o, =38594.7 Jmol™
=38.594 kJ mol !

- Example 65. Calculate the entropy change for the
Jollowing reversible process:

o-Tin — PB-Tin at13°C
1 mol at 1 atm 1 mol at | atm
(AH, s =2090J mol™")
AH, 2090
Solution:  ASp, = — = =
. trans T 286
=7.3076J K" mol™

i Example 66. At 0°C, ice and water are in equilibrium and
enthalpy change for the process H,O(s)=—H,0(l) is
6 kJ mol L. Calculate the entropy change for the conversion of
ice into liguid water.

Solution: We know that for the process of fusion,
H,0(s)=—H,0()
A Sfusion - AH fusion
Iy
- 8x1000_ 5, 08 5K~ mol™

Example 67. The enthalpy of vaporisation of liquid
diethyl ether (C,H s ),0 is 26 kJ mol™" at its boiling point 35°C.
Calculate AS° for conversion of :

(a) liquid to vapour,
(b) vapour to liguid at 35°C.

(@) AS = AH porisation - 26000

Solution:

vaporisation pr 308
=84.42JK™" mol™
(b) AScondensation =—AH vaporisation
=-84.42JK™" mol™

.- Example 68. Calculate entropy change when 10 moles of
an ideal gas expands reversibly and isothermally from an initial
volume of 10 litre to 100 litre at 300 K.

V.
Solution:  AS =2.303xR log {;2—]
4

=2303x10x 8.314 log [%’]

=191.24JK™!
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Example 69. Oxygen gas weighing 64 g is expanded from |
atm to 025 atm at 30°C. Calculate entropy change, assuming the
gas to be ideal,

w 64

Solution: A = e = 2

AS =2.3031R log [—Pl)
Py

=2303x 2x 8.314 log (_l-]
025

=23.053JK™"

- Example 70. Calculate the change in entropy when 1mole
nitrogen gas expands isothermally and reversibly from an initial
volume of 1litre fo a final volume of 10 litre at 27° C.

Solution: AS = 2.303 R log [YV&J
)

= 2303 Ix 8.134 log (liq}

=19.12JK™!

: f&mﬂbm 'OF OBJEC w;gi;zmous |

34, For aliquid, enthalpy of fusion is 1.435 kcal mol™' and molar
entropy change is 5.26 cal mol™ K™!. The melting point of

the liquid is:
(a) 0°C (b)y - 273°C
© 173K (d) 100°C
[Ans. (a)]
[Hint: ASggq, = fhsion
Tm?
506 = 1:435 x 1000
mp
1435

T = 273K, ie,0°C
" = 526 ) ]

35. Latent heat of vaporisation of water is 540 cal g™' at 100°C.

Calculate the entropy change when 1000 g water is converted
to steam at 100°C.

{(a) 1447 cal (b) 2447 cal
[Ans. (a)]

[Hint: AS,,, =

(c) 3447 cal  (d) 4447 cal

AH, 540 x 1000
T 373

"36. Enthalpy of fusion of water is 6.01 kJ mol™'. The entropy
change of 1 mole of ice at its melting point will be:

= 1447 cal ]

(a) 22 kI mol ™! (b) 109 kJ mol ™!

(c) 44 kJ mol™! (d) 11 kJ mol™

[Ans. (a)]

[Hint: ASigoe, = MT": = §‘)1;‘—7;°‘)9 =22 kJ mol ™
37. For spontaneous process:

(@) ASip =0 (b) ASipem > 0

() AS\pa <0 (d) none of these

[Ans. (b))
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[Hillt; AStot&i = ASsy'stem + ASsurmunding
=+ ve for spontaneous process |
38. Melting point of a solid is x K and its latent heat of fusion is
600 cal mol ™. The entropy change for fusion of 1 mol solid
is 2 cal mol™ K. The value of x will be:
(a) 100K (b) 200K (c) 300K
[Ans. (©)]
[Hillt: _AHﬁxsion = ASﬁJsion
op
600
- =
7 =300K] :
39. The entropy change involved in the conversion of 1 mole of
liquid water at 373 K to vapour at the same temperature will

(d) 400 K

be: )
AH = 2257k /g
 (@0.119K (b) 0.109 kJ
() 0.129 kI (d)0.120KJ S
‘ [PMT (MP) 2007]
[Ans. (b)]
[Hint: AS = _ 225TX18 010040 01

T 373

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

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

It means that work can always be completely converted into
heat but heat cannot be converted completely into work without
leaving some permanent change in the system or surroundings.
For example, heat produced in heat engine is never fully 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 anv
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: [t is impossible by means of
inanimate material agency to derive mechanical work or effort
Jfrom 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 of 100 % thermal
efficiency.

5. Ludwig 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 spontancity of a
reaction or a process is expressed 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 the 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 (AS o) for
any process is the sum of the entropy changes in the system
(ASyyen) and in  the surroundings  (AS,ouings )-
Mathematically, the second law of thermodynamics can be
expressed as:

A spontaneous process:

AS = AS system + Assmroundings >0

universe
An equilibrium process:
AS iverse = A‘Ssystem + ASsmroundings = 0

For a spontancous process, the law says that AS ... must be
greater than zero, but it does not place a restriction on either
ASygem O ASgroundings- 1DUS, it is possible for either AS .., or
AS roundings 10 b negative, as long as the sum of these two
quantities is greater than zero. For an equilibrium process,
AS iverse 18 Z€T0, i.€., AS g, and ASg i 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,

dq
ds = '—T,— or dq =7dS

For an irreversible process,

d
'dS>—£—
: T

4
as=
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

7.27 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 fo put these two quantities
together in such a way as to arrive at a single function whose sign
wil]l determine whether a reaction is spontaneous. This problem
was first solved more than a century ago by J. Willard 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 ot the total energy change that is available
{(i.e.,free) to do useful work. If, for 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 ieast 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 i
whose value during a process is equal fo useful work done by the

system.”’
' Mathematically, it may be defined as:
G=H-TS . (D)
~ where, H = enthalpy; § = entropy and 7 = absolute temperature.
We know that, H=E+PV .. (i)
From egs. (i) and (i1),
‘ G=E+PV-T S

Free energy change at constant temperature and pressure can be
given as:
AG=AE+PAV -TAS

AG =AH~TAS .. (iit)
(Gibbs-Helmholtz equatlon)
Here, AH=AE+PAYV

Gibbs-Helmholtz equation is used to discuss the driving force,
Le., the overall criterion of spontaneity.

[Nete: Since,‘H’ and * §” 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 systerr{ which is not isolated from its
surroundings. In this case, total entropy change can be calculated
as: :
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AS total = AS system +‘Asmrmumings (1)
Let us consider the process at constant temperature and pressure.

Let gp amount of heat be given by the system to the
surroundings.

(QP )surroundings =—( dp )system = AIIsy‘stem

; -AH
ASmoundings - (QP )su;oundmgs - Tsystem (11)
From equations (i) and (ii),
AH
AS total = A’Ssystem - ___;y_:s_tim_
or T ASyo =T ASggem = AHggem
or =T AS o = Ay = T ASgem - (iii)
According to Gibbs-Helmholtz equation,
AG=AH-TAS
AGyyem = Ao =T ASggen . (V) A

From equations (iii) and (iv),
AG e =—T AS
‘We know that for spontaneous process, AS,,; >0

total

AG = - ve for spontaneous process.

Thus, for spontaneous process T AS,,,,; should be positive or AG
should be negative.

CaseI: Let entropy and energy, both factors are favourable
oo 4 process, e ,AH =—~veand T AS =+ ve
o krom  AG=AH-TAS

= (—ve)— (+ve) = —ve
Thus, AG = — ve_ ' spontaneous process.
Case II: Let both energy and entropy factors oppose a

process, i.e., AH=+ve, T AS =—ve.

~. From AG=AH-TAS
=+ ve — (~ve)= +ve

Thus, AG is positive for a non-spontaneous process.
Case ITI:  Let both tendencies be equal in magnitude but
opposite, i.e.,

"AH=+ve and TAS=+ve and AH=TAS.
AG=AH~-TAS
=0

In this condition, the process is said to be at equilibrium.

= From

Coupled Reactions

We know that the reactions which have AG=+ve are
non-spontaneous. However, such reactions can be made
spontancous when coupled with a reaction having very large
negative free energy of reaction,

eg., 2Fe,04(s)—> 4Fe(s)+ 30,(g); AG® =+1487kl/mol
6CO(g)+30,(g)— 6CO,(g); AG® = ~1543.2kJ/mol

" G.B.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

On adding, 2Fe, O, (s) + 6CO(g) IR 4Fe(s)+ 6CO,(g);
AG® =-52.2kl/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= Gpoguers ~ Greactants+ 1DUS,
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.

(iif) 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=AH-TAS
AH TAS Conditions AG
©-ve +ve (any) —ve spontaneous
(favourable) (favourable)
G -ve |AH | > (T AS) —ve spontaneous
(favourable) (unfavourable) :
+ve +ve |T AS |>| AH ||—ve spontaneous
(unfavourable) |(favourable)

Role of Temperature on Spontaneity
In Gibbs-Helmholtz equation:

AG=AH-TAS,
not only AH and AS but also temperature ‘T’ is a determining
factor for spontaneity, ie., for AG to be —ve. Let us discuss
exothermic and endothermic reactions to show the influence of
temperature.

1. Exothermic processes: In exothermic reactions,

AH = —ve (favourable condition)

Case I: When T AS is positive, i.e., favourable, then AG
will be negative and the process will be spontaneous at all
temperatures.

CaseIl: When T AS is negative, . e.,unfavourable, then AG
will be negative when |AH |>|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,
AH = + ve (unfavourable conditions).

In case of endothermic reactions, AG will be negative when
|AH |<|T AS | To increase the magnitude of T AS, temperature



CHEMICAL THERMODYNAMICS AND THERMOCHEMISTRY

(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 AH, AG and AS and prediction of spontaneity

AH | AS AG Remarks

-ve +ve |-ve Spontaneous at all
temperatures

—ve. -ve |-ve (at low temperature) | Spontaneous

+ve (at high temperature) |Non-spontaneous
+ve +ve l+ve (at low temperatufe) Non-spontaneous
‘ —ve (at high temperature) = Spontaneous
+ve ~-ve |+ve Non-spontaneous at all

temperatures

AH

4 —_

+ |Spontaneous at high tem-|Spontaneous at all temper-
perature and non-sponta-| atures
neous at low temperatures

AS
— |Non-spontancous at all|Non-spontaneous at high
temperatures temperatures and sponta-
neous at low temperatures
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AH and AS for the reaction,
1
Ag,0(s)— 24g(s) + 3 0, (g)

Example 71.

are 30.56 kJ mol™" and 66.00 K~ mol™ 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,
AG=AH -TAS
Atequilibrium, AG=0
so that 0=AH-TAS
AH
or P —
AS
Given that, AH =30.56 k) mol ™

= 30560 J mol ™
AS =66.0JK ™! mol™

7=3060_ 463k
66

Above this temperature, AG will be negative and the process will

be spontaneous in forward direction.
~ Example 72, For the reaction,

2NO(g)+ 0, (g)—iﬁ?NOz (g)

463

Calculate AG at 700 X when em‘halpy and entropy changes are
~113.0kJ mol™" and -1457 K™ mol™ respectively.

Solution: We know that, AG=AH - T AS
Given, AH = -113kJmol™
= ~113000 J mol
AS =-145JK"! mol™
T=700K

Substituting these values in the above equation,

AG =-113000- 700 (-145)
=—11500 I mol ™"
=~11.5kJ mol™

Example 73. [n the reaction A* + B — A + B",

we get

there

is no entropy change. If enthalpy change is 22kJ of A%, calculate
AG for the reaction.
Solution: For the given reaction,
‘ AH =22kJ,AS =0
- From, AG=AH -TAS
AG=22-Tx0=22kimol™
Example 74. AH and AS for the reaction

Br, (1)+ Cl,(g)— 2BrCl(g) are 2937 kJ and 1040J K
respectively. Above what temperature will this reaction become
spontaneous?

Solution:  According to Gibbs-Helmholtz equation,

AG=AH~-TAS
For spontaneous process, AG < 0
ie., AH-TAS <0
TAS >AH

T>AH._

AS
T>w T>2824K
: 104 )

"Example 75. Calculate the temperature at which liquid
water will be in equilibrium with water vapour.

AH,q,, =40.73 k) mol™" and AS ,,, =0.109k/ mol™" K™

Solution:  Given, AH = 40.73 kJ mol ™
AS =0.109kJ mol ' K™
and AG=0
Applying AG=AH -TAS
0=40.73-Tx0.109
T= w =373.6K
0.109

Example 76. Zinc reacts with dilute hydrochloric acid to
give hydrogen at17°C. The etztkalpy of the reactzon is—~ 12 55k
mol™ of zinc and entropy change eqtials 5.0J K™ mol™ for the

reaction. Calculate the free energy change and predict whether
the reaction is spontaneous or not.
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Solution: Given, AH = —12.55kJ mol ™
AS =5.0JK™! mol™
=0.005kJ K~} moil™!
T=17+273=290K
AG=AH-TAS
=—12.55-0.005x 290
=-12.55-1.45=-14.00kJ mol !

Since, AG is negative, the reaction will be spontaneous.
Example77. AH and AS for the  system
H,0 (1)~—H,0(g) at 1 atmospheric pressuie are 40.63 kJ
mol ™' and 108.8 JK ™' mol ™' respectively. Calculate the
temperature at which the rates of forward and backward

reactions will be the same. Predict the sign of free energy for this
transformation above this temperature.

Applying

Solution: Given, AH =40.63kJmol™!
AS =108.8J K™ mol™ =0.1088kJ K™ mol™!
AG=0 (when the system is in equilibrium)
Applying AG=AH -TAS '
0=40.63— T x 0.1088
40.63

I'=———=3734K
0.1088

The sign. of AG above 373K, ie., say 374 K, may be
calculated as follows:

\gain applying AG=AH -T AS
=40.63—374 x0.1088
= 40.63 — 40.69=— 0.06 kJ
A will be negative; hence, the reaction will be spontaneous.
. ‘Example 78. Fcs the reaction,
SOCl, + H,0 — SO, +2HCI,

the enthalfy of reaction is 49.4 kJ and the entropy of reaction is

336J K 7. Calculate AG at 300 K and predict the nature of the

reaction.
Solution: AG=AH-TAS
=49.4-(300x336x107%)
=-514kJ '

Since, the free energy change is negative, the given reaction is
spontaneous.

Example 79. The standard enthalpy and entropy changes
for the reaction in equilibrium for the forward direction are given
below:

CO(g)+ H,0(g)~—C0,(g)+ H,(g)
AHgo ¢ =—41.16 kJ mol™

ASSe0x = —4.24 x 1072 kJ mol™
AH po0 ¢ =—32.93 kJ mol™

AStyox =—2.96x 107 kJ mol™

Calculate K p at each temperatu}e and predict the direction of
reaction at 300K and 1200K, when
=Py, = Py,0 =latmat initial state.

Solution: At300K: AG°=AH° -T AS°®
=—41.16- 300 x (- 4.24 x 1072)

=-28.44Kk]

Since, AG° is negative hence reaction is spontaneous in
forward direction,

AG°=-2303RT log K »
~28.44 = -2.303x 8.314 x 10~ x 300 log K »

K, =893x10*
At 1200 K: AG°=AH®°-TAS °
=—-32.93 - 1200(— 2.96 x 1072 )= +2.59kJ

Positive value of AG ° shows that the reaction is spontancous
in backward direction

AG°=-2303RT log K »
2.59=—-2.303x 8314 %10 x12001og K ,
Kp =077

- Example 80. The standard Gibbs free energies for the
reactions at 1773 K are given below:

C(s)+0,(g)—> CO,(g); AG®=-380kJ mol "
2C(s)+ 0,(g) ==2C0O(g); AG®°=—500kJ mol

Discuss the- possibility of reducing Al,0; and PbO with
carbon at this temperature,

441+ 30,(g)— 241,04 (s); AG®=-22500k) mol ~*
2Pb + 0,(g) — 2PbO(s);  AG°=~120kJ mol
Solution: Let us consider the reduction of Al,O; by carbon:

Peo =Pcoz

2A1,0; +3C(s) — 4Al(s) + 3CO, (g);
AG® = —380x 3 + (22500) = + 21360 kJ

2A1,0; + 6C(s) — 4Al(s) + 6CO(g);
AG® = =500 3 + 22500 = + 21000 kJ

Positive values of AG ° show that the reduction of Al,O; is
not possible by any of the above methods.
Now, let us consider the reduction of PbO.

2PbO(s) + C——> 2Pb + CO,;

AG® = +120+ (-380) = — 260 kJ
2PbO(s) + 2C ——> 2Pb + 2CO;

AG® = +120 + (-500) = — 330 kJ

Negative value of AG ° shows that the process is spontancous
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:

CHAOH(I) + % 0,(g)—> CO,(g) + 2H,0(l)
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Calculate standard Gibbs free energy change for the reaction
that can be converted into electrical work. If standard enthalpy of
combustion for methanol is ~726kJ mol U calculate the

efficiency of conversion of Gibbs energy into useful work.
AG; for CO,, HyO, CH,0H, O, are —394.36; ~237.13;
~166.27 and zero respectively. ,
Solution: The reaction for combustion of methanol is:

- CH;OH() + g 0,(g)—> CO, (g)+ 2H,0())

AGeion =[AG} CO,(g)+2AG; H0()]

- [AGS, CH,OH(! )-e-% AG} 0,(2)]

=[-394.36 + 2 (~237.13)] - [-166.27 + 0]
= —702.35kJ mol ™

Efficiency of conversion of Gibbs free energy into useful work

_AG,

reaction
AH",
reaction

_ =702.35x 100
-726

USTRATIONS OF'OBJECTIVE QUESTIONS
40. The free energy for a reaction having AH = 31400 cal,

AS =32c¢al K’—] IIIOI—l at 1000°C is: [JEE (Orissa) 2005}

{(a) -9336 cal (b)-7386cal (c)-1936¢cal (d)+9336 cal
[Ans. (a))

[Hint: AG =AH —T AS = 31400 - 1273 x 32 = — 9336 cal]
41. F,C=CF— CF=CF, — EC—CF,

X 10(}

=96.7%

FC === CF

For this reaction (ring closure), AH =-49 k) mol™,
AS =-40.2 3 K™} mol™'. Upto what temperature is the
forward reaction spontaneous?
(a) 1492°C  (b) 1219°C  (c) 946°C
{Ans. (<)}
[Hint: For spontaneous process,

AG =AH ~T AS (should be negatwe)

AH.

T >
AS

-49 X 1000
. —d02 ;
T >1219K, i.e, 946°C)
42. For the equilibrium reactlon, the value of Gibbs fice energy

(d) 1080°C

>

change is: (DCE 2005)
(a)>0 - B)<0 (c)=0 =0
[Ans. ()] =~

[Hint: AG = Oat equilibrium]
43. At0%C, ice and water are in equilibrium and AH = 6kImol ™.
For this process:

H,0(s) == H,0(!)

The values of AS and AG for conversion of ice into liquid
water at 0°C are:

(@)-21.9 3K ' mol™ and 0 (b) 0219 JK~ mor‘ and 0
(©)21.9TK ™ mol™ and 0 (@) 0.0219 IK " mol™ and 0

{Ans. (c)]
[Hint: AG =10,
s AH-TAS =0
as =B _8000 gy mol™]
T 273

44. For a reaction:
\ 1
Ag,0(s)=—2Ag(s) + > 0,(g)

AH,AS and T are 40.63 kj mol™'; 108.8 J K™ mol™ 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: AG=AH -T AS

= 40.63 x 1000 — 373.4 x 108.8 = 0]
45. For the homogeneous reactions:
x4 + yB—— 1Y + mZ
AH =-30kJmol™, AS =~ 100 JK™ mol™.
At what temperature the reaction is at equilibrium?

[PMT (Kerala) 2006}
(a) 50°C (b) 250°C (¢) 100K  (d) 27°C
(e) 500K
[Ans. (d)]
[Hint: AG =AH ~T AS

At equitibrium, AG = 0
;o AH _ -30x1000
AS ~ -100

46. For the reaction CO(g+ -21- 0,(g)— CO,(g), AH and

=300K, ie,27°C]

AS are +283.kJ.and +873X7} mol'«respectively. It was
intended:te eariy: out thistreaction at:¥000;, 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.

(¢) 1000, 1500 and 3000 K (d) 1500, 3000 and 3500 K

{e) Atall of the.above temperatures »

[Abs. ()] |

[Hint: AG=AH -T AS

At 1000 K, AG =-283 - (~1600 x 0.087) (Spontaneous}
=—196

At 1500 K, AG =-283 - (~1500 x 0.087) (Spontancous)
=-152.5k]J

At3000K, AG=-283-(-3000x 0.087) (Spontaneous)
=~22 k]

At3500 K, AG =-283~ (~3500x0.087) (Non-spontaneous)
=+ 215k}

47. For areaction, )
AH =+29K mol™; AS =-35JK™ moi”’
at what temperature, the reaction will be spontaneons?
[PMT (Haryana) 2007}
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(a) 828.7°C
. (b) 828.7K RS
(c) Spontaneous at all temperature
- (d) Not possible : R
- [Ans, (d)]- :
[Hint: AG=AH -T AS
When AH =+ ve, AS = — ve then AG will be positive and the
. reaction is non-spontaneous.] .

'7.28 STANDARD FREE ENERGY CHANGE

Just like enthalpy and mtemal energies, we cannot determine

absolute value of Gibbs free energy. The standard free energy
change can be determined and- it-is defined as the free energy
change for a process at 298 K and | atm pressure in which the
reactants in their standard state are converted to products in
their standard state. Tt is denoted as AG® it can be related to
standard enthalpy and entropy change in the following manner:

‘ AG°=AH°~TAS°®

Like that of AH%, AG® can be calculated from the standard free
energies of formation of the products and the reactants.

AG® = X6} (products)— G} (reactants)

Sumof standard free Sumi of standard free
=| energies of formation | — | energies of formation
of products ‘| of reactants

Let us ccnsxder a general reaction:
nlA +nB— nal+n M
AG® = EGf {products) - ZGf (reactants)

= (13 GoL)+ 1y G (M)] - [m G(4) 41, G (B)]

The standard free energy of formation (A G ¢ )may be defined as
the free energy change when 1mole of a compound is formed from
its'’constituent elements in their standard state. The standard free
energy of | formatzon of an eiement in its standard state is assumed
to be zero.

-~ Standard Gibbs Free Energy of

Formation (kI mol ™! at 298 K):
HCl 95, 27 C.Hq {zso-butene) 294
H,0 ’, T 286 Bao 5284
HO, " 1033 - BaCO;- 1139
Co -1373  BaSO, ~1465
0, -3944  Ca0 -604.2
s0, 3004  Ca(OH),- '-896.6
804 -370.4 CaCO, - ~1129
NO, 5184 Cu0 127
N,0 104 Ng€l -384.0
NH, - -i66 Kl ~408.3
5. ... . 1634 NHC ~203.0
NO 86.69  ALO, 15824
‘CH, 5079 Fe,0, ~741.0
C;H; (cthane) 29 zo0- 3182

G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

C;H;g (propane) - 270 Sio, ~805
CHo (n-butane) 3100 PbO, 219
C,H,o (iso-butane) 310 CH,0H -166.2
Csz (acetylene) 2092 C,H.OH . -174.8
C,H, (ethylene) 2194 CH, . -124.5
C;H (propylene) 2669  CH,COOH -392
C4H3 (1-butene) 1307.4 '

-Example 82. Wli the reaction,
1, (s)+ HyS(g)—> 2HI(g)+ 5(5)
pmceed spontaneously in the forward direction at 298 K
AGfHI(g) 1.8&J mol™, AGfHZS(g) 33.8% mol™! ?
Solution:

AG® EG 7 (products ) 2 G; ¢ (reactants )

= [2GSHI(g)+ G3S(s)] - [1% G2, (s)+ GoH, S(g)]

c=[2%1.8+0]-[0+33.8]=-302kJ
—ve value shows that the process 1s 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,(g)+20,(g)—CO,(g)+ 2H,0 (1)
Species CH, 0, co, - H;0
AH7 [ (kI mol™) ~ —748  — = -3935 -2858
S°/(JK'1 mor" ) 186 205 214 70

Solutmn. AH® = AH} o)) +2AHf(H20) - AHf cny

=—393.5+ 2x (~285.8) - (=74.8)

=-890kJ mol ™

AS°=Sco, + 2 u0 ~ Sy ~ S0y
=214+ 2x 70~ 186— 2% 205
=-2421K 'mol™

AG® = AH® — TAS® . :
=~ 890 - 300% (-242x 107)
=890+ 72.6 =—817.4kJ mol !

'7.29 RELATIONSHIP BETWEEN STANDARD
FREE ENERGY CHANGE (AG°) AND
EQUILIBRIUM CONSTANT

For any reversible reaction, 4 + B ==C + D, the free energy
change and standard free energy change are related with each
other by the following relation:
AG=AG°+RTlog, Q

where R is universal constant; 7T is temperature and Q is
_[ClD]
418
At ethbnum state, AG=0and 0 =K,

: T 0= AG°+RTloge

or AG®=~RTlog, K

reaction quotrent

£q
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or AG°=-2303RT log K .,

This equation helps in the calculation of X, if AG® of the
reaction is known and vice-versa. The value of K ., can give an
. idea about the extent of chemlcal reactmn before the equlhbnum

is attained. :

Alternatively, .

‘ K = ¢~ 0GY/RT

Equilibrium constant of unity implies that standard free
energy change AG® is zero and that the positive values of AG®
implies the equilibrium constant to be less than unit.

K
K=1 ——
. ! :
'
~-Ve o] +Ve .
AGS ——

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

>

S

2 L P (Product)
>

o

é — Equilibrium
G

{minimum of the curve)

Extent of reaction —=

Fig. 7.22 Plot of free enéi’gy against extent of reaction

If the minimum in the curve lies closer to products, it means
that reaction is in favour of products (X >>> 1). The reaction in
this case wil] be closer to completion. On the other hand, if the

{Reactant)

R .

5 . 3Rk

@ | A . D -

5 /| (Feaduct) § S

8 | Equilibriumi 3 | Equilibrium

e o fra R
Extent of reaction —» Extent of reaction —

Fig. '7.23 Preédiction of extent of reaction by the plot of free ‘

energy agamat extent of reaction

minimum in the curve lies closer to the reactants the reactlon
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 K, for the

ﬂ;llowmg reaction at 400K?

2NOCl(g) ===2NO(g) + Clz (g)
AH® =772k and AS®=1227 K™ at 400K.
Solution: Accordmg to Gibbs-Helmholtz equatlon
AG® = ~TAS :
= 'z? 2 - 400 % 122 % 10‘3
=284k =28.4%10%J
We know that, AG® = ~2.303RT log K,

~AG® 284%x10°
log K, = = . -
2303RT  2.303x 8314 x 400
=-3.7081

K, =antilog (~3.7081)=1.958 x 107

- Example 85. For the equilibrium,
" PCl(g) ==PClL(g)+ cs2 (g)at 25°C
' K, =18x1077
Calculate AG® for the reaction (R = 8.314J K™ mol™).
Solution: We know that,
AG®=-2303RT log K,
=~-2303x 8.314 x 298 log (1.8 10‘7)
= 38484 Jmol ™' = 38.484 kJ mol !
] ~ Example 86. The equilibrium constant at 25°C for the
process: .
Co* (ag.)+ 6NH; (aq.)
is2x107.
Calculate the value of AG° at 25 °c (R 8.314J K 'mol™)
In which direction, the reaction is spontaneous when the
reactants and products are in standard state?
Solution: We know that, AG® = ~2.303RT log K,
. Given, K, =2x107,T=298K,R=8.314TK™" mol ™
Thus, from above equation, :
AG°=-2303x 8.314 x 298 log 2x 10’

=-120234J=-12.023k]
- Example 87. The equilibrium constant for the reaction,
CO,(g)+ H,(g)v—=CO(g)+ H,0(g)at 298K
is 73. Calculate the vaizze of the standard free energy change
(R=8314J K™ mol™).
Solution: We know that, AG°®=-2.303RT log K, .7 .}

Given, K, =73,R = 831411{“ mor ,T =298K

-~ From above equation, :
' AG° =-~2.303x18.314 x 298 log 73
. =-10.632 k‘J _
- Example 88. For the water gas reaction, ,
C(s)+ H,0(g)=—=CO(g) + H,(g)

+=[Co(NH; )s1** (ag.)
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the standard Gibbs free energy of reaction (at 1000K ) is
~ 8. kJ/mol. Calculate its equilibrium constant.

Solution:  We know that,
~AG® .
K =antilog | ~r— L L Q
g (2.303127‘ J RS
Given that, AG°=-8.1kJ/ mol

R=8314%10"° KK mol™!
T =1000K
Substituting these values in eq. (i), we get

X =antilog ~(-8.1)
2303 x 8.314x 107 x 1000

K =265

. o A
Example 89. Calculate AG® for the conversion of oxygen 50.

to ozone, (3/2)0,(g) =—=05(g) at 298 K ifK, for this
conversion is 247 x 1072,

Solution: We know that,
AG°=-2303RT log K,
=-2.303x 8.314 x 298 log 2.47x 1072
= 163228 J/ mol
=163.228 kJ/ mol

Example 90. Acetic acid CH,COOH can form a dimer
(CH,COOQOH), in the gas phase. The dimer is held together by
two H-bonds with a total strength of 66.5 kJ per mol of dimer

& 3+

0. H—0
Mc/ :\/,c —CH,

O H...0 ‘ 51.

&+ -

If at 25°C, the equilibrium constant for the dimerization is
1.3 x 10%. Calculate AS° for the reaction:

2CH,COOH(g) == (CH,COOH), (g)

Selution: AG°=-2303RT log K

=-2.303x 8.314 x 298 log (1.3 x 10%)
=-17767.688] = ~17.767kJ

AG°=AH® -TAS®
-17.767=-66.5— 298 x AS° v - 52,
AS® = ‘_55_5*_17_26_7 -0.163kJ

298

[LLUSTRATIONS ©F GRIECTIVE QUESTIONS

48.  What is AG® for this reaction?
1 3
@)+ 28,)=
5 »(g) 2 2(g)

(a)—26.5kI mol ™!
(©)-22kImol™!
[Ans. (@)

NH; (g ); K p = 442 x 10%at 25°C

(b) - 11.5kJ mol ™.
(d)—0.97 kJ mol™!

LR - PO 4

G.R.B. PHysiCAL CHEMISTRY FOR COMPETITIONS.
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[Hint: AG® =-2303RT log K,
=~2.303 % 8.314 x 298 log (4.42 x 10%)
=-26.5 ki mol™)

What is the sign of AG® and the value of K for an

electrochemical cell for which £, = 0.80 volt?
AG® K

@ - >1

(b + >1

{c) + <1

@& - <1

[Ans. (a)]

[Hint: AG°® =-aFE°; AG®=-2.303RT logK]

The free energy of formation of NO is 78 kJ mol ™ at the
temperature of an automobile engine (1000 K). What is the
equilibrium constant for this reaction at 1000 K?

1., 1 ,
ENz(g)"‘EOz(g)\—No(g)
(@)8.4x107*

©)42x1071°
[Ans.  (a)]

[Hint: X = antﬂog[

®)7.1x 107
(d1.7x 107"

—A o }
—;8)( 1000

2.303 x 8.314 x 1000
=84 x107%)

= antilogi:

Equilibrium constant for the reaction:
H,(g)+1,(g)=2HI(g)
= 5Qat 25°C.

The standard Glbbs free energy change for the reaction will
be:

iskK,

(a) - 6.964 kJ (b) —9.694 kJ
(c)~4.964 kJ {(d)-6.496kJ
[Ans. )
[Hint: AG® =-2303RT logK,

=-2.303 x 8.314 x 298 log 50

=-9694 J =-9.694 kI]
Standard Gibbs free energy change AG® for a reaction is
zero. The value of the equilibrium constant will be:

(a) 10 ®) 1 (¢) 100 (d) =
[Ans.  (b)] ,
[Hint:  AG° =-2303RT log X

When K =1, AG® =0}

The standard free energy change of a reaction is
AG® = — 115 kJ at 298 K. Calculate the equilibrium constant
KpinlogKp. (R = 8314 JK™! mol™!)
(a)-20.16 (b) 2.303 (c) 2.016 (d) 13.83
(VITEEE 2008)
[Ans. (a)]



e e T R R SR

CHEMICAL FHERMODYNAMICS AND THERMOCHEMISTRY 469

- AG®

2.303 RT

= (~115x1000)
72303 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 thermodynamics,
AE=g~w . (D)
{—ve sign as the work is done by system)

Here, g is heat absorbed by the system and wis 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., Weypangion (0T PAV)
and W _expansion (useful work). The two types of works can be
understood by taking an example of the electrolysis of water to
form H,(g)and O,(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,

[Hint: logKp =

AE = g = Weypansion ™ Wrnon-expansion - (i)
=g =P AV = Wion expansion (" Wexpansion =P AV')
or g =AE + PAV + W1 expansion . (i)
We know that,
AE+PAV =AH
or g =AH + W o1 expansion . (i)

According to second law of thermodynamics, for a reversible
change taking place at constant temperature, T'

AS = qrev,
T
or Grov. =T AS ’ w{v)

Substituting in equation (iv)

TAS =AH + wy,
or AH-TAS=-w
or AG=-w (- AH~T AS =AG)

or ‘ -AG = W non-expansion = Wuseful work (Vi‘i)

Thus, the decrease in Gibbs free energy is a measure of useful
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 electrochenncal cells
and fuel cells. .

~gxpansion (Vi)
non -expansion

non -gxpansion

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 ceil.

AG and emf of the cell (E ) are related by the following
relation:

AG=~nFE
where, F = faraday = 96500 coulomb
E =emf of the cell

n = Number of moles of electrons involved in
balanced electrochemlcal reaction

If the reactants and products are in their standard states, then

AG® =-nFE®
when E © = standard emf of the cell.
Example 91. The emf of the cell reaction,

Zn(s)+ Cu** (ag.)—> Zn** (ag.) + Cu(s)

is 1.1 ¥. Calculate free energy change for the reaction. If enthalpy
of the reaction is - 216.7 kJ mol ™, calculate the entropy change
for the reaction.

Solution: —AG°=n x F x E°=2x 96500 x 1.1=212.3kJ

AG® =-212.3kJ mol™!
AG® = AH® — T AS°®
Ago < A°—AGS _ —216.7- (-2123)
T 298
=-0.01476 kI K ™! mol™
=-14.76 JK™ mol™

Example 92. Calculate equilibrium constant for the
Sollowing reaction:

Cu(s)+ 24g" (ag. ) == Cu®" (aq.) +24g(s)

At 25°C, E2, =047 volt, R=8314J K Vol 7, F= 96500
coulomb.

Let us apply Nernst equation at equilibrium
E° 0.0591

el =

Solutien:

log K,

047—0—92521

0.0591
=85x%x10""

K =antilog [0'47 X 2:\

738t ABSOLUTE ENTROPSES AND %H’IRB -
“LAW OF THERMODYNAMICS R

Third law of Thermodynamics was given by T.W. Richards,
Walter Nernst and Max Planck. Some statements for third law of
thermodynamics are given below:

Statement-1. “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.”

Because

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 —0
T—>0K
Because

“Statement-3. “It is im‘pbssibl;é by any method, no matter
how idealised it is, to reduce the temperature of any system to the
-absolute zero in a finite number of operations.”

Appllcatuon 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 process. Let
us calculate absolute entropy.

ds = Y
T
dT
dS=Cp =

On integrating the above equation between temperature limits of
0and T K, we get

T AT
ST"SO=IO Ce
or S;=So=[ CpdinT

From third law of thermodynamics, S 0=0 .
Sp=[ CpdinT

When entropy of one mole of a substance is expressed at 298K
and 1 atm pressure, it is called standard entropy of that
substance. It is denoted by S °. The standard entropy change AS °
for a chemical reaction can be calculated as

AS° ZS (products) ZS (reactants)
_| Sumof thestandard | | ‘Sumof the standard
entropies of products gatropies of reactants

e.g.,in the reaction:
C,He(g)—> Hy(g) + C,H,(g)

AS°=3S ?préducts) - 2§ ?reactants)
=[Sp, + 5,1 [SCm,]

Standard molar entropies in J/K mol at 298 K

Entropy o

Sollds E_ntropy . Solids
' C(graphite) 5.7 N, 191.6
C (diamond) 24 0, 205.1
Fe 27.3 'O, 213.7-
Pb . 64.8 - " NO, 240.1
Cu S331 N,0, 304.3
Al 962 . NH, 192.3
FeO, 874  CH, . 186.2

CuSO, - 5H,0 300.4 . Hg 760

C,H,0,, (sucrose) = 360.8 H,0 69.9

Ca0O 39.8 : C,H;OH 160.7
CaCO, (calcite) 929 CHg. 173.3
H, 1307 CH,COOH _ 159.8
Tephlgraph

Graph of entropy of a substance against temperature is called
tephigraph. In the following graph variation of entropy with

temperature is represented:
GY |
|Vaporization

Entropy |

T

: ‘ b.p.
— 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 AG° for the following reaction:
CO(g)+ (-%)02 (g)—CO,(g); AH°=-28284kJ
Given,
Sco, =213.8J K ~ mol ™, 8¢5 =197.9 K
Sp, =205.0J K

“mol !,

mol .

. o o
Solution: AS°=%§ (products) A (reactants)

[+] [e] 1 0
=[Sco,1— [S_CO + 3 So,1
=213.8-[197.9+ % 205}

=-86.6TK™
According to Gibbs-Helmholtz equation,
' " AG°=AH® —T AS®
=-282.84 — 298 x (- 86.6x107)

=—282.84 + 25.807
=-257.033kJ -

. “Example 94. For the reaction;
A(s)—> B(s)+ C(s)

calculate the entropy change at 298 K and 1 atm if absolute
entropies (in J K ™' mol™) are:
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A=130,B=203,C=152

Solgﬁon: AS° =28 ?pmdum) - xS Zeamms)
=[S5 +So1-I851
={203 + 152] - [130]
=225JK!
7.32 CONVERSION OF HEAT INTO WORK—
THE CARNOT 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 mole 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

(i) Adiabatic reversible expansion

(iii) Isothermal reversible compression

(iv) Adiabatic reversible compression

The four operations have been shown in Fig. 7.25.

(P1, V4)

Pressure —»

(P3, V3)
(P4, Va) T A Ty

Q4

Volume —»
Fig. 7.25

First operation—Isothermal reversible expansion
The gas is allowed to expand reversibly and isothermally at

the temperature 7, through 4B path. The volume ¥, (point 4)

increases to volume ¥, (point B). In this operation, let the heat
absorbed by the system be g, (+ve) and the work done by the
system on the surroundings be w; (-ve). -

Since, the expansion is isothermal, AE = 0. The heat absorbed,
g5, should be equal to the work done by the system on the
surroundings, i e.,

V.
=RT, log, -2 R ()
{ ¢ 14 , .

‘]2 =W

Second operation—Adiabatic reversible
expansion

The gas is now allowed to expand reversibly and adiabatically
through BC path. The volume increases from ¥V, (point B) to

E U

‘volume V; (point C ). In this opefaticm, no heat is absorbed and

thus, the work, w,, is done by the system at the expense of
internal energy, i.e., the temperature of the system falls from
temperature T, to temperature 7} .

AE=-w,=-C, (I, - T}) ... (ii)

Third operation—Isothermal reversible

compression

The gas at point C is subjected to revers1ble isothermal
compression at temperature T} . The path followed is CD when the
volume decreases fromV; to ¥, (point D). In this operation work
is done on the system and heat q, is glven out by the system to
surroundings. ;

—g =W; =RT1 logei—“, - (11,1)
3

Fourth operatnon—Adlabatlc reversible
compression

Finally, the gas at pomt Dis subjected to reverszble adxabauc
compression through the path DA at temperature 7;. The volume
changes from ¥, to ¥}, i.e., the original volume is restored. The

_ temperature increases from T, to T, (original temperature). The

work done increases the internal energy of the system as ¢ = 0.

w, =Cp (I, =T}) . o (V)
The net heat absorbed, ¢, by the ideal gas in the cycle is given
by .

V. V.
4=q, +(-4;)=RT, log, —2+R’n log, *
3

v, V
=RT, log, -~ - RT, log, = (V)
¥ ‘v,

Accérding to the expression goveming adiabati_é chhnges;
y-1
L (? ] " (For adiabatic expansion)
2 _ .

L (v '
ful [—lJ (For adiabatic cpmpression)

T2 ' V4
or- .Ifr.?’_z.Vi.

v,
or &:.Vi

i Vs

Substituting the value of Z—z‘ in eq. (v),
4

. V. V.
=g, —q, =RT, log, -2 - RT, log, -*
9=4; — 4 2 Be v 1 108 7

1. 1

. . 2 .
=RT-Tleg 2 (D

1 -
Similarly, net work done by the gas is given by

W= =Wy = Wy + Wy + Wy



a72’

v o
=RT, IOge'V—Z'CV(Tz ~-T)
1

v,
+RT, log, == ~Cy(T, - T;)
V3
V. V.
=RT, log —% - RT, log, —=
2 geVi 1 geV4

V. |2
=RT, log, - — RT, log, -
2 10g, 7z 1 108, v,

V.
=R(T, ~T; )log, -%

7, (f/ii)

Thus, g = w. For cyclic process, the essential condition is that
net work done is equal to heat absorbed. This condition is
~ satisfied in a Carnot cycle.

Calculation of thermodynamic efficiency of
Carnot engine

Total work done from eq. (vii),

) V.
w=R(T, ~T;) log,, -2
Z

and the heat absorbed at temperature T, from eq. (i),

V.
=RT, log, >
q; 2 ge Vl,

Dividing both equations,

T, - T,
X =22 "1 - Thermodynamic efficiency
9> T,

Thus, the larger the temperature difference between high and
low temperature reservoirs, the more the heat converted into
work by the heat engine.

Since, LT

< 1,it follows that w < g, . This means that only
2

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 inte werk without
compensation.
ow. Example 95. Calculate the maximum efficiency of an
engine operating between 100° C and 25°C.
L-T

2
T, =100+ 273=373K
7, =25+273= 298K

373-298 75 _

Efficiency = ———" = -— = 0,20 = 20%
373 373

Solution: Efficiency =

G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

Example 96. Heat supplied to u Carnot engine is 453.6 ~

kecal. How much useful work can be done by the engine which
works between 10° C and 100°C?

Solution: 7, =100+ 273=373K; 7, = 10+ 273=283K;

q, =453.6x4.184=1897.86 kJ

We know that,
T, -T,
wW=4q, —2':[.2—1 .
_ 1897.86 3722289
= ————-—1897::( 0 _4s7.9210

R i A

_MUKTRATIONS OF OBJECTIVE, QUESTIONS

54.  For which of the following reactions, the entropy change will
be positive? ‘ EE (WB) 26068}
(@) Hy(g)+ 1, (g)~ 2HI(g)
(b) HCI (g) + NH; (g ) == NH,CI (s)
() NHNO, (s) == N,0 (g)+ 2H,0 (g)
(d) MgO(s)+ Hy(g) v Mg(s) + H,0 (1)
[Ans. (0)]
[Hint: An, =3-0=3,
Since An, >0, there will be increase in entropy change.]

35.  If an endothermic reaction occurs spontaneously at constant
temperature T and pressure P, then which of the following is

true ? (VITEEE 2008)
@AG>0 (BYAH<0 ()AS>0 ()AS<0
[Ans. (¢)]

Hint: AS=AS system ¥ Astroundings

AS > 0 for spontangous process.]

56. 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 ?

[PET (MP) 2008}
(a)AS=nRTIn% bOYAS =T (P, ~ F)

1

(C)AS =nR In (ﬂ (D AS =2.303nRT In A
RV & Py
[Ans. (¢)]
[Hint: From first law, AU =g~ W
O0=g-W  (for isothermal process)
g=W =PdV
ds =4 _Fdv
r T
das = rzR—é—V
2

On integration, AS =aRIn (_?}
‘ T
N

AS =nRIn (ﬁj Since PV, = RV, according to Boyle’slaw.}

¥
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" Example 1. Bond dissociation enthalpies of H,(g) and
N,(g)are 436.0 kJ mol™" and 941.8 kJ mol™" and enthalpy of
formation of NH,(g) is — 46 kJ mol™'. What is enthalpy of

atomization of NH,(g)? What is the average bond enthalpy of
N—H bond? ‘

Solution: N, (g)+3H,(g)—— 2NH,(g);
AH = —-2x 46 kJ/ mol
AH =3(BE), — 2(BE),
= (941.8+ 3% 436) — (6x)=—2x 46
(Here, x = BE of N— H bonds)
x=390.3kJI mol™
NH; — N+ 3(H)
Heat of atomization = 3 x 390.3 = 1170.9 kJ mol ™

- Example 2. Ethanol was oxidised to acetic acid in a
catalyst chamber at 18° C. Calculate the rate of removal of heat
fo maintain the reaction chamber at 18° C with the feed rate of 30
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,

AH ;g pqy =— 684 keal moi™
AH ;e o gy = — 66 keal mol™
AH 31, coon ¢y = =118 keal mol™
Selution: C,H;OH+ O, — CH;COOH+H,0

AH=Z(H;)p-E(Hy )p=(-118-68.4)— (- 66)=—120.4 kcal
Yield is 42%. Thus, energy produced per hour will be

_ 120.4 x 42x 30000
100x 46

= 3297913 kcal hour ™!

" Example3. The standard heat of formation listed for
gaseous NH y is —11.02 keal/mol at 298 K. Given that at 298 K,
the constant pressure heat capacities of gaseous N,, H, and
NH, are respectively 6.96, 6.89, 8.38 cal/mol. Determine

AH % ¢ and AH 713 ¢ Jor the reaction,

%Nz(g)+§ﬁz<g)—>wﬂ3(g>

Solution: %Nz(g)-k g H,(g)—> NH;(g)

AHogg =2(H)p —Z(Hy )g = (-11.02-0)
= —11.02 keal mol ™'

 MISCELLANEOUS NUMERICAL EXAMPLES.=

473 —

117

ﬁ?
A, -AH
Tz“}—i ? .
qu%-%x a96—§x6.89)>< 107

773 - 298
AH, = ~13.6 kcal mol ™

- Example 4. The heat of combustion of glycogen is about
476 kJ/mol 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 of glycogen
(1 mole carbon per unit) must be oxidised per day to provide for
this heat loss?

Solution: Total energy required in the day
. 150 % 24 % 60 X 60
B 1000
=12960kJ

kI (lwatt =Jsec™)

2960

Units of glycogen required = lm =27.22 units

Example S. Ar25°C, the following heat of formations are
given !

Compound

AH c} kJ/mol

For the reactions at 25° C,

2H,S(g)+ Fe(s)— FeS ,(s)+ 2H,(g); AH® = — 137 kJ/mol

S0,(g)
-296.81

H,0()
-285.83

HzS(g)-!—gOz () —— H,0()+ SO, (g); AH® = 562 kJimol

Calculate heat of formation of H,S (g Yand FeS , (s)at 2.5° C.

Solution: Heat of formation of H,S = xkJ/ mol

Heat of formation of FeS, = y kJ/ mol
2H,S8(g) + Fe(s)— FeS, (s)+ 2H, (g); AH® =137 k¥/mol
~137 = y—2x : - (D)
H,S(g)+ % 0,(g)— H,0(l) + SO, (g);AH® = - 562 kI/mol

~562=—285.83 - 296.81 - x
x = ~20.64 kJ mol ~*
From eq. (i), we get
y=2x-137=2(-20.64) - 137=~178.28 kJ mol '
AH ;s = 20.64 kJ/mol
AH /g5, =178 kl/mol

.. (ii)

From eq. (ii),



o |

. Example 6. The “heat of total cracking” of hydrocarbons
AHpe is defined as AH at 298.15 K and 101.325 kPafor the
process below:

C,H, +[2n—-’§-]ffz<g)——>nCH4(g)

Given that, AH p. is ~ 65.2 kJ for C,H and - 87 4 kJ for
CyHy, calculate AH for

CH,(g)+C3Hg(g)—> 20, H(g)
AH e of CH, =0
CH,(g)+ C3Hg(g)—>2C,He(g) -
AH =2AH1c(C,Hy )f' AHTC(?IiHS )
=2(= 652)— (- 87.4)= - 43KJ
" “Example 7. 4 constant pressure calorimeter consists of an

insulated beaker of mass 92 g made up of glass with heat
capacity 0.75 J K -V g7'. The beaker contains 100 mL of 1 M

HCl at 22.6°C to which 100 mL of \M NaOH at 23.4°C is added.
The final temperature after the reaction is complete at 293°C.
What is AH per mole for this neutralization reaction? Assume
that the heat capacities of all solutions are equai to that of same
volumes of water.

Solution:

Solution: Initial average temperature of the acid and base

_226+234 _ 23.0°C
2

Rise in temperature = (293~ 23.0)=6.3°C

Total heat produced =(92 x 0.75+ 200 x 4.184) x 6.3

= (905.8) x 6.3 = 5706.54 ]

5706.54

Enthalpy of neutralization =— x1000x 1

 =—57065.41=—57kJ
" Example8. C,H,+Cl, —>C,H,Cl,
AH =-270.6kI mol ' K 7' AS = —139JK !
(i) Is the reaction favoured by entropy, enthalpy both or
none?
(ii) Find AG if T = 300K. [CBSE (Mains) 2005]
Solution: (i) Since, = —ve, exothermic process and is
favoured, i. e., it will be spontaneous.
(i) AG=AH-TAS
= ~270.6 x 1000 - 300 x (-139)
=—228900]
=228 9 kJ .
" Example9. Find bond enthalpy of S— S bond from the
following data: ‘ : . .
AH = 1472 k] mol™

CEHS _S——CEHS;
CoHg—8—S—CyHs;  AH} ==201.9K] mol™
S(g); . AHS = 2228k mol”

G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

. Seolution:

AH =Z(BE); - 3(BE),
(i) —147.2 = Heat of atomization of 4C, 10H, 1S
-BE of 10(C— H), 2(C—8), (C—C)
(il) — 201.9= Heat of atomization of 4C, 10H, 28
-BE of 10(C—H), 2(C—8), 2(C—C),(§—18)
Subtractmg (i) from (ii), '
—201.9+ 147.2 = Heat of atomization of 1S — BEof (5—S)

=222.8kJ - BEof (S—8)
BEof (S—8)=277.5kJ

:V'T?.\,‘Ex_ample 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 kJ. Assuming
AH,, ,CH,(g)=—894 kI mol "' and AH ,,, C,H¢=~1500kJ.

Calculate the percentage composition of the mixture by volume.
Solution: N
x litre —> CH,; moleof CH, =x.f" 224
(10— x) litre — C,Hg; mole of C,H = (10-x)/ 224

x (10-x)
Heat evolved =——— x 894 + —————— x 1500
22.4 224
(10-%) 1500
224

474.6= " x 894 +
« 2.4 |

x=0.745, %CH, =74.5%
Example 11. From the data at 25° C:
Fe,0,(s)+ BC(gmp,,,-,e) —> 2Fe(s)+ 3CO(g);
AH® =492 .6 kJ/mol
FeO(s)+ C gruphire) — Fe(s)+CO(g); AH® =155.8kJ/mol
Claraphite) + 02(8)—>CO,(g);  AH® =—-393.51kJ/mol
CO(g)+20,(5)—>CO(g);  AH® == 28298 imol

Calculate standard heat of formation of FeO(s)and Fe,0, (s).
Solution:
Fe(s) + CO(g) —— FeO(s) + C(graphite);

AH?® = ~158.88 kI/mol
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Clgraphite) + O, (g) — COz @)
AH" =-393.5 kJ/mel

© 00,(g)—>CO(g) + 5 0, (2);

~AH °=282.98 kJ/mol

On adding Fe(s) + - o2 (g)—> FeO(s); AH=- 266.3 ki/mol

Example 12. C(z!culate, the AH at 85°C for the reaction..
Fe,0,(s) + 3H, (g ) ——> 2Fe(s) + 3H,0(I)
The data are:  AHoeg =—33.29 kJ/mol and
Substance  Fe,05(s) Fe(s) H,0(l) H,(g)
Cp JKmol 1038  25.1 75.3 28.8
) Solution: Fe,0; (s) +‘3H2 —> 2Fe +3H,0
ACp =(Cp)p = (Cp )
=(2x25.14+3x753)-(103.8+ 3% 28.8)
=276.1-190.2=85.9]

AH, ~AH
_—Tz—i=ACP
L -1
AH 455 — (—33.29)= 85.9% 10~
358298

AH358 = —28.14 kjfl InOl

 Example 13. The standard heats of formation at 298K for
CCly(g), H,0(g), CO,(g) and HCl(g) are —25.5,-57.8,

—94.1and — 22.1kcal mol ' respectively, calculate AH g . for
the reaction:
CCl,(g)+2H,0(g) —> 602 (g)+4HCI(g)
[BCECE (Mains) 2005]
Solutlon
AH oion = 2 Heat of formatxon of products
' - —% Heat of formation of reactants
=[AHy o, +4AH, ey |~ [AH  cary) +28H) )]
=[-94.1+4 x (—-22.1)]-[-25.5+2x (—; 57.8)]
=~ 41.4 kcal

- Example 14. Calculate Q,W,AE 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 of 273 K. (1T 2000)
Solution: In isothermal process as temperature remains
constant both AE and AH are zero.
- AE=0; AH=0,
Applying first law of thermodynamics,
AE=W+(Q
0=W+Q

l 475
, (P
or Q=-W =~ 2303nRT log| -
' . 2

= 2303x1x 8314 x 273 log (ﬁ]

| = 5227.1691 = 5.227kJ
" Example 15. A sample of argon at 1 atm pressure and

'27°C expands reversibly and adiabatically from 1.25 dm® 102.50

dm’®. Calculate the enthalpy change in this process. C,,, for
argon is 1248 J K ™" mol . (KIT 2000)
Solution: Number of moles of argon present in the sample

= = e = 005075
RT 0.0821x 300 ‘

For adiabatic expansion,

Tl_V_zr_l'
n \h

300 (2.50)"%"!
7~z
or T, =18855K °
k . Cp=C, +R
=12.48+8.314 -
=20.794 JK™' mol™
AH=nxCp X AT
= (,05075 X 20.794 x (300~ 188.55)
=117.6]
Example 16. Show that the reaction,

1 .
CO(g)+ [5] 0,(8)—C0,(2)
at 300 X is spontaneous and exothermic, when the standard

entropy change is — 0.094 kJ mol ' k1. The standard Gibb's

free energies of formation for CO, and CO are — 3944 and
~137.2kJ mol ™! respectively (11T 2000)

Solution: The given reaction is,
cole)+( 2]02<g>——> €0, (g)

AG® (for reaction) = G002 ~Geg — [%}ng

=-394.4-(-137.2)-0
=-257.2kJ mol™
AG® = AHP® — TAS®
~257.2= AH® — 298 x (0.094)
or AHP = 288.2KkJ

AG? is — ve, hence the process is spbntaneous, and AH® is
also -ve, hence the process is also exothermic.

=+ Example 17. Diborane is a potential rocket fuel which
undergoes combustion according to the reaction,




476 l

B,Hg(g)+30,(g)— By0;5(s)+ 3H,0(g)
From the following data, calculate the enthalpy change for the
combustion of diborane:

2B(s) + g]oz (8)—> B,0, (s); (AH = —1273kJ mol ™) ... (i)

H, (g)+(-;-}92 (8) — H,0(1); (AH = - 286 kJ mol ™" )... (i)

H,0()— H,0(g);(AH = 44 kJ mol ')y ... (ii)
2B(s)+ 3H,(g)— B,H4(g); (AH = 36 kJ mol ')...(iv)
(IIT 2000)
Selution: The required equation,
B,H,(g)+30,(g) — B,04(s) + 3H,0(g)
can be obtained from
eq. (1) + Jeq. (i) + 3eq. (iti) - eq. (iv)
=-—[273-858+132-36
=— 2035k mol '

i.e., Enthalpy of combustion of diborane is ~2035 kJ mol ™.

Example 18. An insulated container contains 1 mole of a
liguid, molar volume 100 mL at | bar: When liguid is steeply
passed to 100 bar, volume decreases to 99 mL. Find AH and AU
for the process. ) {IIT 2004 (Memory hased)}

Solution: From first law of thermodynamics:

AU=g+W
AU =g+ P AU =0+ {~100 (99 — 100)}
=100 bar mL
AH =AU + (P, - BV
=100+ (100 99~ 1x 100)
= 9900 bar mL.
Example 19. In the following equilibrium:

N,0,(g)==2N0,(g)
when Smole of each are taken and temperature is kept at 298 K,
the total pressure was found to be 20 bar.
AG; N,0, =100kJ
AG; NO, =50kJ

(i) Find AG of the reaction at 298 K.
(ii) Find the direction of the reaction.
JIXT 2004 (Memory based)}

Given:

The reaction is:
N,0,(g)=—=2NO,(g)
Since, number of moles of both N,O4 and NO, are same
hence their partial pressure will also be same.

Soluﬁon:‘
.20
pr4 = pNOZ =—2'~‘-’10bar

ted

AGreaction = ZAG; N02 - AGj N204

G.R.B. PHysiCAL CHEMISTRY FOR COMPETITIONS

=2x50-100=0

We know that, AG=AG®~2303RT log 0
=0-2.303x8.314 x2981og 10
=—5705}% :

Since, AG is negative hence reaction will be spontaneous in
forward direction.

~'Example 20. When 1-pentyne (A) is treated with 4N
alcoholic KOH at 175°C, it is slowly converted imo an
equilibrium mixture of 1.3 % of 1-pentyne (A), 95.2% 2-pentyne
(B) and 3.5% of 1,2-pentadiene (C). The equilibrium was
maintained at 1715°C. Calculate AG”® for the following equilibria:

B==4; AG; =?
B==C, AG;=?

From the calculated value of AG, and AG, indicate the order of
stability of (4), (B) and (C). Write a reasonable reaction

_mechanism showing all intermediates leading to (A), (B) and

). (ITT 2001)
Solution:Pentyne-1 = Pentyne-2 + 1, 2-pentadienc
“) ' (B) ©)
teq 1.3 95.2 35
o= [BIC] _952x35_ 256.31
[4] 13

B=—=4

AGy =-2303RT log K,

=-2.303x8.314 x 448 log 0.013
=16178F=16.178kJ

foo  B=C
K. [4
. _lc1_ eq[2 1_ 25631x2L3=Q037
[B1 [B] (952)
AG, =-~2303RT log K,
=-2303x 8.314 x 448 log 0.037

=12282F=12.282k}
Stability will lie in the order
B>C>4
w - Example 21. Two moles of a perfect gas undergo the
Jollowing process:

(a) A reversible isobaric expansion from (latm 20 L)to (latm
40L). : :

(b) A reversible isochoric change of state from (1atm 40 L) to
(0.5atm40L). ‘

(¢) 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
{qYinvolved in the above process.

(iit) What will be the value of AU,AH and AS for the averall

process? (11T 2002)
Solution:

T 1 atm A B
g i
] .
¢ 0.5 atm c
o.

20 L 40L

Volumg —»

AB — Isobaric process

BC — Isochoric process

CA — Isothermal compression
Total work = W,z + Wpo + Wy

=P x AV + 0+ 2.303 nRT log {%J
: 1

=-1x20x101.3+0
+2.303x2x8314xT log [;—(OJ (D

PV =nRT (At 4)
Ix20=2x00821xT
= 20
2x0.0821
Fromeq. (1),
Total work = — 2026 + 2.303 x 2 x 8.314 x 121.8 log 2
=-622.06)
W=qg=-622061
In cyclic process:
AU =0,AH =0and AS =0

=1218K

2y

1. Thermodynamies: 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 fo 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
defined 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.
(i) 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 made of one-phase only. A system

is said to be heterogeneous when it consists of two or more -

phases.

(¢) 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 heia;;f?;'surface tension, viscosity, melting and

SUMMARY AND IMPORTANT POINTS TO REMEMBER

boiling points, etc. (ii) Extensive properties are those whose
magnitude depends upon the quantity of matter present 1 de
system such as volume, total energy, enthalpy, entropy, etc. A

(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.

(¢) 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.

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

(i) Isothermal: Temperature remains fixed, ie, dT =0
This is achieved by placing the system in a thermostat.

(i) Adiabatic: When no exchange of heat occurs between
the system and surroundings, i.e., the system is thermally isolated
(dg = 0). |

(iii) Isobaric: Pressure remains constant throughout the
change, ie.,dP=0. ‘

(iv) Isochoric: Volume remains constant throughout the
change, ie, dV =0.
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(v) Cyclic: 'When a system undergoes a number of different
processes and finally returns to initial state, dE = 0and 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 finite 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
P, (V, =V,)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 the system =+ w

The unit of work is erg. It is very small. The bigger unit is
joule or kilojoule.

1 joule =107 ergs; 1kJ (kilojoule) =1000J -

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 Az is -

the temperature difference. The sign convention for heat is:
Heat gained by system=+ g
Heat lost by system==~g
The unit of heat is calorie (cal). Since, heat and work are
«strelated the SI unit of heat is joule.
1 joule = 0.2390cal
lcalorie=4.184J
Iy lkcal =4.184 kJ

lhtre atm=101.3 J=.1.013 x 10° 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 Itis
an extensive property. It is also a state property.

E=E transtational E rotational T E vrbratronal +E boudmg
+E electronic +..
The internal energy of a pamcular 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

another; i.e, AE = E, — E;. AE is +ve if E ; > E, and-negative if -

E ; < E;. AE does not depend on the path by which final state is
achieved. For a cyclic process, AE =0,
5. First law of thermodynamics: Energy can neither be
_ created nor destroyed but it can be converted from one form to
_another. -

The energy of the universe is constant.
OI. -

Total energy of an isolated system remains constant, though it -

may change from one form to another.

When heat energy (g )is given to a syster and work (w)is also
done on it, its energy increases from E, to £,.

Ez-E1+q+w or E,-E, or AE=g+w
~ In case heat energy (g)is given to a system and work (w)is
done by the system then

AE=gq+(-w)=q-w '

6. Enthalpy or heat content: -The quantity £+ PV is

known as enthalpy or heat content. It is denoted by H. It
represents the total energy stored in a system.

AE=q-P(Fy-V,) or E,-E =q- PV2+PV1
or (B, +Py¥y)-(E +PV)=¢ or Hy~H, =4
or AH=q ot AE+PAV=AH=gq,
when ¥, =V, ie, AV=0,AE=gq, '
' gy +AnRT = g, in the case of gases
where, An = total number of moles of products — total number

=g+w

- 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 = —

In the case of gases; = -

C,, (at constant volume) = (E)E) .
A aT )y

= Molar heat capacity at constant volume

and Cp (at constant‘pressure) = [a—ﬁi) -

o= Molar heat capamty at constant pressure
~Cy =R , ,
8. Isothermal expansron of an ideal gas:  The expansion

in an ideal gas at constant temperature can be done reversrbly or
irreversibly.

w = Work done by gas in revers1ble expansron
= —2303nRT log '2 = —2303nRT log 1L
- g= Heat absorbed fromsurroundings
| =—w=2303nRT log 12
" w= Work done by gas in irreversible expansion '
= ext (VZ )

Maximum work is done in reversible lsqthermal expansmn In
isothermal process, AE =0and AH=0.

Adiabatic expansion of an ideal gas q in the process is
zero, hence AE = w. Work is done by the gas during expansion at

the expense of internal energy. In expansion, AE decreases while
in.compression AE increases.

AE=w=Cy X AT
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The value of AT depends upon the process whether carried
reversibly or irreversibly. The following relat10nsh1ps are
followed by an ideal gas under adiabatic conditions:

PV ¥ =constant [ = —]

o) (BT _(R)
T, P, P
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 of a gas. The inversion
temperature of a gas depends upon the van der Waals’ constants
of a gas. It is expressed in terms of vap der Waals’ constants ‘a’
and ‘b’ as:
2a
Rb

10, Thermochemistry: It is concerned with heat changes
accompanying physical and chemical transformations. It is also
termed as chemical energetics. It is based on the first law of
thermodynamics. If E; and E, represent total enetgies associated
with reactants and products respectively, three ¢ases may arise:

Case I: £, = E,. Neither heat is evolved nor absorbed. Such
reactions are very rare.

Casell: E; > E,. The dlfference (£ -

evolved, i.e., heat is evolved.
Caselll: £, < E,. The difference (E2
absorbed, i.e., heat is absorbed.

11. Exothermic reactions:
evolution of heat

E, )of energy will be
— E, )of energy will be

Reactions which occur with

AH =—ve

H pro&uctsf <H reactants * ie , |
Endothermic reactions: Reactions which occur with
absorption of heat B
‘H products = H enctantss ie., AH =+ ve
Sign conventions q AE  AH
Exothermic ) &) )
Endothermic €] ) )

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 AH.

Enthalpy of reaction = X H =2 H tants

products

The factors which affect the magnitude of heat of reaction are :

(i) Physical state of reactants and products, (ii) Allotropic
forms of the elements (iii) Reaction carried at constant pressure
or constant volume (AH = AE + AnRT)(iv) Enthalpy of solution
(v) Temperature at which the reaction is carried out.

13. Heat of formation or enthalpy of formation: Itisthe
amount of heat evolved or absorbed when one gram mole of
substance is directly obtained from its constituent elements. It is
represented as AH ¢.

If all the substances of the chemical reaction are in their
standard states (i.e, at 25°Cor 298K and one atmospheric
pressure), the heat of reaction or formation is called standard heat
of reaction or formation respectively. These are denoted as AH°

or AH° respectlvely The enthalpies of free elements at standard

conditions are taken arbltrary as zero.

The compounds which have positive enthalpies of formation
are called endothermic compounds (less stable) and which have
negative “enthalpies of formation - are called exothermic
compounds (stable).

14. Heat of combustion or enthalpy of combustion: Itis
the amount of heat evolved when one mole of the substance is
completely oxidised. It has a number of applications:

(i) Determination of calorific values of foods and fuels.

(ii) Enthalpy of formation can be determined by appllcatlon

of Hess’s law.

(iif) 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 amount of
heat evolved when one gram equivalent of an acid is neutiatissd -
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
betweenH * and OH ~ ions. The heat of formation of water from
these ions is 13.7 keal.

. H' +OH —H,0; = —137keal

In the case of weak acids and weak bases, the heat of
neutralisation is always less than 13.7 kcal because some of the
evolved heat energy is utilised 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:

() Lavoisier and Laplace law:  The heat which is required
to break a compound into its elements is equal to the heat evolved
during its formation from its elements.

AH decomposition — AH f




480 G.R.B. PHYSICAL CHEMISTRY FOR COMPETITIONS

(ii) Hess’s law (the law of constant heat summation): Ifa
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 reactanis

— Sum of bond energies of pruducts]

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.,

=W +myxsx(l, -1})
where, W = Water equivalent of the calorimeter, sz = mass of the
liquid, s=its sp. heat, T, = final temperature and 7, = initial
temperature. o ;

23. Spontanecus process A process which proceeds of
its ewr accord without any outside help is termed spontaneous
process. All natural processes proceed spontaneously and are
thermodynanucally irreversible. ‘

Driving force: 1t 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.

(i1) Tendency to attain a state of maximum randomness.

- The disorder or randomness 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 AS.

AS = 9 reversible
T

where, g is the heat supplied at temperature 7.
AS =+ indicates increase in randomness whereas, AS = —
indicates the decrease in randomness.

A‘S=Sﬁnal -5

24, Freeenergy: Freeenergy change, AG, was introduced
by Gibbs. The Gibbs-Helmholtz equation is: ‘

AG=AH-TAS ot G=H-TS

initial*

and AG= Gproducts - Greactants

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 AG- indicates that the process 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 1o convey heat by a cyclic process
from a colder to a hotter body unless work is done on the machme
by some outside agency.

OI' .

Work can always be converted into heat but the conversion of
heat into work 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.

. . 7, -7,
Thermodynamic efficiency = W _nL-h
. ) q2 T,
The efficiency of a heat engine is always less than 1.

- 27. Third law of thermedynamics: The entropy of all
pure crystals is zero at the absolute zero of temperature.
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1. Matrlx—Matchmg Problems (For HT Aspirants)
[A] Match the List-I with List-II:

List-1 : List-IX
{a) ASsyswm >0 _(p) Spontaneous
{Isolated system)
(b) AG<0 (qQ) Non-spontaneous
photochemical reaction
(©) ASpyuy =0 (r) Equilibrium

d} (AG)pp >0 (s) Non-spontaneous
[B] Match the Column-I with Column-II:

Column-1 Column-11
(a) Isothermal process (p) W =2.3034RT log [i)
(reversible) 2

{b) Adiabatic process () PV Y =constant

Ay
© w="2,-1) © w=2303RTl0g|2
r—1 V1
(d) TImeversible isothermal () W =—F, (V, -
process o

[C] Match the physical propemes inList-1 with their relations
in List-I1:

[E] Match the reactions in Column—I with. relatmns of
Column -1I:

Column-I Column-II
(Reaction) (Relation)

() Hy(g)+ Cly(g) > 2HCl(g)  (p) AH = AU + RT
(b) N,(g)+ 0,(g)===2NO(g) (Q AH =AU
(©) Hy(g)+ L(g)==2HKg) () AH=AU - 2RT

(d) N,(g) + 3H,(g )= 2NH,(g) (s) Forward shift by
increasing pressure

{F] Match the processes of Column-I with entropy or enthalpy
changes in Column-II:

Column-{ ‘ Colnmn-ll ;
@ Ny(g)+0,(g)— 2NO(g) (p) AS =0
(b) 2KI(agq.)+ Hgl,(ag.) — (@9 AS <0

K,[Hgl }(ag.)
(©) PCly(g)+Cly(g)—>PCli(g) (1) AH >0
(d) NH,(g)+HCl(g)— NH4C1(s) (s) AH <0
[G] Match the List-Fivith List-IL:

List-1 List-II
List-1 List-I1 ‘(Reaction) - (Process)
{Quantity) {Relation) | -
() AG (p) —nFE or — nFE® @ C(s)+50,(g)—>CO(g)  (p) Combustion
(b) AG° (@ AH-TAS (b) CO(g)+ 1 0,(g) - CO,(g) (@) - Neutralization
© WorW,, () ~RT log, K , 2 ]
. v () NaOH{aq.)+ HCl{ag.)—>  (r) Process of
(d) AS°® (s) 2.303nR log,, [ ;/; } NaCl(aq.)+ H,0 formation
. 1
[D] Match the Column-I with Colump-II () Hy(g)+- Oz (g)— HZO( 1) (s) Reaction of apollo
Column-I Column-I1 fuel cell
(Gas) (Thermodynamic property) [H] Match the relations of Column-I with their names in
(@ O, (p) y=14 Column-1II:
7 Column-1 Column-11
b) N Cp==R -
( 2 @ ) (a) M;? ?H‘ = ACp (p) Trouton equation
(©) CO,,CH, o Bg 2mho
: 6 @ A=A _ e (@) Effect of temperature
(d) 1molO, +2mol O, (s) y=133 T; -4 on the heat of
Here: Cp = Heat capacity at constant pressure reaction
y=CplCy {c) A}; Bsion = AS fsion {r) Kirchhoff’s equation
mp
@ lim §-0 (s) Third law of
—0K

thermodynamics
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[11 Match the Column-I with Column-:

Column-I Column-II
(a) Amount of heat required (p) Specific heat X molar
to raise the temperature © mass

of 1 mol substance by

1°C
(b) AH or AU (q) Heat capacity = C,C or
AT AT Cy
(c) Heat evolved in the (r) Electron gain enthalpy
combustion of 1 gofa .
substance
{d) Heatevolved whenan (s) Calorific value
- exira electron is added to : '

valence shell of an
isolated gaseous atom

[J] Match the Column-I with Column-IT :

Column-1 Column-11

(@) AH =+ ve,AS =+ ve  (p) Spontancous at  all

temperature

(b) AH = —ve,AS =+ ve (g) Non-spontaneous at all
temperature

{(c)AH =+ ve, AS =—-ve (1) Non-spontaneous at high
temperature

(d)AH =—ve, AS =—ve  (s) Spontaneous  at

temperature

high

[A] (a—p); (b—p, ); (c—1); (d—s)

[B] (a—p, 1); (b—0q); (c—); (d—s)

[C1 (a—p,q); (b—p, 1); (c—P); (d—s)

[D] (a—p, q); (b—p, Q); (c—s); (d—1)

[E] (a—q); (b—q); (c—p); (d—r1, )

[F] (a—p,1); (b-—q, s); (c—1, 1); (d—0, 3)

[G] (a_'pa I’); (Fp)’ (C'——q); (d_“pa I, S)
[H] (a—q, 1); (b—q, 1); (c—p); (d—s)
(1 (@—p, Q; {b—p. g); {c—s); (d—1)

1 (@—s); (b—p); (c—q); (d—1)

® PRACTICE PROBLEMS ®

. Write ‘yes’ if heat, work or matter are able to cross the

boundary of the corresponding system and ‘no’ if passage is
forbidden:

Property  Open - Close Isolated Adiabatic
system system system system

Heat Yes/No  Yes’/No  Yes/No  Yes/No
Work Yes/No Yes/No Yes/No Yes/No
Matter  Yes/No  Yes/No  Yes/No  Yes/No

Which of the following are state functions?
HOWWEHHE+W (VO -W (VO (vD)Qp
{vil) Q— {viii) g~ {ix) AH X)YE+ PV () E - PV

/4 T T .
[Ans. - (iv), (v), (vi), (viiD), (i), (x).]

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

& 15+ A > B

E Ll

§1‘Z A ¥

86 .

0 D T C

c 3f z

T ool
12346586 7

V (litre) —»

5,

from the state 4 — B (ii) Work done in taking the gas from
B — C (iii) Work done in a complete cycle. (1 litre = 107 m®)
[Ans. (i) 60 x.10? J (ii) zero (iii) 36 X 10* J, i.e., net work is
done by the gas] :

A sample of a gas contracts 200 cm® 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 J)

[Ans. Energy of the system increases by 1.63 J]

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]

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. 37.5 litre-atm or 3801.75 1]

A sample of a gas expands from 200 cm? to 500 cm’ against an
average pressure of 750 torr while 1.5 J heat flows into the
system. What is the change in energy of the system?
(1 litre-atm = 101.3J)

[Ans. Energy of the system is decreased by 28517,
AE=-2857]

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

6 moles of an ideal gas expand isothermally and reversibly
from a volume of 1dm® to a volume of 10 dm® at 27°C. What
is the maximum work done? Express your answer in Joule
[Ans. - 34464.8 ], work is done by the system]

1 male of an ideal gas at 25° Cis allowed 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 Jor —411cal, i.e., work is done by the gas]
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]]

[Hint: Use w=-2.303 nRT log %]

2
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=831Jmol ' K™
[Ans. 1.728x10%7]
In isothermal process, AE = 0,
so g (heat absorbed) = — w. Thus, apply the equation

q=2303nRT log 1]

: b _

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. —gi =142
v
[Ans. T,=662.2K]
' Y (pY Y
[Hint: Apply the formula| =L | =| 2| ]
T B :

3 moles of hydrogen are compressed isothermally and
reversibly from 60 dm’ to 20 dm> and 8.22 kJ of work is done
on it. Assuming ideal behaviour, calculate the temperature of
the gas. ,

[Ans. 300 K]

To what pressure must a certain ideal gas (y=14)at 373K
and 1 atmospheric pressure be compressed adiabatically in
order to raise its temperature to 773 K?

[Ans. 7.89 atm]

1 mole of an ideal gas (C; =12.55 JK™ mol™) at 300 K is
compressed adiabatically and reversibly to one-fourth of its
original volume. What is the final temperature of the gas?
[Ans. 752K]

Calculate ¢, w, AE and AH for the reversible isothermal

expansion of 1 mole of ideal gas at 27° C from a volume of 10 '

dm’ to a volume of 20dm°.
[Ans. g=-w=1729]]

-Calculate the internal energy change for the process in which

1.0 kcal of heat is added to 1.2 litre of O, gas in a cylinder at
constant pressure of 1.0 atm and the volume changes to 1.5 litre.
[Ans.  0.993 keal]

19,

20,

21,

22,
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Calculate AE and AH when 10dm® of helium at NTP is heated
in a cylinder to 100° C, assuming that the gas behaves ideally.

(Cy =3/2R)
[Ans. AE =556.74]
AH =92791]] -
[Hint: AE=n-C,-AT and AH =n-Cp-AT
—lx x8314x100 =ix x 8.314 x 100
22.4 224 2
=556.74 J =927.917]

For the conversion of 1 mole- of SO,(g) into SO;(g) the
enthalpy of reaction at constant volume, AE, at 298 K is
—97.027 kJ. Calculate the enthalpy of reaction, AH , at constant
pressure
[Ans, =—-98.267 kJ]
[Hint: Use the reaction,

S0,(g) + 5 03(8) — 50(g), An=1-3 =71
The heat liberated on complete combustion of 7.8 g benzene is
327 kJ. This heat has been measured at constant volume and at
27°C. Calculate the heat of combustion of benzene at

constant pressure. (R = 8.3 JK mol™ ) (llT 1996)
[Ans. —3273.7 kJ mol™']

.1 mole of naphthalene (C,,Hg) 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=83JK"! mol™)

[Ans. 5143.8k]]

[Hint: Water is present in liquid state at 25° C and naphthalene
in solid state.]

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 = 8.3JK ! mol )
[Ans, -7334 k]|
The heat change for the reaction,
N,(g)+ 3H,(g) — 2NH3(g)
1s — 92.2 kJ. Calculate the heat of formation of ammonia.
[AnS. —46.1 kJ mol™']
AH° for the reaction,
45(s) + 60,(g) — 4504(g)
is —1583.2 kJ. Calculate AH rof sulphur trioxide.
[Ans. —395.8kJ]
Calculate the heat change in the reaction,
4NH;(g )+ 30,(g) — 2N,(g) + 6H,0(])
at 298 K given that heats of formation at.298 K for NH;(g)
and H,O(/ ) are - 46.0 and — 286.0 kJ mol ™! respectively.
[AnS., AH° =-1532kJ]
Calculate the heat of combustion of 1 mole of C;H,(g) to

form CO,(g) and H,O(g) at 398 K and 1 atmosphere, given
that the heats of formation of CO,(g), H,O(g)and C,H,(g)
are —94.1, — 57.8 and + 12.5 keal mol™! respectively.
[Ans. - 316.3 keal]
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The heats of combustion of CH, (g ) and C,H(g) are —890.3
and — 1560 kJ mol™ respectively. Which has higher calorific
value?

[Ans. Methane has higher calorific value.]

The heat of combustion of butane is 2880 kJ mol™'. What is
the heat liberated by burning 1 kg of butane in excess of
oxygen supply?

[Ans. 49655 kJ]

The heat of formation of CH,(g ), C,H,(g)and C,H,;(g)are
~ 74,8, —84.7 and - 126.1 kJ mol ™' respectively. Arrange them
in order of their efficiency as fuel per gram. Heats of
formation of CO,(g) and H,0(/) are — 393.5 and - 285.8 kJ
mol ™! respectively.

[Ans. CH,> C,Hy > CH,q]

[Hint: First determine heat of combustion in each case and then
find the calorific value.]

The heat of combustion .of carbon to CO,(g) is
~393.5kImol™. Calculate the heat released upon formation

of 35.2 g of CO,(g ) from carbon and oxygen gas.
[Ans, -315k]]

Calculate AH ;. of CgH,,04 (s) from the following data:

AH oy, of CgHO04(s) =~ 2816 kI mol™', AH of CO,(g)

==393.5k) mol™" and AH [ 4 0, = — 285.9 kI mol ™",

[Ans. -1260 kJ mol™!]
Calculate the amount of heat released when:

(i) 100 mL of 0.2 M HCI solution is mixed with 50 mL of 0.2

M KOH.

(i) 200 mL of 0.1 M H,80, is mixed with 200 mL of 02 M

KOH solution.
[Ans. (i) 0.57k) (i) 2.18 kJ]
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 of HCl is 57.1 kJ.
[Ans. 1M]
Determine the enthalpy of the reaction,

CHg(g)+ Hy(g) — CGHq(g) + CHy(g)

at 25°C, using the given heat of combustion values under
standard conditions.

H,(g) CH,(g) C,Hy(g) C (graphite)
AHP (K mol™) —285.8 -890.0 -1560.0 —393.5

The standard heat of formation of C;Hy (g )is — 103.8 kJ mol ™.

(117 1992)

[Ans, - 55.7 k]
(Hint: H,(g)+ % 0,(g) — H,0; (AH =-2858k]) ..(0)
CH,(g) + 20,(g) — CO,(g) + 2H,0; i)
(AH =-890.0 kJ)
CoHg(g) + % 0,(g) — 2C0O,{g) + 3H,0; (i)
, (AH =~1562.0 kJ)
C+ 04(g) — CO,(g); (AH =-3935KJ) ..(iv)

3C + 4H,(g) —> C3H{g); (AH =-103.8kJ) ..(v}
Muitiplying eq. (i) by 5 and eq. (iv) by 3 and adding both the

-equations and subtracting eqs. (i1), (iii) and (v}.]
. 4

36.

37.
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The standard enthalpy of combustion at 25°C of hydrogen,
cyclohexene (C¢H,,) and cyclohexane (CiH,,) are — 241,
— 3800and — 3920 kJ mol™! respectively. Calculate the heat of
hydrogenation of cyclohexene. [ISHM (Dhanbad) 1992]

[Ans. -121kJmol™}]
[Hint: A
Hyg) +  0x(g) — H0(); @)
(AH =-241kJ mol™)
CeHlio(g) Y Oa(g) — 6C0O,(g) + SH,0(g); (i)

(AH =~ 3800 kJ mor")
CeH 2(2) + 90,(g) — 6CO,(g) + 6H,0(g); (i)
(AH =~ 3920 kJ mol™)
Adding egs. (i) and (ii} and subtracting eq. (iii),
CeH y(8) + Hy(g) — CH 5 (s);
AH =-241- 3800 - (-3920)=—121 kJ mol ™! ]
From the following data of heats of combustion, find the heat
of formation of CH, OH(7):

CH,0H(1) + % 0,(g) —> €O, (g) + 2H,0(!);

AH =~726Kk]
C(s)+02(g)-——->C02(g), AH =-394KJ
Hz(g)+ Oz(g)——>H20(l), AH = -286Kk]

: ’ : {BIT (Ranchi) 1991}
[Ans. '-'~240 kJ mol“l]
Calculate the heat,of formation of methane, given that
heat of formation of water = — 286 kJ mol™
heat of commbustion of methane = — 890 kJ mol ™
heat of combustlon of carbon = - 393.5 kI mol™
, {1SM (Dhasnbad) 1993
755 kJ mol™]
Calculate the standard heat of formation of C,Hg

(naphthalene}) if standard heat of combustion of naphthalene is
~1231.0 kcal at 298 K and standard heat of formation of
CO,(g) and H,O(!) are ~94.0 kcal and - 684 kecal
respectively.

[Ans. 17.4 keal]

The beat of combustion of liquid ethanol is — 327.0 kcal.
Calculate the heat of formation of ethanol, given that the heats
of formation of CO, (g Yand H,O(/)are — 94.0 kcal and — 68.4
keal respectively.

- 66.2 keal]
Calculate heat of formation of cane sugar from following data:

- Hy(g)+ 5 0,(g) —> H,0(g); AH = - 684 keal

C(g)+ 0,(g) — CO,(g); AH =— 944 keal
CizHy 014 (5) +120,(g) — 12C0, (g) + 1TH, 00);
AH = -1350.0 keal
[Ans. - 535.2 keal] _
The heats of formation of CgH,(7), H,O() and CO,(g) are

11.70, — 68.4 and — 94.0 kcal respectively. Calculate the heat
of combustion of benzene (7).
[Ans. -~780.9 kcal]
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[Hint: CH (1) + g 0,(g) —> 6CO,(g) + 3H,0(1); AH =?

AH =6 X AH co,) + 3% AHy uy0) = Ay (g |
Calculate the heat of hydrogenation of C,H, to C,H,.

H,(g)+ % 0,(g)— H,0(!); AH =-6832kcal

Gt (g) + 2 0 (g) —— 200,(g) + H,00);

AH = -310.61 keal
CH,(g)+30,(g) — 2C0,(g) + 2H,0(D);
AH = - 337.32 keal

[Ans. -41.61kcal]
Calculate the heat of hydrogenation,
G H,(g) + Hy(g) — CHy(g)

given that, the heat of combustion of ethylene, hydrogen and
cthane are — 337.0, — 68.4 and ~ 373.0kcal respectively.
[Ans. =324 kcal] _
If the heat of formation of Al,0,(s)and Cr,0;(s)are 1596 kJ
and 1134 kJ (both exothermic) respectively. Calculate AH of
the thermite reaction.
Cry05(5) + 2Al(s) — 2Cr(s) + Al 05 (s)

[Ans. —-462Kk]]
Calculate the enthalpy of transition of rhombic sulphur to
monoclinic sulphur from the following data:

Siehombicy T 02(8) — S0,(g);

Stmonociivicy T 02(8) — 80,(g);
[Ans. +2.4kJ]
Calculate AH for the reaction,

H,y(g)+ 4 0,(g) — H,0(g)
given that bond energies of H—H and O= O bond and O—H
bond are 433 kJ mol™", 492 kJ mol™* and 464 kJ mol™'.
[Ans. —249kJ]
Using the bond enthalpy data, calculate AH of the following
reaction: ‘
2CL(g) + 2H,0(g) —> 4HCl(g) + O,(g)
given that, bond energies of CI—Cl, H—Cl, 0—H and 0=0
are 242.8, 431.8, 464 and 442 kJ mol™! respectively.
[Ans. 172.4kJ mol™]
Calculate the enthalpy of the reaction,

Sn0,(s)+ 2H,(g ) —> Sn(s)+ 2H,0(/)

given that, enthalpy of formation of SnQO,(s) and H,O(7) are
— 580.7kJ and ~ 285.8 kJ respectively.
[Ans. +9.1kJ]

AH =-29715k]
AH =-2999k]

50. Calculate the enthalpy change for the reaction,

H,(g)+ Cl(g)— 2HCl(g)

given that, bond energies of H—H, CI—Cl and H—CI are
436, 243 and 432 kJ mol ™.
[Ans. —185kJ mol™]

51.

52.

53.

54,

58,

56.

57.

Use the bond energy data and calculate the enthalpy change
for: ‘
H

1
2C(g) + 2H(g )+ 2C (g ) —> H— C—Cl

Cl

The bond energies of C—H and C-—Cl are 413 and 328 kJ
mol ™" respectively.
[Ans. —1482kJ mol™]
Calculate the heat of formation of ammonia from the
following data:

N,(g)+ 3H,(g) —> 2NH;(g)
The bond energies of N==N, H— Hand N— H bonds are
226, 104 and 93 keal respectively.
[Ans. -10 keal]
Use the following bond dissociation energies to compute the
C—H bond energy in methane:

AH = 475 kI mol™

(i) CH,(g)— CHy(g)+ H(g);
(i) CH,(g)— CH,(g)+H(g); AH =470k] rpol'l
(iii) CH,(g)—> CH(g) +H(g); AH =416kJmol™

(iv) CH(g)— C(g) +H(g); AH =335kImol™

[Ans. 424 kJmol™]
Calculate AH ; for chloride ion from the following data:

-:15 Hy(g)+ % Cl,(g) —> HCl(g); AH =—92.4%J mol”

HCl(g ) + nH,0 —s H* (ag) + CI" (aq.);
AH = - 74.8kJ mol™

s]

AH ,= 0.0k mol™!

7 (1% aq. (I 14992,

[Hint: Required equation is
Y Cly(g) + nH,0 — Cl* (aq.); AH =?
Adding both equations.
5 Hyg) + ¥, Clyg) + nH,0 — H (ag.) + CI (ag.);
AH =-1672
Y, Hy(g) — H' (aq); AH =0

So, % Cly(g) + nH,0 — Cl (ag.); AH =-167.2kJ mol™ ]
The heat of ionisation of formic acid is 1.5 kJ/mol. 92 g
formic acid on reaction with 7 g ammonium hydroxide gives
10.8 kJ of heat. Calculate the heat of ionisation of ammonium
hydroxide. (1cal =4.2 J)
[Ans. 2.04 kI/mol] ,
Assuming that 50% of the heat of useful, how many kg of
water at 15°Ccan be heated to 95.0° Cby burning 200 litre of
methane measured at NTP? The heat of combustion of
methane is 211 keal mol ™.
[Ans. 11.76kg]
The standard potential for the reaction,

Ag*(ag.)+ Fe?* (ag.) — Fe** (ag.) + Ag(s)
is 0.028 V. What is the standard free energy change for this
reaction? :
[Ans. - 2.702kJ mol™]
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Calculate the theoretical maximum efficiency of a heat engine

-operating between 373 K and 173 K.
[Ans.

0.536 or 53.6%) .
The standard free energy of formation in the gaseous state of
methanol, dimethy! 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;0H — CH;0CH; + H,0
AG* for the transformation

=2 AG(pmducts) ~-Z AG(rea(;tanls)

= ~ ve (the transformation is possible)]
Ethanol boils at 78.4° Cand standard enthalpy of vaporization

of ethanol is 42.4 kJ mol™'. Calculate the entropy of
vaporization of ethanol.

[Ans. 12093 K7 mol™

The following data is known about the melting of KCl:
AH =725k) mol™ and AS =+ 0.007 T K" mol™

Calculate its melting point. '

[Ans. 1035.7K]

[Hint: Atmelting point AG = 0)

For the reaction,

N 1
Ag,0+— 2Ag(s) + 3 0:(8)

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.
(AH = +30.56kJ and AS =+ 0.066kJK™' mol™ at one
atmosphere)
[Hint: Calculate 7 by applying the formula

) AG=AH -TAS and AG =0.
Then find the value of AG at lower temperature than 7. The value of
AG comes positive; hence, the reverse reaction will be favoured. At

[Hint:

- temperature higher than 7', the reaction is spontaneous.]

Calculate the boiling point of the liquid if its entropy of
vaporization is 110 JK™' mol™ and the enthalpy of
vaporization is 40.85 kJ mol™".

fAns., 371.36K]

Using S° values, calculate the entropy of the reaction,

50,(g) + O(g)——>50s(g)

The S° values for 80,,0, and SO; are 248.5, 205.0 and 256.2
JEK™ mol™.

TAns. =-942JK " mol™]

[Hiﬂt: AS[eaction =Z Sproducts -z Sreactants]

. Calculate the entropy change for the following reaction:

Caf0,(s) — CaO(s) + CO,(g)
S° 929 397 21361K7 mol™
[Ans. +1%047 & ol
Compute the va- :- of AS at 298 K for the reaction,
Hy(g)+ 40,(g)—> H,0(g)
given that, AG =~ 228.6 kland AH = —241.8 kl.
[Ans —-4433K™

67.
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" 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. 1481]]

At 300 K, the standard enthalpies of formation of
C4H;COOH(s), CO, (g )and H,0O(]) are ~408, 393 and —286
kJ mol™ respectively. Calculate the heat of combustion of
benzoic acid at (i) constant pressure and (ii) constant volume.
(R =831Tmol 'K ™)

(11T 1995)
[Ans. () AH =—3201kJ mol™;
(ii) AE =—3199.75 kJ mol ]
For the reaction,
Br,(/}+ Cly(g) — 2BrCl(g)
AH =2937kITmol™ and AS =104 JK™ mol™'. Find the

temperature above which the reaction would become
spontaneous.
[Ans. - Above 282.4K]
For the synthesis of ammonia,

N,(g)+ 3H,(g) — 2NH,(g)
Calculate AH®, AS° and AG® at 300 K using the following
data:

Species ‘ N, H, NH,
AH / (Imol™) g 0 - 462
8°/(TK ™ mol ") 191.5 130.6 192.5

AHO =~924 kI mol™, AS°=-1983JK " mol™
AG® =—32.91k) mol™]

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 TK ™' mol™.

[Ans. 6142.217]

Calculate the standard free energy change for the combustion
of glucose at 298 K, using the given data.
C4H,, 04 + 60, —— 6CO, + 6H,0
AH® = -2820kI mol ™!, AS® =210 JK ™" mol™.
[Ans. AG® =~ 2882.58 k) mol™]
The specific heat at constant volume for a gas is 0.075 cal/g
and at constant pressure it is 0.125 cal/g. Calculate:

(i) the molecular weight of gas,
(ii) atomicity of gas.

[Ans.

[Hint: () Cp -Cp = -;—2— where, M = molecular weight of gas

0.125-0.075 = 1.987
M
M=3974=40
" C
(i) ~F=y
CV
= 0125 1.66
0.075

1.66 value of y shows that the gas is monoatomic.)
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74, The polymerisation of ethylene to linear polyethylene is
represented by the reaction, ;
nCH, == CH, — - CH,— CH,-);
where, n has a large integral valug. Given that the average
enthalpies of bond dissociation for C == Cand C—C at 298 K
are  +590and + 331kJ mol™ regpectively, calculate the
enthalpy of polymerisation per mole of ethylene at 298 K.
: ; (11T 1994)
[Hint: »CH,==CH, —> - CH,— CH,3-
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 + YC—= Cbonds.
Enthalpy of polymerisation
=nAH o —Q2n+ DAH ¢ ¢
=590n — (2n+ D331

= 590n - 662n [2n 41— 2nas nis very large]
=~ T72nkl]
Enthalpy of polymerisation per mole
A g mol™]
H n :

75. An athlete is given 100 g of glucose (C4H,,0;) of energy
equivalent to 1560 kJ. He utilises 50% of this gained energy 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 ™.

[Hint: Unused energy = 2262 =780k \
o 780 .
Mass of water needed for perspiration = 18 x w =318.96 g]

76. Calculate the entropy of ideal mixing when 2 moles of N,, 3
moles of H, and 2 moles of NH; are mixed at constant
temperature, assuming no chemical reaction is occurring.
[Ans. 62.80JK™"]

[Hint: Use the relation,

AS =—RZ n; log, x;
when »; = no. of moles of component

x; =mole fraction of the component]
77, Calculate free energy change for the reaction:

H;(g)+ Cly(g)— 2H—Cl(g)
by using the bond energy and entropy data.
Bond energies of H—H, Cl—Cl and H—Cl bonds are 435 kJ
mol™', 240 kJ mol™" and 430 kJ mol ™" respectively. Standard

entropies of H,, Cl, and HC!I are 130.59, 222.95 and 186.68

TK ™" mol™ respectively.
[Ans. 1909kJ]
[Hint: AG® can be calculated by using:
AG® = AH® - TAS®
AH® =% (BE)reactams -Z (BE)products
=435+ 240 -2 x430=-185kJ
ASC =1 Sproducts -ZS :eactants
=2 X 186.68 — 130.59 — 222.95
=19.82TK™" =19.82x 107 kJ K™
AG® = AH® - TAS®
=-185-298 % 19.82 x 107> = -190.9 kJ]

o

78. For the reaction,
4C (graphite) + 5H, (g ) — nCHy,(g);
AH® = —124.73 kJ mol™*

AS® =~-3658T K" mol™
4C (graphite) + SH, (g ) —— iso-C4H o (g)
AH® = =131.6 kJ mol™

AS° =-381.079 I K" mol™

Indicate’ whether normal butane can be spontaneously
converted to iso-butane or not.

[Ans. Yes, AG® =-232k]]
[Hint: FornCH,,,
AG® = AH® - TAS®
=-124.73 - 298(-365.8 x 107°) = ~15.72 KJ
For iso-butane (iso-C‘iHlb),
AG® =-131.6 ~ 298(~ 381.079 x 107°)
=-18.04 kJ
For conversion of nCHy — is0-CjH,,
AG® =—18.04 ~ (-15.72) =-2.32KkJ
Negative value shows that the process is spontaneous.]

79, ‘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

=IXtXV =32%x27x12=10368]
Calorimeter constant (ms) can be calculated as,

q=ms M
1036.8 = ms x 1.617
ms = 641.187 kJ]

80. 1 mole of an ideal gas is allowed to expand isothermally at
27°C until its volume is tripled. Calculate AS, and AS .,
under the following conditions:

(a) the expansion is carried out reversibly.
(b) the expansion is a free expansion.
[Ans. (a) AS,=9.135JK" mol™
ASy ==9.135 JK™" mol™
AS e =0
(b) AS iy = AS =9.135 1K' mol™]
[Hint: (a) In isothermal reversible process:
- j?‘.’e\f’
== |
V)
g=—-W =2303RT log—=
Vl

=2303x 8314 x300log3=274061] mol™
Gy _ 27406

system T T - 30

ASqe = =ASy e ==9.135 7K™ mol™
ASyny =0
(b) In case of free expansion:

AS .

AS

=9135J K" mol™

AS =2.303nR log (-I;—Z} =9.135J K mol™
. A ¢ X
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81. One kilogram water at 0° Cis brought into contact with a heat

82.
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AS iy =ASy, =9.135 K™ mol™!

AS g = 0]

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.

[Ams.
(d) spontaneous]

[Hint: (a) AS=2303nCp log [%—)
. 1

1000 i8log (373) 312 cal K
273

= 2,303 X —— X
18

AQ
(0) ASresrvoic ==~

AQ = ms At =1000 x 1 x 100 = 10° cal

AS —-—-10——~-26&1 cal K!
373

(©) AS e = 312—268.1= 439 cal K™
(d) AS > 0, the process will be spontaneous.]

A monoatomic ideal gas of two moles is taken through a cyclic
process starting from A as shown in figure. The volume ratios

Vg
are -£ = 2 and V’” = 4. If the temperature T, at 4 is 27°C.
A A
Calculate:
Vo D .3 c
T A v A
V- B
Va -
Ta Ts
Temp —»

(a) the temperature of gas at B.
{b) heat absorbed or evolved in each process.
(c) total work done in cyclic process.

[Hint: 4 — B: (Itis isobaric process).
Vi Vs
T, Tz
Ty = V8 %7, =2 % 300= 600 K
V
4
qup =nCp AT:2>&-§R AT
=2x§>< 2 x 300 = 3000 cal
- £ (Isothermal process)
AU =0

(a) 312 cal K™}, (b) —268.1 cal K™}, (c) 43.9 cal K}

83.

84.

85.

86.

_ [Ans,

gpc =W = 2303 nRT log {ﬁ)
. VB

~=2.303x2x2><60010g;—

=1.663 X 10° cal

{Isochoric process)

qcp =nCy AT =2x-§x2(—300)=-1800 cal

C — D:

D —A4: (Isomelizal process)

4ps = 2.303“RTA log}“/‘A—
VD

=2.303><2x2x300|og:1—

=~1.663 x 10° cal
Total heat change = 3000 + 1.663 x 10° - 1800 - 1.663 x 10°
= 1200 cal
Work done = — 1200 cal]
The reaction, SOCl, + H,0 — SO, + 2HCl 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.

[Ams. AS° =0.3362kJK™']
[Hint: Exoergonic means AG® = — ve.
AG°® =~508kJ,
AH® =494 kJ
Substitute these vahies in AG° = AH® — TAS® to calculate entropy.
AH® - AG® 494 — (-50.8)
AS°® = =
T 298
=03362kIK™']

What amount of ice will remain when 32 g ice is added to
100 g of water at 40° C?

Specific heat of water is 1 cal/g and latent heat of fusion of ice
is 80 cal/g.

2 gice]
[Hint: At the stage of thermal ethbnum at0°C,
Heat lost by water = Heat absorbed by ice to melt.
ms AT =mL
100 x 1 x40 =m x 80
m=50g
Remaining ice = 52 ~ 50 =2 g}
Calculate the AH} of CgH;,04(s) from the following data:

AH gy, [CgHy3 06 (5)] = = 2816 kI / mol
AH; of CO,(g)=—393.5kJ/ mol

AH; 'of HyO(1) = - 285.9 k} mol [BCECE 2006]

[Ams. 1260 ki/mol]
A liquid freezes into solid (AH = — 500 J mol‘l yat 100 K and
1 atm, Find the values of:
(i) Gibbs free encrgy change
(ii) entropy change.
[Hint: Liguid <= Solid

(i) AG =0, at equilibrium

AH =500

i)AS = — =" = -
@ T 100

[CBSE (Mains) 2006]

51K mol™]
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Set-1: Questions with single correct answer

. Thermodynainics is concerned with:

(a) total energy of a system

{b) energy changes in a system

(c) rate of a chemical change

(d) mass changes in nuclear reactions

An isolated system is that system in which:

[PET (MP) 1993]

(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

Identify the intensive property from the following:

(a) volume . (b) mass

(c) enthalpy {d) temperature

- Which one of the following is an extensive property?

[Comed (Karnataka) 2008]

(a) Enthalpy (b) Concentration

{c) Density (d) Viscosity

For an adiabatic process, which of the following relations is

correct? . (CPMT 1998)

(@ AE=0 () PAV=0(c) ¢g=0 dg=+w

Which one is true from the following for isobaric process ?
[CET (Gujarat) 7008]

(@) AP =0 ®) Ag=0

()AH=0 (dAE=0

. For an ideal gas, the value of [-ﬂ-@} is:

Vir [PET (MP) 1993|
(a). positive (b) zero
(c) negative (d) interchangeable
A process, in which pressure remains constant, is called:
(a) isochoric process {b) isothermal process
{c) adiabatic process (d) isobaric process
A process in which volume remains constant, is called:
(a) isochoric process (b) isothermal process
(c) adiabatic process (d) isobaric process
For a cyclic process, the condition is:
(a) AE=0 (by AH=0
(c) AE >0and AH >0 (d) both AE=0and AH =0
Which one of the following is a state property?
(a) Heat (b) Work
{c) Internal energy (d) Potential energy
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
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OBJECTIVE QUESTIONS

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
Thermodynamic equilibrium involves: [CET (Pb.} 19511
(a) chemical equilibrium (b) thermal equilibrium
{c) mechanical equilibrium (d) all the three
For the reaction of one mole zinc dust with one mole sulphuric
acid in a bomb calorimeter, AU and w correspond to:
(ATIMS 2005)
(a) AU<O,w=0 (b) AU<O,w<0
(©) AU>0,w=0 (d) AU>0,w>0
[Hint: In bomb calorimeter, w = 0, AU = g(~ve}]
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? [EAMCET (Engg.) 2016]
(a) 60 (b) 40 (c) 50 {d) 10
During an isothermal expansion of an ideal gas, its:
o (CBSE 1991)
(a) internal energy increases
(b) enthalpy decreases
{c) enthalpy remains unaffected
(d) enthalpy reduces to zero
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:
[CMC (Vellore} 1991}

(a) 2.303x 8.31x 10 x 298 log 2

(b) 2.303x 0.0821x 2981og 2 .

{c) 2.303% 0.0821x 298 log 0.5

(d) 2.303%x2x2981log 2 -

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

Adiabatic reversible expansion of a gas is represented by:

o) -G wEH

¥ P 1-1
(c) [T ] = [f} (d) all are correct
2 1

Total energy change for a reversible isothermal cycle is:

(a) always positive (b) zero

{c) always negative (d) always 100 kJ per degree
“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 thermodynamics

{c) Kirchhoff’s law

(d) second law of thermodynamics

The heat content of the system is called:

(a) internal energy (b) enthalpy

(c) free energy (d) entropy

If one mole of ammonia and one mole of hydrogen chloride

are mixed in a closed container to form ammonium chloride -

gas, then :

(a) AH < AU
() AH > AU
(©) AH = AU
{d) there is no relationship between AH and AU

An exothermic 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

In endothermic reactions, the reactants:

{a) have more energy than products

(b) have as much energy as the products

(c) are at lower temperature than products

{d) have less energy than the products

Identify the reaction in which the heat liberated corresponds to
the heat of formation (AH ): (EAMCET 2006)
(a) C (diamond) + O,(g) — CO,{g) + heat

(b) 2H,(g) + O,(g) — 2H,0(g) + heat

{c) C (diamond) + 2H,(g) — CH,{g ) + heat

{d) S (rhombic) + 0,(g)— SO,(g) + heat

In an exothermic reaction, AH is:

(a) positive (b) negative

(c) zero {d) may be positive or negative
Evaporation of water is:

(a) a process in which neither heat is evolved nor absorbed
(b) a process accompanied by chemical reaction

(c) an exothermic change

(d) an endothermic change

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

If total enthalpy of reactants and products is Hy and Hp
respectively, then for exothermic reaction:

(a) Hy =H, (by Hy < Hp

(¢) Hy > Hp (d) Hy ~Hp =0

Calculate the work done when 1 mol of an ideal gas is
compressed reversibly from 1 bar to 4 bar at a constant

(KCET 2008)

temperature of 300 K : (DPMT 2009)
(a) 4.01 kJ (b) -8.02kJ
(c) 18.02kJ (d) —14.01 k7

[Hint : w= 2303 nRTldg{%)
’ i

=2303x1x8314 X 30010g-?—
=345831=3.458k]]
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Under which of the following conditions is the relation,
AH = AE + P AV valid for a closed system?

(a) Constant pressure

(b) Constant temperature

{¢) Constant temperature and pressure

(d) Constant temperature, pressure and composition
Which of the following 1s an endothermic reaction?

(a) 2Hy(g)+ Oy(g) — 2H,0())

(b) Ny(g)+ O5(g)— 2NO(g)

(c) NaOH(ag.)+ HCl{(ag.) —> NaCl(ag.)+ H,O(])
(d) C;H;OH(aq.)+ 30,(g ) —> 2CO,(g )+ 3H,0())

Which of the following reactions is endothermic?:

{a) CaCOsy(s)——> CaO(s) + CO,(g)

{b) Fe(s)+ S(s)——> FeS{(s)

{c) NaOH{ag.) + HCl(ag.) —> NaCl{aqg.) + H,0(])

(d) CHy(g) +20,(g) — CO,(g) + 2H,0(!)

The formation of water from H,(g) and O,(g) is an

exothermic process because: : ’

(a) the chemical energy of H, (g )and O, {g )is more than that

of water ‘

(b) the chemical energy of H, (g ) and O, (g )1s less than that
of water

(c) the temperature of H, (g yand O, (g ) is higher than that of
water

(d) the temperature of H,(g ) and O,(g ) is lower than that of
water :

Which one of the following reactions is an exothermic

reaction?

(a) CaCO;(s) — CaO(s) + COy(g)

(b) Ny(g)+ 0,(g)— 2NO(g)

(c) 2HgO(s) ——> 2Hg(s) + O,(g)

(d) Cs)+ 0y(g) — CO,(g)

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 endothermic

(d) 1t tells about the allotropic form (if any) of the reactants

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

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

The value of AH ~ AU for the following reaction at 27°C will
be:

2NH;(g) — Ny(g) + 3H,(g)

[AMU (Medical) 2007]
(b) 8314 x 300 x (- 2)
(d) 8314 x 300 2

(a) 8314 % 273X (= 2)
() 8.314 X273%x2



42, Since, the enthalpy of the elements in their standard states is
taken to be zero, the heat of formation (AH ) of compounds:
(a) is always negative (b) is always positive
(c) iszero (d) may be positive or negative

43. The difference between heats of reaction at constant pressure
and constant volume for the reaction,
2CH (1) +150,(g ) — 12CO, (g ) + 6H,0(})at 25°Cin
k] is: (HT 1991)
(a) +7.43 (b) +3.72 {c) ~7.43 {d) -3.72

44. For a gaseous reaction, 4 (g)+3B (g)— 3C (g)+3D (g),
AE is 17 keal at 27°C. Assuming R = 2cal K™ mol™, the
value of AH for the above reaction is:
(ay 15.8 keal (b) 18.2 kcal
{¢) 20.0 kcal (d) 164 keal

45. Which of the following statements is correct for the reaction,

CO(g)+ % 0,(g) — CO,(g)at constant temperature and

pressure?
(a) AH = AE (b) AH < AE
(¢) AH > AE {d) None of these
46. For the reaction, Ag,0(s) — 2Ag(s} + % 0O, (g ) which one
of the following is true?
{a) AH = AE (b) AH < AE
(c) AH > AE (d) AH:—;ME
47. Thermochemistry 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 AH = AU? JCBSE (Med.) 2006]

(a) Hy(g)+ Bry(g)— ZHBr(g)
(b) C(s)+2H,0(g) — 2H,(g) + CO,(g)
(¢) PCls(g)— PCly(g) + Cly(g)
() 2C0(g) + 0,(g) —> 2CO,(g) |
49. The enthalpy change in the reaction, 2CO + O, — 2CO, is
termed as:
(a) enthalpy of reaction (b) enthalpy of fusion
(¢) enthalpy of formation  (d) enthalpy of combustion

50. Reaction, H,(g)+ L(g)— 2HL;, AH =12.40 kcal
According to this, heat of formation of HI will be:
[PET (MP) 1994}
(a) 12.40 kcal (b) —12.4 keal
(c) ~ 6.20 keal {d) 6.20 kcal
81. For the reactions,
(@) Hy(g)+ Cly(g)=2HCl(g) + x kJ
(ii) H(g)+ Cl(g)=2HCI(/) + y kJ
which one of the following statements is correct?
[PET (MP) 2007
(@ x>y ) x<y ()x—y=0Wx=y
§2. For the reactions, :
(i) Ho(g)+ Cly(g)=2HCl(g) +x kJ
(ii) 2HCI(g)=H,(g)+ Cly(g)~ y kI
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which one of the following statements is correct?
(&) x-y>0 b)) x-y<0

€y x-y=90 (d) None of these
According to the equation,

15
CeHy () + EOz(g) —> 6CO, (g )+ 3H,0();

AH =~ 3264.4 kJ mol™"

the energy evolved when 7.8 g benzene is burnt in air will be:

[PET (MP) 1990}
{a) 163.22 k] (b) 32.64kJ (c) 3.264k] (d) 3264KJ
AH e AH o) AHp gy and AH [ (5) denote the enthalpies of
formation of x, y, R and § respectively. The enthalpy of the

_reaction, x + y——> R+ § is given by:

(@) AHp o + AH ()

(b) AHp gy + AH ()

(€) AHpq + AHp () ~ AHy gy = AH sy
(d) AHp @)+ AHy 5y = AHp gy = AHp ()

The enthalpy change for the reaction,

CoH,(g)+ 30,(g ) — 2C0, (g ) + 2H,0(g ) is called:
(a) enthalpy of formation  (b) enthalpy of combustion

() enthalpy of vaporisation (d) enthalpy of sublimation

The heat of combustion of methane is —880 kJ mol ™. If 3.2 g
of methane is bumt .......... of heat is evolved.
(a) 88kJ (by 264k (c) 176 kI (d) 440kJ
The enthalpy change for the reaction,
2C graphitey + 3Ha(g) — CyH(g)
is called:
(a) enthalpy of formation (b) enthalpy of combustion
(c¢) enthalpy of hydrogenation (d) enthalpy of vaporisation
The enthalpy of formation of water from hydrogen and
oxygen is — 286.0 kJ mol™'. The enthalpy of decomposition of
water into hydrogen and oxygen is ...... kJ mol ™
(1) —286.0 (b) —143.0 (c) 286.0 (@) 143.0
The heat of combustion of Cgpypiyey 15 —393.5 kJ mgl’]. The
heat of formation of CO, from graphite is ..... kJ mol™:
{a) 393.5 (b) -393.5 {c¢) -787.0 (d) 787.0
The enthalpies of formation of organic compounds are
conveniently determined from their:
(a) boiling points
(b) melting peints
(c) enthalpies of neutralization
(d) enthalpies of combustion
AH combustion of a compound is always:
(a) positive  (b) negative (¢) zero (d) uncertain
The apparatus used for measuring the heat changes of a
reaction is called:
(a) athermometer (b} a colorimeter
(¢} a calorimeter (d) none of these
The heat of neutralization of any strong acid and strong base is
always constant and AH = — 57.3 k. This is because:
‘ [Comed (Karnataka) 2008]
(a) both the acid and base undergo complete ionization.
(b) during neutralization, salt and water are formed.
(c) | mole of water is formed from H" and OH " ions.
(d) the reaction is exothermic.
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The enthalpy of neutralization of oxalic acid by a strong base
is -25.4k cal mol™. The enthalpy of neutralization of strong
acid and strong base is —13.7 kecal eq”'. The enthalpy of
dissociation of oxalic acid is: (DPMT 2609)
(8) 1 keal mol™ (b) 2 keal mol™
(¢) 18.55 keal mol™ (d) 11.7 keal mol™
[Hint : Oxalic acid is dibasic acid hence expected heat of
neutralization will be (2 X —13.7 keal).
The dissociation energy of oxalic acid =2 x 13.7 -25.4
=2 keal mol™!]

The amount of heat liberated when one mole of NH,OH reacts
with one mole of HCl is: (1T 1990)
(a) 13.7 keal (b) more than 13.7 kcal
{c) less than 13.67 kcal (d) cannot be predicted
Heat of neutralisation for the reaction,

NaOH + HCl — NaCl + H,0
is 57.1 kJ mol™'. The heat released when 0.25 mole of NaOH is
titrated against 0.25 mole of HC1 will be:
(a) 22.5kJ (b) 57.1kxJ
(c) 28.6kJ (d) 143Kk}
If H +OH™ =H,0+13.7kecal, then heat of complete
neutralisation of one gram mole of H,30, with strong base
will be: [PAMT (MP) 1990]
(a) 13.7 keal (b) 27.4 kcal
(c) 6.85 kcal (d) 3.425 kcal
In which of the following neutralization reactions, the heat of
neutralization will be highest?
(a) HCI and NaOH (b) CH,;COOH and NaOH
(¢) CH;COOHand NH,OH (d) HCland NH,OH
“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 Chatelier
(c) Kirchhoff {d) Lavoisier and Laplace
“The change of enthalpy of a chemical reaction is the same
whether the reaction takes place in one step or in several
steps”. This law was presented by:
(a) Hess (b) Le Chatelier
(c) van’t Hoff (d) Kirchhoff
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

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
From the thermochemical reactions,

Clgraphitey + %02 —3CQ; AH=-110.5K]
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{c) equal to AH

co+ %02 5COy; AH = -2832K]

the heat of reaction of Cyyphiey + 0, — CO; is:
(a) +393.7kJ (b) —393.7kJ (¢) —-172.7kJ (d) +172.7KJ

If H, + —;»02 —3 Hy0; AH = — 68,09 kcal

K + H,0 + water —— KOH(ag.) + % H,;, AH = - 48.0kcal

KOH + water ——> KOH(agq.);
the heat of formation of KOH is:
(a) ~68.39+ 48~ 14.0 (b) —68.39— 48.0+ 14.0
(c) + 6839480+ 140 (d) + 68.39+48.0—14.0

The enthalpies of combustion of Cigpnivey a0 Cgizmongy are

AH = ~14.0kcal

-393.5 and -3954 klJ/mol respectively. The enthalpy of
conversion of Cigaprite) 10 Cegiamonay I kI/mol is:
(a) -1.9 (b) -788.9
{c) 1.9 {d) 788.9
The heat of combustion of yellow phosphorus and red
phosphorus are ~9.91 kJ and ~8.78 kJ respectively. The heat of
transition of yellow phosphorus to red phosphorus is:
[CEE (Bihar; 1992]

(a) ~18.69 kJ (b) +1.13 KJ
(c) +18.69kJ {dy 113 kJ
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 7

{AFINS 2008)
b —z—x+2y)k]
dy(-x-2y+2)kJ

@(x-y+z2)kl

©x~2y-2)KJ

Given, :
C(s)+ 0y(g)— CO,{g) + 94.2 keal

Hy(g)+ %02(g>——> H,0(/) + 68.3 keal

CH,(g)+20,(g)—> CO,(g)+ 2H,0(!) + 210.8 keal

The heat of formation of methane in kcal will be: '
IPET (848) 1990]

(a) 459 (b) 47.8 {c) 20.0 (d) 47.3

On combustion carbon forms two oxides CO and CO,, heat of

formation of CO, is ~94.3 kcal and that of CO is —26.0 kcal.

Heat of combustion of carbon is:  [EAMCET (hica.; 2618]

{a) -26.0 kecal (b) — 68.3kcal

(c) —94.3 kcal (d) ~120.3 kcal

The heat of combustion of ethanol determined in a bomb

calorimeter is —670.48 kcal mol™' at 298 K. What is AE at

298 K for the reaction?

(a) 760 keal mol™'
(¢) +760 keal mol™

1 calorie is equivalent to:

(a) 41847 (b) 4184) (c) 4184 (d) 0.4184)
For an endothermic reaction, where AH represents the
enthalpy of reaction, the minimum value for the energy of
activation will be: [EET 199): Puyt 0012 19934
(a) less than AH (b) zero '
{d) more than AH

(b) — 670.48 kcal mol™
(d) + 670.48 keal mol™
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If  S+0,—>S0,; AH =—2982K]

.soz+%o2—>so3; AH =-98.7k
SO, + H,0 — H,S0,; AH = ~1302kJ
H2+—302—)H20; AH =-2273 Kkl

the heat of formation of H,SO, will be:
(a) ~7544kJ (b) + 320.5kI(c) —650.3 kI (d) —433.7kJ
Which of the following units represents the largest amount of

energy?
(b) Erg
(c) Joule ~ (d) Calorie
If AHf for H,0, ({)and H,0(/)are —188 kJ mol ! and 286 kJ

mol™!, what will be the enthalpy change of the reaction
2H,0, (1) — 2H,0(1) + 0,(g)? [PMT (MP) 1652]
(2) 146 kJ mol™* - (b) ~196 kI mol™

(c) — 494 kJ mol™ (d) ~98 kJ mol™

The bond dissociation energies for Cl,, I, and ICI are 242.3,
151 and 211.3 kJ/mol respectively. The enthalpy of
sublimation of iodine is 62.8 kJ/ mol. What is the standard
enthalpy of formation of ICl(g)? ’

(a) —211.3kJ/mol (b) — 14.6 kJ/mol

{c) 16.8kJ/mol (d) 33.5kJ/mol

[Hint: Cly{g) — 2Cl(g}; . AH | =242.3 kl/mol
L{(g) — 2I(g); AH, =151 k/mol
IClg) — Kg) + Cl{g); AH, = 211.3 kI/mol
L{s)— L{g); AH, = 62.8 ki/mol
Required equation:

S6)+ 3 ClE) — ICke) Al =

62.84 151+ 242.3
2
=16.75 kI /mol]
Standard heat of formation for CCl,, H,0, CO, and HCI at
298K are —25.5, — 57.8 — 94.1and ~ 22.1kJ/ mol respectively.
For the reaction, '
CCl; + 2H,0 —— CO, + 4HC1
what will be AH ? (S8CRA 2007)
(@) 364K (b)) 207k] (c) -20.7k] (d) —4L4k]
Heat of combustion of CH,, C,Hy, C,H, and C,H, are -212.8,
~373.0, -337.0 and -310.5 keal respectively at the same
temperature. The best fuel among these gases is:

AH = -211.3

(a) CH, (b) CHy

(©) GH, @) GH, ‘

Given, C(s) + 0,(g) — CO,(g); AH = ~395k]
S(s)+ 0,(g)— 50,(g); AH = ~295k]

CS,(1)+30,(g) —> CO,(g) + 280,(g); AH =-1110kJ
The heat of formation of CS, (! )is: |CEE (Bihar) 1992)
(a) 250k)  (b) 625K) (c) 31.25k) (d) 125%)

The heats of combustion of thombic and monoclinic sulphur
are ~70960 and —71030 calorie respectively. What will be the
heat of conversion of thombic sulphur to monoclinic sulphur?

(a) —70960 cal (b) —71030 cal -

(c) 70 cal (d) ~70 cal
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The bond dissociation energy of C—H in CH, from the
equation

C(g)+4H(g)— CH,(g); AH = — 3978 keal
is: »
(a) +99.45 kcal (b) —99.45 kcal
(c) +397.8 kcal (d) +198.9 kcal
The dissociation energy of CH, is 400 kcal mol™! and that of
ethane is 670 kcal mol™". The C—C bond energy is:
(a) 270kecal (b) 70kcal (c) 200 kcal (d} 240 kcal
Heat of reaction at constant volume is measured in the
apparatus:
(a) bomb calorimeter {b) calorimeter
(¢) pyknometer (d) pyrometer
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
Energy required to dissociate 4 g of gaseous hydrogen into
free gaseous atoms is 208 kcal at 25°C. The bond energy of
H—H bond will be:
(a) 1.04 cal (b) 10.4 keal
(c) 104 kcal (d) 1040 kcal .
The heat of neutralisation of strong base and strong acid is
57.0 kJ. The heat released when 0.5 mole of HNO, solution is

added to0 0.20 mole of NaOH solution is: (KCET 1993)
(a) 57.0k} (b) 28.5kJ
(c) 11.40kJ (d) 349K

The enthalpy of combustion of cyclohexane, cyclohexene and .
H, are respectively ~3920, -3800 and —241 kJ mol™}. The heat
of hydrogenation of cyclohexene is: (AFIMS 2607)

(8) ~121 kJ wol™! (b) 121 kI mol™
(c) —242 kJ mol™ (d) 242kJ mol™
If Cs)+ 0,(g)—>COx(g); AH=r

and CO<g>+%02(g>—>coz(g); AH =

then the heat of formation of CO is: o
(@) r+s (b)yr-s {c}) s~r (d) rxs

Given that, heat of neutralisation of strong acid and strong
base is 57.1 kJ. Calculate the heat produced when 0.25 mole of
HC! is neutralised with 0.25 mole of NaOH in aqueous

solution: (CPMT 19%0)
(a) 22.5kJ {b) 57kJ
(c) 14275k] . (d) 28.55kJ

Which one of the following values of AH® represents that the
product is least stable?

(a) —94.0 keal mol™! (b) -231.6 kcal mol™

(c) +21.4 kcal mot™! (d) + 64.8 kcal mol™*

The value of AH,_; is 109 keal mol™. The formation of one
mole of water in gaseous state from H(g) and O(g) is
accompanied by: (CBSE 1990)
(a) 218 keal
(c) —218 kcal

(b) ~109 keal
(d) unpredictable
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Heat of neutralisation of a strong dibasic acid in dilute solution
by NaOH is nearly:

(a) —27.4 kcalleq (b) —13.7 keal/eq
(¢} +13.7 kcal/eq (d) ~13.7 kcal/mol
The enthalpy changes at 298 K in successive breaking of
O-—H bonds of water are

H,0(g) —> H(g)+ OH(g); AH =498 kI mol™
and OH(g)— H(g)+O0(g); AH =428kJmol”
The bond enthalpy of O—H bond is:
(a) 498 kI mol™! (b) 428 kJ mol™
(¢) 70 kI mol™ (d) 463 kJ mol ™!

AH and AE for the reaction, S(s)+ 02 (g)—>805(g)
are related as:

(a) AH = AE - 0.5RT ‘(b) AH = AE ~ 1.5RT

(¢} AH=AFE + RT (d) AH = AE + 1.5RT

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

The free energy change for a reversible reaction at equlhbnum
is:

(a) zero b positive

(d) none of these

In the evaporation of water, the entropy:

(a) decreases (b) increases

{c) does not change

{(d) sometimes increases, sometimes decreases

In which of the following change eniropy decreases?

(a) Crystallisation of sucrose from solution

{b) Dissolving sucrose in water

{c) Melting of ice

(d) Vaporisation of camphor

For the precipitation reaction of Ag " ions with NaCl which of
the following statements is true?

(a) AH is zero for the reaction

(b) AG is zero for the reaction

(c) AG is negative for the reaction

(d) AG should be equal to AH

If enthalpy of vaporisation of water is 186 5 kl/mol, the
entropy of its vaporisation will be:

(2) 0.5 by 1.0 {c) 1.5 d 2.0

A reaction is non-spontaneous when: [AMU (Medical) 2006}
(a) AH is+ve, AS is—ve

(b) both AH and AS are —ve

(c) AH is—ve and AS is +ve

{d) none of the above

Standard emroples of X,,7, and X Y3 are 60, 40 and 50

JK ' mol™ respectively. For the reaction:
%X2_+E}’2 = XY,; AH=-30k

to be at equilibrium, the temperature should be :
[CBSE (PMT) 2010]

113,

114

115,

116.

117.

118.

119.

120,

121.

(a) 750K (b) 1000 K
(c) 1250K (d) 500K
[Hil\t P AS=3S Products ™ PN Reactants

= 50— i><6()-i——3fx40
2 2

= 50— (30+ 60) = —40 JK ! mol™
At equilibrium, AG = AH —TAS = 0

ie., AH =TAS
r= AH_: ~30x 1000 =750 K]
AS —40

‘At absolute zero the entropy of a perfect crystal is zere.” This
statement corresponds to which law of thermodynamics?

(a) First law . (b) Second law
(¢) Third law {d) None of these

Unit of entropy is: {PMT (Punjab) 2007]
(@) TK™" mol™ (b) Jmol™

© I'K! mol™ (d) JK mol™

Given that AH (H)=218 kl/mol, express the H—H bond
energy in kcal/mol: (EAMCET 2009)
(a8 52.15 (b) 911

(c) 109 (d) 5.2153

For which reaction from the following, A S will be maximum?
(2) Ca(s) +5 Oy(g) —> CaO(s)

{b) CaCO;(s)—> CaO(s) + CO,(g)

(©) C(s)+ 0,(g)— COy(g)

(d Ny(g)+0O,(g)—> 2NO(g)

A particular reaction at 27° C for which AH > Oand AS > Ois

found to be non-spontanecus. The reaction may proceed
spontaneously if:

"{a) the temperature is decreased

{b) the temperature is kept constant

{c) the temperature is increased

(d) itis carried in open vessel at 27°C

The least random state of water system is:

(a) ice (b) liquid water

(c) steam (d) randomness is same in all
Although the dissolution of ammonium chloride in water is an
endothermic reaction, even then it is spontaneous because:
(a) AH is positive, AS is ~ve

(b) AH is +ve, AS is zero

(c) AH ispositive, T AS < AH

(d) AH is+ve, AS is positive and AH < T AS

For an exothermic reaction to be spontaneous:

{a) temperature must be high

(b) temperature must be zero -

(c) temperature may have any magnitade

(d) temperature must be low

-For the reversible process, the value of AS is given by the
expression:

(2) q—}s‘: ®) T - g

(C) Grev X T (d) Grev ™ T



CHEMICAL THERMODYNAMICS AND THERMOCHEMISTRY 495

122. TIn an electrochemical cell, if £° is the emf of the cell involving
# mole of electrons, then AG® is:
(a) AG® = nFE° (b) AG® =~ nFE®
(¢) E°=nF AG® (d) AG®=nF/E°
123. The correct relatior. between equilibrium constant (K),
standard free energy (AG ° )and temperature (7) is:
[CET (J&K) 2006]

(b) K = g6 /2303 RT

(d) K = 10—AG°/2.303 RT

(@) AG°=RTIn K °
(¢) AG®°=—RT log K
() AG°=RIn K
124. The value of entropy in the universe is:
{(a) constant (b) decreasing
(c) increasing (d) zero

125. Which of the following thermodynamic relation is correct?

' _ [JEE (WB) 2010]

(b) dU = PdV +74dS

(d) dG =VdP + SdT

dG = dH —TdS — SdT
(G=H-TS)

dH = dU + PdV +VdP
(H=U+PV)
and dU =TdS - PdV
: dG = (IdS — PdV )+ PdV +VdP —TdS — 8dT

dG =VdP — SdT)

126. If enthalpies of formation for C;H,(g), CO,(g) and H,O(])
at 25°C and 1 atm pressure be 52, -394 and 286 kJ mol ™!
respectively, enthalpy of combustion of C,H, (g ) will be:

(CBSE 1995)
(a) +141.2kJ mol ™ (b) +1412 kJ rnol ™!
(c) ~141.2 kJ mol™ (d) ~1412 kJ mol™
127. ldentify 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 0°C the entropy of a perfectly crystalline substance is
taken to be zero.

(d) at absoiute zero of temperature the entropy of all
crystalline substances is taken to be zero.

128. The enthalpy and entropy change for a chemical reaction are
~25%x107% cal and 7.4 cal deg™' respectively. Predict

whether the nature of reaction at 298 K is: (AFMC 1998)
(a) spontaneous (b) reversible
(¢) irreversible (d) non-spontaneous

129. One mole of an ideal gas at 300 K is expanded isothermally
from an mitial volume of 1 litre to 10 litre. The AE for this
process is: (R = 2 cal K™ mol™) (CBSE 1998)
(a) 163.7 cal (b) 1381.1 cal
(c) 9 litre-atm (d) zero

130. The latent heat of vaporisation of a liquid at 500 K and | atm
pressure is 10 kcal/mol. What will be the change in internal
energy (AE ) of 3 moles of liquid at the same temperature?

' (CBSE 1998)

(@) dG=VdP - SdT
(c) dH = -VdP +TdS
[Hint :

(a) 13.0 kcal
(¢) 27.0 kcal

(b) —13.0 keal
(d) ~27.0 keal

131. The enthalpy change of a reaction does not depend on:
: {ALIMS 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?

(a)Il \P (b) }T—l R/

— — i
Reaction coordinate Reaction coordinate

P

R P

Y

— i

Reaction coordinate Reaction coordinate
133, S+ 20, —> 80, + 2x keal;
80, + 5 0, —> S0, + ykeal

© I, AME @ L

The heat of formation of SO, is:
. [AHMS 1997; PET (Kerala) 2008]
(@ y-2x

® 2x+y ©@x+y () x/y
134, . Given, _

NH;(g)+3ClL(g) == NCl;(g)+ 3HCl(g);  -AH;

N, (g)+ 3H,(g) = 2NH;(g); —AH,

H, (g)+ Cly(g) = 2HCI(g); . AHy
The heat of formation of NCl;(g ) in terms of AH,, AH, and
AH, is: (EAMCET 1998)
(a) AH; =~ AH; +éAH2—%AH3
(b) AH/ZAH1+%AH2—%AH3

1 3

(C) AHf:AHI_EAHZ_EAH?)

(d) none of the above
135. The word ‘standard’ in standard molar enthalpy change
implies:
{a) temperature 298 K
(b) pressure 1 atm
{c) temperature 298 K and pressure 1 atim
(d) all temperatures and all pressures
136. The heat of formation (AH; Yof H,O() is equal to:
(a) zero
(b) molar heat of combustion of H, (/)
{c¢) molar heat of combustion of H,(g)
(d) sum of heat of formation of H,0(g )and O,(g)
137. An example of extensive property is:
(a) temperature (b) internal energy
(c) viscosity (d) molar heat capacity
138. For a diatomic molecule 4B, the electronegativity difference
between A and B = 02028 VA [where, A = bond energy of
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AB — geometric mean of the bond energies of 4, and B,]. The
electronegativities of fluorine and chlorine are 4.0 and 3.0
respectively and the bond energies are of F—F: 38 kcal mol™
and of CI—Cl: 58 kcal mol™'. The bond energy of CI—F is:
(a) ~ 71kcal/mol (b) ~ 61kcal/mol
(c) ~ 48 kcal/mol (d) ~ 75 keal/ mol
The value of AH" for the reaction Cu™ (g)+ 1" (g) — Cul(g)
is — 446 kJ mol ™
mol™ and the electron affinity- of I(g ) is —295 kJ mol™!, then
the value of AH® for the formation of one mole of Cul(g )from
Cu(g)and (g )is:
(a) — 446k} (b) 450kI  (c) 594 kJ
If the enthalpy change for the reaction,
CH,(g)+ Cly(g) - CH;Cl(g) + HCl(g ); AH = — 25 kcal,
Bond energy of C—H is 20 kcal mol™ 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 H,(g) + CI2 {(g)—
2HCI(g) AH =17
(a) —22.5 keal/mol (b) —20.5 kcal/mol
{c) ~32.5 kcal/ mol (d) —12.5 kecal/mol
The standard heat of formation of sodium ions in aqueous
solution from the following data:

Heat of formation of NaOH(aq.) at 25°C = — 470.7kJ

Heat of formation of OH (ag) at 25°C= - 228.8kJ

(d) 4kJ

is:
(a) —251.9kJ (b) 241.9kJ (c) —241.9kI(d) 251.9kJ
AB, A, and B, are diatomic molecules. If the bond enthalpies
of 4,,AB and B, are in the ratio 1:1: 0.5and the enthalpy of
formation of 4B from 4, and B, is—100 kJ mol™, what is the
bond enthalpy of 4,7
(a) 400 kJ mol™ (b) 200 kJ mol™
(d) 300 kJ mot™
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 of Na* and C1” ions are in the ratio 6 : 5, what is the
enthalpy of hydration of sodium ion?
(a) — 856 kcal/mol (b) ~ 97.5 kcal/ mol
{c) 82.6 kcal/mol (d) +100 kcal/ mol
Which one of the following statements is false?

[HT (Screening) 2000, 01)
{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 mmal

and final states are specified.

AG® for the reaction x + y &= z is - 4.606 kcal. The value
of equilibrium constant of the reaction at 227°Cis:

(IFT 1999)

(a) 100 (b) 10 () 2 (d) 0.01
R =2.0cal K™ mol™)
[Hint: AG®°=~RT x 2.303xlog K ]

The enthalpy of solutnon of BaCl, (s) and Ba(l, - 2H,O(s) are
~20.6 and 8.8 kI mol ™!, respectively. The enthalpy change for
the reaction is: (IIT 1998)

. If the ionisation energy of Cu(g)is 745kJ

147.

148,

149,

150.

151.

152,

153.

(a) 29.8 kJ () -11.8K
(©) 206k (d) 294K
For the reaction, ‘

A(@)+2B(g)—> 2C(g)+ 3D(g) -
the value of AH at 27°Cis 19.0 kcal. The value of AE for the
reaction would be: (Given, R = 2.0cal K™ mol"'):(ﬂrr 1998)

(a) 20.8 kcal (b) 19.8 keal {(¢) 18.8 kcal (d) 17.8kcal
In thermodynamics, a process is called reversible when:

[HT (Screening) 2000, 01]
(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 surrpundings spontaneously
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 at 25°C is
0.998 cal g 'deg !, the valug'of heat of combustion of benzoic
acid is: _ (AFMC 20 10)
(a) 881.1 keal (b) 771.4 keal
{c) 981.1 keal (d) 871.2 kcal

[Hint: Heat liberated by 1.89 g of benzom amd
q = msAT .
= 18940 0.998 % 0632

= 11946.14 cal
Heat liberated by the combustion of
1 mol benzoic acid, i.e.,
122 g benzoic acid

X 122=T771126.5 cal

1194614
89

=771.12 keal mol™]

One mole of a non-ideal gas undergoes a change state (2 atm,
3L,95 K)to {4 atm, 5L, 245 K) with a change of internal
energy, AU = 30 L atin. The change in enthalpy (AH) of the
process in L atm.: [T (S) 2002}
(a) 40.0
(c) 44.0
{d) not defined, because pressure is not constant
Which of the followmg reactions defines AH 2

T (8) 2003]

(b) 42.3

(@) Cgiamone) + O2(g ) — CO,(2)
) 5 Ba(e) + 5 Fole)— HF(g)
(€) Ny(g)+ 3H2(g)'———) 2NH;(g)
(d) CO(g)+ < 02(g) — CO,(g)

Ifthe enthalpxes of formation of Al, O, and Cr, O, are ~1596 kJ
and ~1134 kJ respectively, then the value of AH for the
reaction;
2A1+ Cr 0y ——— 2Cr + ALO; ist
(a) —462 k] (b) ~1365kJ
(c) ~2530kJ (d) +2530kJ
Which of the following is true for spontaneous process? ,
[PMT (Himachal) 2606}
() AG=0 (d) AG=TAS

(AIIMS 2004)

(@ AG>0 (b) AG<C
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Considering entropy(s) as a thermodynamic parameter, the
criterion for the spontaneity of any process is:

[CBSE (PMT) 2004

i (a) AS system +AS surroundings >0

155.

156.

157.
158.
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162.

T 163,

- 1% 10° Nm™. The work doné is:

()443 K, spontaneous

«a) isothermal (b) isobaric .
The entropy of a crystalline substance at absolute zero on the -

(b) ASQ«stem - AS surroundings >0

(c) AS system > Oonly

(d) AS surroundings > 00111)(

An 1deal gas expands in volume from Ix 10° m® to
1x102m® at 300 K against a constant pressure of
(AIEEE 2004)

3

{a) 90017 (b) ~900 kJ

(c) 270kJ (d) +900 kJ

‘What is the value of internal energy change (AU )at 27°C of a

gaseous reaction 24,(g)+ SBZ( g)y—24,B5(g) {whose

heat change at constant pressure is 50700 1)?
R = 8314 JK™ mol™

(a) ~50700 3 (b) —-631711]

{c) -382291] (d) +382297J

[Hint: AH =AU+AnRT

=50700 =AU +(-5)x 8314 x 300

AU =-382297]
Two mole of an ideal gas is expanded isothermally and
reversibly from 1 litre to 10 litre at 300 K. The enthalpy
change (in kJ) for the process is: [T (8) 2004]
(@ 114kl (b) -11.4KkJ (c) OKkJ (d) 4.8kJ

(SCRA 2009)

The enthalpy of vaporlzatmn of a hqugl is 30 kJ mol™ and -

entropy of vaporlza‘uon is75 Jmol ™' K
the liquid at 1 atm is: ~ {IT(S)2004]
(a) 250K (b) 400K (c) 450K (d) 600K

The sublimation energy of L,(s) is 57.3 kI/mol and the
enthalpy of fusion is 15.5 kJ/mol The enthalpy of
vaporisation of I, is: (DCE 2005)
{a) 41.8 kJ/mol
(c)72.8 kJ/mol -
[Hmt AH

sublimation —

. The boiling point of

(b) - 41.8 kJ/mol
{d) - 72.8 kl/mol
=AH fusion T AH vaporisation]

AH and AS for a reaction are +30.558 kJ mol™ and 0.066 kJ
K™ mol™! at 1 atm pressure. The temperature at which free

energy change is zero and the nature of the reaction below .

this temperature is:
{(a) 483 K, spontaneous

[PET (Kerala) 2005}
(b) 443 K, non-spontaneous
(d) 463 K, non-spontaneous
(e) 463 K, spontaneous
What would be the amount of heat released when an aqueous
solution containing 0.5 mole of HNOj is mixed with 0.3 mole

“of OH™ (enthalpy of neutralisation is -57.1 kJ)?

[PET (Kerala) 2005
(a) 28.5 kI @471 (@17 Ko
(e)2.85kJ : o

[Hint: 0.3 mole OH ~

(b) 17.1 kJ

ion will be completely neutrahsed

. AH =-571%0.3=-17.13k]] ,

A process in which the system does not exchange heat with the
surroundings is known as: |CET (J&K) 2005}
(c) isochoric  {d} adiabatic

basm of third law of thermodynamics should be taken as:

1CET (J&K) z{ms;

164.

163,

166.
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168.

169.

170

 will be:

. change, then:

(a) 100 " (b)50

(c) zero (d) different for different substances

‘Which of the following expressions is correct? .
: [JEE (Orissa) 2005]
() AG® = -nFE® (B)YAG°=+nFE°

(©) AG® = - 2.303RTnFEL, (d)AG®=—nF log K,
Consider the reaction, N,(g)+ 3H,(g)— 2NH;(g);
carried out at constant temperature and pressure. If AH and

AU are enthalpy change and internal energy change
respectively, which of the following expressions is true?

(AIEEE 2005)
(a)AH =0 (b) AH = AU
{cyAH < AU (d) AH > AU
[Hint: AH =AU + AnRT, An=2-4=-2
AH < AU

The absolute enthalpy of neutralisation of the reaction,
MgO(s) + 2HCl(aq.) —> MgCly(aq.) + H,0()

. {CBSE-PMT (Pre) 2005}
(a)-57.33 kJ mol ™! :
(b) greater than ~57.33 kJ mol™
(c) less than ~57.33 kJ mol ™!
(d) 57.33 kJ mol™! '
[Hint: Since, MgO is an oxide of a weak base, hence its
neutralisation will evolve the heat less than 57.33 kJ mol™]
The entropy values (in J K™ mol™") of H, (g ) = 1306, Cl,(g)
=223 and HCl(g )= 186.7 at 298 K and 1 atm pressure are
given. Then entropy change for the reaction,

H,(g) + Cly(g) —> 2HCI(g)
is: |BHU (Pre) 2005|
(@+5403 (1)+7273 (c)—1669 . (d)+19.8
A mixwure of 2 mole of CO(g )and one mole of O,, in a closed
vessel, is ignited to convert the carbon monoxide to carbon
dioxide. If AH and AU are enthalpy and internal energy
(KCET 2005)

(@) AH > AU -
{b) AH < AU
(c)AH = AU
{d) the relationship depends on the capacity of the vessel

-Consider the following reactions at 1000°C:

A. Zn(s) + -;- 0,(g) — Zn0(s); AG® = -360 k¥ mol™!

B. C (graphite) + % 0,(g)— CO(g); AG® =-460 kJ/ mol A

Choose thc_ correct statement at 1000°C: -
: [PMT (Kerala) 2!}06] .-
() zinc can be oxidised by carbon monoxide. )

_(b) ZnO can be reduced by graphite.

(¢) both () and (b)-are true.
(d)’ both (ay.and (b) are false.

. (€). carbon monoxide can be reduced by zine. -
_Which one of the followmg equations does not correctly '

represent. the ﬁrst law of thermodynarmcs for the - given .
; process" -

[PET (Kera]a) 2006)
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(a) <1238.78 Jmol™
+(c) =2477.577 rnol_
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(a) Isothermal process - g=—w
(b) Cyclic process . g=-w
©) Tsochoric process » . AU=gq
(d) Adijabatic process ' AU =-w
@ Expans1on of gas into vacuum AU =¢q
[Hint' In adiabatic process g=0

. FromAU qg-—-w - -

. Work is done by the system,

7 B AU =-w _ for adiabatic¢ process]

The enthalpy and entropy changes for the reaction:
B+ Clg) = 2BrCl(g)

are 30.kJ mol™ 'and 105. J K™' mol™ respectively. The
temperature at which the reaction will be in equilibrium is:

- “[CBSE (Med.) 2006]
(a) 285.7K - (b) 273K (c) 450K  (d) 300K
(AH — AU) for the formation of carbon monoxide (CO) from

its clement at 298 K is; (R 8.314 JK L mol™)

(AIEEE 2006)
(b) 1238.78 J mol™
(d) 2477.57 J mol™

C6)+ 5 0yfe) = COlg) Ay =1-2 ==

1
[Hint:' 1--=2
ENe 2 2

—%x8314><298—1238786Jm01 ]

For a phase change: ~
l.' , HZO(Z) — HZO(S)
"0°C, 1bar (ATIMS 2006)
(@ AG=0 b)) AS =0 :
() AH=0 (d) AU=0
We can drive any thermodynamically forbidden reaction in the

desired direction by coupling with: - - [PET (Kerala) 2006]

" (a) f’_hlg‘h_ly exothermic reaction
(b) highly endothermic reaction

g (c) .highly exergonic reaction

175.

176:

.

(d) highly endergonic reaction
() teaction with large posifive AS values

.Gi\)‘en' that, bond energies of H— H and Cl— Cl are
430 kJ/mol and 240 kJ/mol respectively. AH, for HCl is

- 90.KJ/ mol. Bond enthalpy of HCl is:
(a): 380 kJ mol™ (b) 425 kJmol™
(©). 245 kJ mol™ (d) 290 kJ mol™

The amount of heat released, when 20-ml. of 0.5 M NaOH is
mixed with 100 mL of 0 1 M HCl 1s x kJ The heat of

[CBSE (Med ) 2007]

neuttalization (in kI mol~ 1y is: U {(Mains) 2007]
(a) —-100x  (b) -50x (e) + 100% (d) + 50x ’
[HEint: Number of moles of NaOH = My _0.5%20 =0.01
1000 1000
Number of moles of HCl = MV M =0.01
1000 1000
‘Heat of neutral1zat1on =X 100x]

InN " nversion of hmestone to lime,
s CaCO3 (s) — CaO(s) + CO,(g)
the: ¥z

lues of AH° and AS° are +179.1kJmol™ and

178.

179.

180.

181.

182.

183.

184,

185.

. [Hint:

160.2 JK™" mol™ respectively at 298 K and 1 bar. Assuming
that, AH° and AS°® do not change with temperature;

temperature above which conversion of limestone to lime will

be spontaneous is: - (AIEEE 2007)
(a) 1118K  (b) 1008 K (c) 1200K (d) 845K
Assuming that, water vapour is an ideal gas, the internal energy
change (AU )when 1 mol of water is vaporised at 1 bar pressure
and 100°C, (given: molar enthalpy of vaporisation of water at 1
bar'and 373K =41kJ mol™ and R = 8.3 JK™! mol™") will be:

(AIEEE 2007)
(b) 4.100 kJ mol™

(d) 37.904 kJmol™

(a) 41.00 kJ mol™

() 3.7904 kJmol™

AU = AH - AWRT
=41000 - 1x 8314 x 373
= 37898.878 J mol !

=37.9 kI mol™' ]

For the process,

H,0(!) (1 bar, 373K) — H,0(g ) (1 bar, 373K).
The correct set of thermodynamic parameters is:  (IIT 2007)
(a) AG=0,AS = +ve (b) AG=0,A8 =—ve
() AG=+ve,AS =0 (d) AG=-ve,AS =+ve
For the reaction,

2H,(g)+ O,(g) —> 2H,0(g); AH°=-5732Kk]

The heat of decomposition of water per mol is:

» (MHT-CET 2007)
(2) 286.6 kI (b) 573.2kJ (c) —2866kJ (d) zero
The free energy change AG = 0, when:  |CET (J&K) 2007)

(2) the reactants are completely consumed

(b) a catalyst is added

(c) the system is at equilibrium

(d) the reactants are initially mixed

In a closed container, a liquid is, stirred with a paddle to

increase the temperature, which of the following is true?
[PMT (Pb.) 2007]

b) AU=W=0,g#0

d) W=0,AU=4q#0

(8 AU=AW #0,9=0
() AU=0,W=q=#0
For the gas phase reaction,
PCl; (g)==PCl(g) + Cl(g)
Which of the following conditions are correct 7
- |[CBSE-PMT (Pre) 2008]
(b) AH > 0and AS <0
(d) AH > 0and AS >0

(2) AH < 0, AS <0
() AH =0,AS <0

Which of the following is correct ? [BHU (Screening) 2008]
oU ' oH
Cy = |— C,
@¢Cy [aT]P ®Cp = [E)T]
. oU —-a
C - C = R d e = —_—
©Cr =Gy ()[Wl =

(Internal pressure in van dar Waals’ equation)
Which of the following represents total kinetic energy of one
mole of gas? {IER (Orissa) 2008]

@RI OIRT @ =C)RT @3RT



186.

187.

188.

189.
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Standard entropy of X ,, Y, and XY, are 60, 40 and 50 JK ™'

mol ™! respectively. For the reaction :

1

) +%Y2—>XY3, AH = - 30k,

to be at equilibrium, the temperature will be : {AIEEE 2008)
{(a) 1000K (b) 1250K  (c) 500K (d) 750K

1 3
[Hint:EX2+-2‘-}6_>X)/v3

i O 1 O 3 pod
AS° Reaction = AS XK _EAS X3 'EAS 5
:50—%x60—§x40=~4(}JK'1 mol ™!

AG = AH - T AS =0 at equilibrium.
T:&:—BOXIOOOZ?SOK]
AS 40 ‘
4.48 L of an ideal gas at S.T.P requires 12 calories to raise its

temperature by 15C° at constant volume. The Cp of the gasis :

[PMT (Kerala) 2009}
(@) 3ca (b)y4 cal (¢) 7 cal (d) 6 cal
{e)9cal
[Hint : C,,zﬂ, n=4'—48={}.2
n AT 2.24
= 12 =4 cal
0.2x15

Cp=Cy+R=4+2=06cal]
On the basis of following thermochemical data ;
[A,G°H' (ag)=0]
H,0(/)—— H'(ag)+ OH (aq) ; AH =5732KkJ
Hz(g)+%02(g)—> H,0(l) ; AH =-2862k]

The value of enthalpy of formation of OH™ ion at 25°C is:
(AIEEE 2009)

(a) -22.88%J (b) —228.88 kJ

(c) +228.88 kJ (d) —343.52%J

[Hint : The equation for the formation of OH™ (ag) is:

H,(g) + %oxg) — H' (ag)+ OH (ag)

It is obtained by adding the two given equations :
AH =5732+ (-286.2) = —228.88kJ ]

The values of AH and AS for the reaction,

C(graphite) + CO,{g)—— 2CO(g) are 170 kJ and 170

JK™! respectively. This reaction will be spontaneous at :
{CBSE (PMT) Pre 2009]

(a) 510K (b) 710K (¢) 910K {(d) 1110K

[Hint : AG = AH —TAS, AG should be negative for spontancous

process. ’ A

AH-TAS <0
AH <TAS
or T>A_H_’ T>l70><100{)
AS 170 .
T >1000K ] .

190. In which reaction, there will be increase in entropy?

(DCE 2009)

191.

192,

193.

194.

' ]l7499

(8) Na(s)+ H,0(1) ——> NgQH(ag’)«-;Hz(g o
(b) Ag*(ag)+Cl™(ag) — AgCl(s)
(©) Hy(@)+30,(g)— HO()

(d) Cu®*(ag)+4NH;(g)—— [Cu(NH; ), T,

The species which by definition has zero standard molar

enthalpy of formation at 298 K is: (1T 20160)
(@) Br, (g) (b) Cly(g) '
(c) H,0(g) (d) CH,(g)

The standard enthalpy of formation of NH; is —46 kJ mol™. If
the enthalpy of formation of H, from its atoms is —436 kI mol ™!
and that of N, is —712 kJ mol™, the average bond enthalpy of
N-—H bond in NH, is: ‘ (ATEEE 2010)
(a) + 1056 kI mol™ | (b) ~1102 kJ mol™ :
(¢) 964 kJ mol™ (d) +352 kJ mol™
' H
(Mint: L N =N)+ 2 H—1)—s H*-N<
2 2 H
AH =-46kJ mol™
BE (N = N) =-712 kJ mol™*
BE (H— H) = -436 kJ mol™
Let B.E. of (N— H) = x kJ mol™!
AH = 3(B. E JReactants ~ 2(B.E. Iproducts

1 3
46 [2 (712) + 5 (436)] 3x )
x =352 kJ mol™']
Al g sample of substance 4 at 100°C is added to 100 mL of
H,0O at 25°C. Using separate 100 mL portion of H,O, the
procedure 1s repeated with substance B and then with substarice
C. How will the final temperatures of the water compare?

Substance Specific heat
A 06Jg™tec!
B 04Jg7loC!
C 027¢g7°C"  (DUMET 2010)
@I, >Ty>T, )y Iy >7T, > T
© Ty >Ty > T, DT, =T, =T
[Hint : ¢ = msAT
1
§ 06 e
AT

Higher is the temperature of given solution, lesser is the
temperature difference, so higher is the specific hegt. Order of
specific heat is 4 > B > C. Hence order of temperature will be :
T, >Ty >T, ) *

For vaporisation of water at | atmospheric pressure, the values
of AH and AS are 40.63 kJ mol™ and 108.8 J K~'mol™
respectively. The temperature when Gibbs free energy change
{AG) for transformation will be zero, is: {CBSE (PMT) 2010}
{a) 2734K (b) 3934K
(c) 3734K (d) 2934K
[Hint : AG = AH -TAS

0=4063x1000~-T x108.8

T =373.4K]
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Set-2: The questions given below may have more

6.

7‘&

than one correct answers

Which is intensive property?

(a) Mass {b) Mass/volume

(c) Volume (d) Volume/mass

Which is an irreversible process?

(a) Mixing of two gases by diffusion

{(b) Evaporation of water at 373 K and | atmn pressure

(¢) Dissolution of NaCl in water

(d) All of the-above

One mole of anhydrous MgCl, dissolves in water and liberates

25 cal/mol of heat. AH yy.ion 0f MgCl, = — 30 cal/mol. Heat

of dissolution of MgCl, - H,O is:

(a) +5 cal/mol (b} 5 cal/mol
(c) 55 cal/mol (dy =55 cal/mol
Following enthalpy changes are given:

o -D glucose(s) —> 0 - D glucose{aq.); AH =10.72 k]
B-D glucose(s) — B-D glucose(aq.); AH =4.68k]
a.-D glucose(s) —— B-D glucose{aq.); AH =1.16kJ
Calculate the enthalpy change in,

o - D glucose(s) — B - D glucose(s)

(a) 14.24kJ (b) 1656k (cy =72k (d) 4.88kJ

If xand yare arbitrary extensive variables, then:
(a) (x+ y)is an extensive variable

(b) x/ yis an intensive variable

(¢) dx/dyis an intensive variable

(d) both (b)and (¢) .

Ifxand y are arbitrary intensive variables, then:
(a) xyis an intensive variable

(b) x/ yis an intensive variable

{¢) (x+ y)is an extensive property

(d) dx/dyis an intensive property

1
Hz@)"‘ E Oz(g)—)HZO(g), AH =x
1
Ho(g)+ E O,(g) — H,0(); AH =y
Heat of vaporization of water is:
(@ x+y ®x-y ©@y-x (@-x+y)
Which is correct about AG?

(@) AG=AH-TAS (b) Atequilibrium, AG®°=0
(c) Ateq. AG=~RT log K (d) AG=AG° +RT log K
Dissociation of sodium azide is given by,

NaN; — Na + 3/2Ny;
AH for this is:

10.

11,

12.

13.

14.

15,

@) Y AH vy = AH f vy

() = AH gy

(©) AHY (vany) —[AH qvay + %, AH 7 0]

(@) AH gy + %5 AH o1,y = AH f ivay) ,

The lattice energy of KCl is 202 kcal/mol. When KCI is
dissolved in water 2 keal/mol is absorbed. If the sol energies of
K™ and CI are in the ratio 2 : 3; then AH g0, of K is:

(a) —80 kJ/mol (b) ~120 kJ/mol

(c) -150 kJ/mol (d) 133.3 kJ/mol
Which is a correct relationship?

(a) d—H—‘ — liég] = (+Ve) o
dT |, |dr],
®) _%- =0 for ideel g2
[av nR .
¢) | —— | =— (for ideal
()_dT_ P(rleagaS)

P
(d) All of the above
The standard Gibbs free energy AG © is related to equilibrium
constant K p as:
(8 Kp=-RTlog AG®  (b) Kp =[e/ RT 1A%’
() Kp =—AG°/RT (d) Kp = e 207RT
For the two equations given below:
Hy(g) + %0,(g8) —> H,O0() + x, kJ
H,(g) + 504(8) — H,0(g) + x, kJ
Select the correct answer:
(@ x >x,
©) x =x
AE = 0, for which process? .
(a) Cyclic process (b) Isothermal expansion
(c) Isochoric process {(d) Adiabatic process
For a reaction to be spontaneous in neither direction, which of
the following is/are correct regarding the closed system?
[BHU (Mains) 2007]
) (AG)p p <0
@) (AS )y p >0

) x; > x
() x +x,=0

(1) (AG)r p=0

3) (AS)y y=0
Codes:

(a) 1, 2 and 3 are correct
{¢) 2 and 4 are correct

(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.
. {A)Cp - Cy = R for an ideal gas.

(R) 1:-2%} . = 0 for an ideal gas.

. (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. '

. (A)The thermodynamic factor which determines the
spontaneity 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.
. (A) The Joules-Thomson coefficient for an ideal gas is zero.
(R) There are no intermolecular attractive forces in an ideal
gas.

. {A) As temperature increases, heat of reaction also increases

for exothermic as well as endothermic reactions.
(R} AH ., 0n Vvaries according to the relation:

AH, - AH, _ AC,
-1
. (A)AIll exothermic reactions are spontancous at room
temperature.

{(R)AG = —ve for above reactions and for spontaneous
reactions AG = ~ ve.

. (A)Efficiency of a reversible engine is 100% (maximum)
when the temperature of sink is —273°C.

(R) Efficiency of engine, 1 = % .

2

Set-2

The questions given below consist of statements *Assertion® (A) and
‘Reason’ (R). :

5.

10

{(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) If both (A) and (R) are false.
(A) Enthalpy of graphite is lower than that of diamond.
(R) Entropy of graphite is lower than that of diamond.
(ARIMS 1994)

(A) The enthalpy of formation of gaseous oxygen molecules at
298 K and under a pressure of one atm is zero.

(R) The entropy of formation of gaseous oxygen molecules
under the same condition is zero. {ALIMS 1996)

(A) Heat of neutralization for both HNO, and HCI with NaOH
is 53.7 kJ per mol.

(R) NaOH is a strong electrolyte/base, (ATEMS 1997)

(A) Decrease in free energy causes spontaneous reaction.

{R) Spontaneous reactions are invariably exothermic.

(ATIMS 1997)

{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. (ATEMS 1998)

(A) The enthalpy of formation of H,O(/) is greater than that of
H,0(g).

(R) Enthalpy change is negative for the condensgation reaction

H,0(g) — H,0()

(A) For a particular reaction, heat of combustion at constant
pressure {gp ) is always greater than that at constant
volume (gy ). ]

{R) Combustion reactions are invariably accomplished by
increase in number of moles.  (ALIMS 1998)

{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.

{A) Heat of neutralization of perchloric acid, HCIO,, with
NaOH is same as that of HCl with NaOH.

(R) Both HCl and HCIO, are strong acids.

(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 H' ions from
acid combine very rapidly with OH™ from base to form H, 0.
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11.

12

13.

14,

15

16,

(A) Enthalpy of formation of HCl is equal to the bond energy

of HCL ;

(R) Enthalpy of formation and bond energy both involve
formation of one mole of HCI from the elements.

(A)Pressure, volume and temperature are all extensive
properties. ,

(R) Extensive properties depend upon the amount and nature
of the substance. )

(AyWhen 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.

(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 of the gas.

(A) Internal energy change in a cyclic process is zero.

(R) Internal energy is a state function. '

(A)An exothermic process,
temperature,
temperature.

(R) With decrease in temperature, randomness (entropy)
decrease.

may become spontaneous at low

non-spontaneous at high

.1

18.

19.

© 20

21.

22,

G.R.B. PHYS!CAL CHEMISTRY FOR CompenszNé

(A) There is no reaction known for which AG is positive, yet it
. is spontaneous.
(R) For photochemical reaction, AG is negative.
{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. .

{A) Molar entropy of vaporization of water is different from
ethanol.

(R) Water is more polar than methanol.

(A) Heat of neutralization for both HNO, and HCl with NaOH
18 53.7 kJ/mol. :

(R) NaOH is a strong electrolyte/base.
{A) In the following reaction: '
C(s)+ 0,(g) —> CO,(g); AH =AU —RT
(R) AH is related to AU by the equation,
AH =AU - AnRT
(A) Enthalpy of graphite is lower than that of diamond.
(R) Entropy of graphite is greater than that of diamond.
(A)For areaction
INH,(g)— Ny(g)+3Hy(g);  AH>AE
(R) Enthalpy change ‘is always greater than internal energy
change. (ATIMS 2008)
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G.R. B PHYSICAL CHEMIS”FRY Fon COMPETmONS

l OBJECTIVE QUESTIONS

for [ IIT ASPIRANTS ‘

The followmg questions contain single correct option :

L

In which of the following pairs, both properties are intensive? -
(a) Pressure, temperature (b) Density, volume

(c) Temperature, density {(d) Pressure, volume

Although the dissolution of ammonium chloride (NH,Cl) in

water is an endothermic reaction, even then it is spontaneous
because:

(@) AS =—ve (b) AS = zero
(©)TAS <AH (DAS =+veand AH < T AS
The S—S bond energy is ifAH;(E, -8~ E,)=~147kl/mol;

7.

AH}(E, —S$~8-E,)=-202 ki/moland AH;S(g)= +223
kJ/mol:
(a) 168 kJ
[Hint:
CH,—S— CZH5 + 8(s) —— CZHS—— 88— C,H;
AH reaction = Z‘AH £ (products) EAH £ {reactanty
=(-202) -~ (147} =—-55kJ

AH caction =& (BE) esctants ™ B(BE)produéts

—55 = Heat of sublimation or enthalpy of atomisation

of sulphur ~ BE(§—38)

-55 =223 - BE(S—S)

BE(S—8) =223+ 55=278 kJ
{Common bonds of reactants and products are rejected. )]

Standard enthalpies of formation of O;, CO,, NH; and HI are

(b)y 126 kF  (cy278k).  (d)572kl

142.2, -393.2, - 46.2 and +25.9 kJ mol™" respectively. The

order of their increasing stabilities will be:

(a) 04, CO,,NH;, HI (b) CO,, NH;, HI, O,

{c) O,,HI,NH,;,CO,  (d)NH,;,HL CO,,0,

[Himt: (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.]

Combustion of octane takes place in an automobile engine.
The homogeneous equation of combustion is:

CeH g (g) + 325- Oz(g) -3 8CO,(g) + 9H,O(g)
The signs of AH, AS and AG for the reaction will be:
(a) +ve, —ve, +ve (b) —ve, +ve, —ve
{c) —ve, +ve, +ve - {d) +ve, +ve, —ve
Which among the following represents the reaction of
formation of the product?
(a) C{diamond) +0,(g)— CO(g)
(b) S(monnc!inic) + OZ (g ) B SOZ (g )
(©) 2N, (g)+ 0,(g) — 2N,0(g)
(d) None of the above
How much energy must be supplied to change 36 g of ice at
0° Cto water at room temperature 25°C?

Data for water

AHggon 6.01 kJ/mol
Cp liquid 4,187 K~I g_:
(a)12kJ (by 16 kJ ©y19kJ (@22k]

10.

1.

12

1.

AH = AH g, of two moles + ms AT
=601x2+36x4.18x25%107>
=16 kJ]
Alarge positive value of AG® corresponds to which of these?
(a) Small positive £ {b) Small negative K
(c) Large positive X {d) Large negative K
Consider the values for AH® (in kJ mol ") and for AS® (in]
mol™ K™') given for four different reactions. For which

[Hint:

reaction will AG? increase the most (becoming more positive)

when the temperature is increased from 0°C to 25°C?
(a) AH® = 50, A8° =50 (b) AH® = 90,A5° =20
(Y AH® = ~20,A8° =~ 50 (d) AH® = ~ 90, AS° = ~ 20
[Hint: Use the relation, AG® = AH® — T AS°] '

Fe,0y(s)+ % Cls)—> % CO,(g) + 2Fels); |
AHP® = +234.1K]
C(s) + O,(g) — CO,(g); AH® =3935 k]

Use these equations and AH © values to calculate AH © for this
reaction:
4Fe(s) + SOz(g) — 2Fe,04(s)
(a) ~1648.7 kJ {b) 12553 kJ
{c}—-1021.2 kJ (d)~129.4 kJ

[Hint: 2Fe(s) + % CO,(g) — Fe,04(s) + EC(S) )

(AH" = -234.1kJ)
C(s) + 0,(g) — CO,(g) (AH® =-393.5Kk)) ..(ii)
Multiplying eq. (i) by 2 and eq. (ii) by 3 and on adding both
equations, we get:
4Fe(s) + 30,(g) — 2Fe,04(s);
’ AH® =(-234.1% 2) + (-3 x 393.5)
=-1648.7kJ]
Consider this equation and the associated value for AH °:
2H,(g) + 2Cl,(g) — 4HCl(g); AH® =-923 k)
Which statement about this information is incorrect?
(a) If the equation is reversed, the AH®° value equals +92.3 kJ
(b) The four HCI bonds are stronger than four bonds in H2 and
cl,
(c) The AH® value will be —92.3 kJ if HCl is produced as a
liquid

(d) 23.1 kJ of heat will be evolved when 1 mole of HCI( g) is
produced

If the internal energy of an ideal oas decreases by the same '

amount as the work done by the system, the process is:

(a) cyclic (b) isothermal (c) adiabatic  (d) isolated

The enthalpy of neutralization of a strong acid by a strong base
is ~57.32 kJ mol™!. The enthalpy of formation of water is
~285.84 kJ mol™'. The enthalpy of formation of hydroxyl
ion is: :

(a) +228.52 kJ mol ™!
(c)—228.52 kJ mol ™!

(b) ~114.26 kJ mol ™!
(d) +114.2 kJ mol ™
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[Hint: The process of neutralization is:

H' (ag.) + OH (ag.) — H,0(0); AH® = - 57.32 kJ mol™
AH . ion = 2 Heat of formation of products

~ X Heat of formation of reactants

':AHf

Ho00) '"[AHf

B o

N + AH
H* (aq) S OH (ag)

1

-5732=-285.84 — (0 + x)
x = —285.84 + 57.32
=—228.52kI]
14. For which process will AH® and AG® be expected to be most

similar?

~ (a) 2Al(s) + Fe,05(s) — 2Fe(s) + Al,O;(s)
(b) 2Na(s) + 2H,0(]) — 2NaOH{ag.) + H,(g)

() 2NO,(g) — N,0,(g)

(d) 2H,(g) + O,(g) — 2H,0(g)
[Hint: (2) In this reaction, AS® =0 .

AG® = AH® - T AS°

AG® = AH®

1

15. For a particular reaction, AH® = —38.3 kJ and AS® =

JK ' mol™!, This reaction is:

(2) spontaneous at all temperatures

(b) non-spontaneous at all temperatures

(c) spontanecus at temperatures below 66°C
(d) spontaneous at temperatures above 66°C
[Hint: AG=AH -T AS
For spontaneous process, AG < 0.

AH -T AS <0

-38.3 % 1000 <T

. -113
ie,

entropy per mole?

AH
—<
AS

T

_ 7 >33893K,ie,66°C]
16. Which halogen in its standard state has the greatest absolute

@R ®CLE)
17. For which of these processes is the value of AS negative?
. L Sugar is dissolved in water.
I1. Steam condenses on a surface.
IMI. CaCQy; is decomposed intc CaO and CO,.

(a) Tonly
(c) 1 and 111 only

-113

@Bu()  @h(s)

(b) Il only
(d) Il and 111 only

< . 18. When solid NH,NO; is dissolved in water at 25°C, the

temperature of the solution decreases. What is true about the
signs of AH and AS for this process?

AH
(a) -
(b) =
o 4
(d +

AS
+

.4!,.

19. The diagram below shows the heat of reaction between N, , O,,

NO and NO,;

20,

21.

22.

2NO(2) + Oy(2) —

AH® =112kl

2NO,(g) Y
Ny(g) + 20,(g) AH® =180 kJ

Which of the following statements pertaining to the formation
of NO and NO, are correct?

1. The standard heat of formation of NO, is 68 kJ mol ™.

2. NO, is formed faster than NO at higher temperature.

3. The oxidation reaction of nitrogert to NO, is endothermic.
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.

(@land2 (b)land3 (c)land4 (d)3and4

{e)3and 5 ‘

The enthalpy changes for two reactions are given by the

equations:

2Cr(s) + 1% 0,(g) —> Cr,05(s);  AH =-1130k]

C(s)+%02(g)——>(:0(g); CAH =-110k1

What is the enthalpy change, in kJ, for the reaction?

3C(s) + Cry053(8) — 2Cr(s) + 3CO(g)
(a)-1460kJ (b)-BOOKk] (c)+800ky (d)+1020kJ
(e) +1460 kJ .
[Hint: The given equations can be written as:

Cr,04(5) — 2Cr(s) + % 0,(2); AH =+1130K

3C(s) + % 0,(g) — 3CO(g); AH =-330kJ

Adding the above equations, we get:

Cr,04(s) + 3C(s) —> 2Cr(s) + 3CO(g); AH =+800kJ ]
The enthalpy change at 298 K for decomposition is given in
the following two steps:

Step I: H,0(g) — H(g)+ OH(g); AH =498 kI mol ™'
Step Il: OH(g) —> H(g)+ O(g);  AH =428 kJ mol™'
The bond enthalpy of the O—H bond is:
(a) 498 kJ mol ™! (b) 463 kJ mol ™!
(c) 428 kJ mol ™! (d) 70 kJ mol ™!
Consider the following two reactions:
(i) Propene + H, — Propane; AH,
(it) Cyclopropane + H, — Propane; AH,
Then, AH, — AH, will be:
(a)0 (b) 2BE_ ~ BE-_¢
(c) BEc_c (d) 2BEc.c -~ BEc_¢
[Hint: CH,— CH=CH, + H, — CH, — CH,— CHj;
AH, = (BE¢.c + BEy_y) ~ (2BEc_y + BEc ()
- CH,
\ + H, —> CH; — CH, — CHj, ;
CH,
AH,=(BE¢_ ¢+ BEy_u)— (2xBE¢_y)
AH, - AH; =2BE; - BEc.¢ 1
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Under which circumstances would the free energy change for
a reaction be relatively temperature independent?

(a) AH® is negative

(b) AH"® is positive

 {c) AS® has a large positive value

24,

25.

26.

27.

28.

29. .

30.

31

(d) AS® has a small magnitude
Use the free energy change, AG® = + 63.3kJ, for this reaction,
to caloulate the K, of Ag,COs(s) in water at 25°C :
Ag,COy(s) == Ag' (ag) + CO}™ (ag.)
(@)32x107° (b)) 8x 1072 (c)2.9x 107 (d) 7.9x 107
Which statement(s) is/are true? 3

1. §°values for all elements in their states are positive.
2. 8¢ values for all aqueous ions are positive. ’
3. AS® values for all spontaneous reactions are positive.

(a) 1 only (b) 1 and 2 only
(c) 2 and 3 only (d) All of these 33.
The enthalpy of a reaction does not depend upon:
(a) the mntermediate 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
When a solution: of 500 mL of 2 M KOH is added to 500 mL of
2 M HCI, then the rise in temperature 7} is noted. When the
same experiment is repeated by mixing 250 mL of each
solution, the rise in temperature T, is noted:
@h=T, ObL=2 ©©L=2 (@I =47,
The heat of combustion of solid benzoic acid at constant
volume is ~321.30 kJ at 27°C. The heat of combustion at
constant pressure is:
{a) ~321.30 - 300R (b) -321.30 + 3008
{c)~321.30 - 150R (d) -321.30 + 900R
. « 34.
[Hint:
CoHsCOOH(s) + 2> 0,(g) — 7C0,(g) + H,0()
An=7- B_1
2 2

AH = AU + AnRT
=-321.30—% X R X 300=-321.30 - 150R]

A—B; AU = 40kJ mol™
If the system goes from 4 to B by a reversible path and returns
to state 4 by an irreversible path, what would be the net
change in intérnal energy?

(a) More than 40 kJ (b) Zero
{c) Less than 40 kJ ()40 kJ
For the process, NH;(g ) + HCl(g ) —— NH,Ci(s):
(QAH=+ve,AS=+ve (HIAH=-ve,AS=+ve
CYAH =+ve, AU=—-ve . (d)AH =~ve,AS = ~ve
Match the thermodynamic properties (List-I) with their
rfilation (List-1I):

List-1
A. Free energy change (AG®)
B. Entropy change AS®

List-IT
(i) RT log, K
(il —nFE

C. AH® enthalpy change of a (iii) RT 2 ,
reaction in standard state \

D. Standard free energy change (iv) _{i&} .
(aG%) P

Select the correct answer:

’dan}
ar ),

Codes: A B C D
(a) ® (i) (iii) (iv)
(®) (i1) (iv) (i) @
(c) (iv) (i) (iii) ®
(d (@) (i) (iv) (ii1)

An ideal gas is allowed to expand under adiabatic conditions.
The zero value is of:
() AT (b) AS
(c) AG {d) none of these
Match the physical changes in List-T with their relations given
in List-II:
List-I List-TI
A. AG (i) AU + PAV
B. AH (ii) —nFE
C. AS° (iii) —RT log, K
o v,
D. AG (iv) nR log, P’J
’ A
Select the correct answer frpm the given codes:
Codes: A B C D
(a) (i) @ (iv) (iii)

(b) @ (i) (iii). (iv)

(© (iv) (iif) - (i) @)
@ O (i) (v) (iii)

Given the following data:

FeO(s). ~266.3 57.49

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
spontancous? ’

; FeO(s) + C (Graphite) —— Fe(s) + CO(g)
(a) 298 K
(b) 668 K
(¢) 966 K
(d) AG® is +ve, hence the reaction will never be spontaneous.

[Hint: AH reaction = X{AH; Feg) T AH; CO(g)}
- {AH ; reo(n + AH ; Cteraphite) |
={0~110.5)- (-266.3 + 0)=155.8kJ mol™
AS eaction = E[S;e(s} + SéO(g} 1- [S;eO(s) + Sé(graphitc)]

=(27.28 + 197.6) — (57.49 + 5.74)
=161.65 JK mol™!
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36.

37.

38.
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. AH 155.8 x 1000
For spontaneous reaction, 7’ > —; T > ————
AS 161.65

T > 966 K]

Which of the following equations has/have enthalpy changes
equal to AH_ ., C?7

L C(s)+ O,(g) —> CO,y(g)
II. C(s) + % 0,(g) —> CO(g)

II. CO(g) + % 0,(g) — CO,(g)

(@)landII (b) I, I and 11
(c)Iand IIT (d) Lonly
The enthalpy change of which reaction corresponds to AHf

for Na,CO,(s) at 298 K?

(a) 2Na(s)+ C(s) + % 0,(g) —> Na,CO;(s)

(b) Na,O(s)+ CO,(g) — Na,CO,(s)

(c) 2Na* (ag.) + CO}™ (aq.) —> Na,CO;(s)

(d) 2Na* (aq.)+20H" (ag.)+CO,(aq.)—>Na,CO; (s)+H,0

Enthalpy is equal to: (VITEEE 2007)
@ Tz{ a(G/T)} ®) _Tz[ a(G/T)}
ar  |p aT  |p
© Tz[ B(G/T)} @ —TZ[ B(G/T)}
aT |, . oT |,
[Hint: G=H-TS (D)

G=U+PV -TS
AG =AU + PAV + VAP —TAS — SAT
From the first and second laws,
TAS = AU + PAV
AG =VAP — SAT

" At constant pressure, AP =0

AG _
. AT
From egs. (i) and (ii),

- (i)

_[B(G/T)}
L oer |,

o =—T2{ oG/T) } ]
oT |p
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? )
(2) Number of molecules (b) Pressure
(c) Temperature (d) Volume

39.

40.

41.

42.

43.

44,
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For the reaction shown, which is closest to the value of AH?
2Cr** (aq.) + 3Ni(s) — 2Cr(s) + 3Ni** (aq.)

AH} (kJ mol™)

cr* (ag.) -143

Ni** (ag.) ~54

(2) 124 kJ (b) 89 kJ
(c) -89 kJ (d)-124 kJ

An ice cube at 0.00°C is placed in 200 g of distilled water at
25°C. The final temperature after the ice is completely melted
is 5°C. What is the mass of the ice cube?

(AHg =3407g7,C, =4181g'°C™)

(2)23.6¢g (b)463 g

(c)50.0¢g (d) 800 g

Which reaction occurs with the greatest increase in entropy?

(2) 2H,0(7) — 2H,(g) + O,(g)

(b) 2NO(g) —> N3(g) + O,(g)

(©) C(s) + 0, (g ) —> CO4(g)

(d) Bry(g)+ Cly(g) — 2BiCI(g)

The bond dissociation energies for single covalent bonds

formed between carbon and 4, B, C, D and E atoms are:
Bond Bond energy (kcal mol™)

i C—4 240

(iiy C—B- 382

(i) C—D 276

(ivyv C—E 486
This indicates that the smallest atom is:
(2) 4 (b) B () C (A E
(Hint: C—F bond has highest bond energy; it means that the

covalent bond C—F will be strongest. Smaller is the size of atom,
stronger is the covalent bond.]

An ideal gas is taken around the cycle ABCA as:

T 4P, B
o
5
g v
g T A i
|
V4 3V,
Volume —
@I12BY, RV (3B ()P
[Hint: Work done in the cyclic process
= Area bounded (ABCA)
= % x AC X AB

2 .
=~ X2V X 3R =3RV}]

One gram mole of graphite and diamond were burnt to form
CO, gas.

C(graphite) + OZ(g) — Coz(g)§ AH® =-399.5k]
Cldiomongy T 02(8) — CO,(g); AH°=-3954KkJ
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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?

{2) O (dQ = heat absorbed)

(b) U {dU = change in internal energy)
(¢) § (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:

47.

1
T oc
: N
The value Qf ¥, Le., (Cp !/ Cy ) of the gas will be:
{a) 1.30 (b) 1.50 (¢) .70 @2
- 1
Hint: . T oc =
[ Nz
TV Y2 = constant
" For adiabatic process, TV " 27y 7= = constant
1 3
=, y==
Y 2 Y 2]
2Zn + Oy — 2Zn0; AG°=-6161] w ()
2Zn + 8§~ 2Z88; AG® =-293] . (i1)

28+ 20, —> 280,(g);
AG® for the following reaction:
2ZnS + 30, — 2750 + 280,
would be:
(@-731F  (B)-1317] (c)+7317
[Hint: AG® =2AGy,0 + 2AGsg, ~ 2AGzg

=[-616 — 408] - [-293]

AG® =-408] .. (iii)

(d)+131773

=~1024 + 293
==7311]]
48. The efﬁmency of the reversible cycle shown in the figure will
be:
(a)33.33% - (b) 56% (c) 66% (d) 25%
250 B
! A
Temp. (K) I
150 < C
A |
!
1000 1500

Entropy JK™' —»

Area of closed cycle

{Hint:
Area under the curve

x 100

Efficiency of cycle =

49,

50.

St

52.

53.
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1w (1500 - 1000) x (250 — 150)
= 2. % 100
5% (1500-1000) (250~ 150) + (1500 -~ 1000) x (150~ 0)

1

—~ X 500 %100
= 2 %100
—2—x500><_,100+500><150
0x 50 %1
500 % 50 x 100 - 25]

=500 x 50 + 500 x 150

In Haber’s process of ammonia manufacture:
Ny(g) + 3H,(g) — 2NH,;(g);

" AHjsec=~R2K

Molecules H,(g) NH,(g)
Cp JK™ mol™ 28.8 35.1

I C;, is independent of temperature, then reaction at 100°C as
compared to that of 25°C will be:
{a) more endothermic (b) less endothermic
(c) more exothermic {d) less exothermic
[Hint: Use: 2727870 _zc g
' -1
Consider the following statements:
1. Change in enthalpy is always smaller than change in
internal energy.
1I. The variation in enthalpy of a reaction with temperature is
given by Kirchhoff’s equation.

II1. The entropy change in reversible adiabatic process is equal

N,(g)
29.1

to zero.
Select the correct answer:
(@)l and Il (b) I and ITI
{(c)yMlandl (d) all are correct

In C,H,, energy of formation 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}
(b) +65ki/mol
(d) —65 kJ mol™

Polymerisation of ethene may be given as:
nCH,==CH, — -£CH, —CH,3;

= Z(BE)reaetants ~Z (BE)products

= (+145) ~ (+80) = + 65 kI/mol ]
{Note: C—H bonds are common in both reactants and products.]
If 150 kJ of energy is needed for muscular work to walk a
distance of | 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™":

(a) +650 k¥/mol
(c) —650 kI mol™
{Hint:

[PMT (Kerala) 2007]
(@ 75g (b) 30g (c) 180g  (d) 150g
(e) 45g

The value of log,q K for a reaction 4 = B is:
A, Higee = —54.07 kI mol™,

A, Ssoex =10JK " mol™  and R=8314JK " mol™;
2.303 % 8.314 x 298 = 5705) - @T2007)
@3 ® 10 (d 100

{Given,

{c) 95
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[Hint: AG°®=AH®° -TAS®
=-54.07x1000 - 298 x 10
=—570507

AG® = —2.303 RT log;o K
— 57050 = — 5705 log o K
log,, K =10]

54. The lattice enthalpy and hydration enthalpy of four
compounds are given below :

\ 509

Following questions may have more than one correct options :
1. Which of the following are correct about irreversible
isothermal expansion of ideal gas ?

@ =-g¢ (BYAU =0

(c)AT =0 (d)W:—nRTlni

. P

2. The work done during adiabatic expansion or compression of
an ideal gas is given by :

. . n
Lattice enthalpy - | Hydration enthalpy @nCy AT (b) w-1 (I -1)
Compound kJ/mol | kJ/mol) !
: 'mo 'mol) - TPy
( ) & ) (¢) - nR P, [M} (d)-2.303 RT log 4]
P +780 . - -920 AR, "
g +1012 - 812 3. Foran ide_al gas [CP L y]; of molar mass M, its specific heat
R + 828 - 878 ) Vim
capacity at constant volume is :
S + 632 - 600 @ YR ®) v © M @ YRM
The pair of compounds which is soluble in water is : (v-DM M- R(y-1) ¥ -1
[PET (Kerala) 2008] Hint:SPr =y C. —C. =
()PandQ (b)QandR (c)RandS (d)Qand§ [(Hint: 2 ® =%, Cpn = Crm =R
(e) Pand R Co = R dc _ Ry
[Hint : For solubility of ionic compounds, hydratlon energy must = 1P =0T
be greater than lattice energy.] y
! ——=Cp, XM
v-1
X
C
Vm = M ('Y 1) ]
o Single correct option
1. (c) 2. (d) 3. (c) 4. (c) 5. (b) 6. (d) 7. (b) 8. (a)
9. (c) 10. (a) 11. (¢) 12. (c) 13. (c) 14. (a) 15. (d) 16. (b)
17. (b) 18. (c) 19. (e) 20. (c) 21. (b) 22. (b) 23. (d) 24, (b)
25. (a) 26. (3) 27. (a) 28. (c) 29. (b) 30. (d) 31. (b) 32. (d)
33. (a) 34. (c) 35. (d) 36. (a) 37. (b) 38. (d) 39. (a) 40. (b)
41. (a) 42. (d) 43. (c) 44. (a) 45. (a) 46. (b) 47. (a) 48. (d)
49. (d) 50. (b) 51. (b) 52. (d) 53. (b) 54. (e)
o One or more than one correct options
1. (a,b,c,d) 2. (a,b,c) 3. (b)
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Integer Answer TYPE QUESTIONS

XY ZW

X YOXO) 9. Gas (4,) has the ratio of specific heat, equal to 1.66. The
This section contains 11 questions, The answertoeach [® @ D @ value of x will be : ,
of the questions is a single digit integer, ranging from % % % % 10. For a liquid the vapour pressure is given by :
010 9. Ifthe correct answers to questionnumbers X, Y, @ @ @ @ ) p= ~400 10
Z and W (say) are 6, 0, 9 and 2 respectively, then the % % % % OB10 5= 0 t .
correct darkening of bubbles will look like the given |5 & & & Vapour pressure of the liquid is 10 mm Hg, The value of x will
figure : (ORGRORC) be:" o

D080

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 w,

and that along the dotted line path is w,, then the integer
closest to the ratio w, / w; is:

1. Abubbie of 8 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 liquid, enthalpy of fusion is 1.435 keal mol™ and molar 4.5 1
entropy change is 5.26 cal mol™ K™, The freezing point of 4.0 -
liquid in celcius will be : o 35 4
3. For the reaction, Ag,0(s)~— 2Ag(s)+ -;-02 {(g) ,-. 3.0 b
£ 254
AH,AS and T are 40.63 kJ mol™, 1088 JK™ mol™" and & , |
373.4 K respectively. Free energy change AG of the reaction o 15 -
will be: 1'0 |
4. Standard Gibbs Free energy change AG” for a reaction is zero. ’
The value of equilibrium constant of the reaction will be: 0.5 1
5. AG" for the reaction x + y == zis ~4.606 kcal. The value of 0.0 L
equilibrium constant of the reaction at 227°C is (x x 10%). The 00 65 1.0 15 20 25 3.0 35 40 45 50 55 60
value of “x’is : ‘ . V (lit.)
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 (IIT 2010)
, cal. [Hint : w; = work done along dotted line
’ =ZPAV
=4x15+ Ix1+ 25><323- =8.65L atm
T ' w, = It is reversible isothermal process
P ,
! ' =2303»nRT 10g[ﬁ}
| 2
, v,
=2303x(PV)log| —=
Vi
vV = 2303x2log > =479 Latm
In the present graph, the area of circle 4 and B are 25 unit and ) & 05
20 unit respectively. Work done will be ........... unit. wy _ 865 21
8.. For the reaction, ) : . T 479,
. . §
N,(g)+3H,(g) — 2NHs(g)
Heat of reaction at constant volume exceeds the heat of
reaction at constant pressure by the value of xR7". The value of
xis: g
A
s, 3
EE B ) - N
1. (3) B A (1)) 3. (0 _ ’k 1 5. 6. (6) 2 (5) 8. (2)

9. (1) 10. (9) 1. (2)
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e Passage 1

Chemical reactions are invariably associated with the transfer of
energy either in the form of 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:

g = ms AT;
= cAT; ¢ = Heat capacity

s = Specific heat

Heat of reaction at constant volume is measured usmg bomb
calorimeter.

gy = AU = Internal energy change

Heat of reaction at constant pressure is measured using simple or
water calorimeter. "

quAH
AH = AU + AnRT

The amount of energy released during a chemical change

- depends .on 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:

MIZ*M‘:ACP : AU, - AU, —AC,
L-T, L-T,
(At constant pressure) (At constant volume)

Answer the following questmns
1. Match the List-I with List-IT and select the answer from the
given codes:

List-I List-IT .
A. C(s)+ Oy(g) — CO(g) 1. AH = AU + RT
B.Ny(g)+3H,(g)— 2NH,(g) 2. AH=AU
C. NH,HS(s) — NH;(g) + H,S(g) 3. AH = AU - 2RT
D.PCls(g)—> PCl(g) + Cly(g) 4 AH =AU +2RT
E. 280,(g)+ 0,(g)—> 280;(g) 5. AH =AU - RT

Codes: A B C D E
(a) 1 2 3 4 5
(b) 3 2 3 4 1
(©) 1 3 4 2 5
(d) 2 3 4 1 5

2. The heat capacity of a bomb calorimeter is SOO JK. When
0.1 g of methane was burnt in this calorimeter, the temperature
rose by 2°C. The value of AU per mole will be:

(@+1kl  ({&~1ki {ey+160k]  (d)-160kJ
3. For which reaction will AH = AU? Assume each reaction is
* carried out in an open container:
() 2C0O(g ) + O,(g) — 2C0,(g)
(b) Hy(g) + Bry(g) — 2HBr(g)
(c) C(s) + 2H,0(g) — 2H,(g) + CO,(g)
(d) PCls(g) — PCl(g) + Cly(g)

(a) 3.8 keal mol™

4. What value of AT should bé used for the calorimetry

experiment that gives the following graphical results?

45 °Q
g 35°C
% :
=
25°C
A Time (min} —
(a) 10°C {b)25°C (c) 20°C (d) 35°C

. The enthalpy of fusion of ice is 6.02 kJ mol™. The heat

capacity of water is 4.18 J g™ C™'. What is the smallest
number of ice cubes at 0°C, each containing one mole of
water, that are needed to cool 500 g of liquid water from 20°C
to 0°C?

(a) 1 ®7 (@4 @12
[Hint: Heat released to cool 500 g water from 20°C to 0°C,
q=ms AT

=500 % 4.18x20=41800J =41.8 kJ

Number of moles of water (ice) that will melt to absorb 41.8 kJ
T 418

6.02
. Nurober of cubes of ice that will- melt =7]

. The enthalpy change (AH ) for the reactlon

N,(g) + 3H,(g) — 2NH;(g)
is-92.38 kJ at 298 K. The internal energy change AU at 298 K
is: (AIIMS 2006)

(2) ~92.38 kI (b) —87.42kJ (c) ~97.34 kJ (d) -89.9 kJ

[Hint: An,=2-4=-2

AH =AU + An, RT

AU =AH - ArzRT
92,38 x 1000 - (—2)><8314><298 -
= — 87424 ] = —87.424 KJ]

i

. The specific heat of I, in vapour and solid state are 0.031 and

0.055 cal/g respectively. The heat of sublimation of iodine at
200°C is 6.096 kcal mol™!. The heat of sublimation of fodine
at 250°C will be: - o “

(b) 4.8 kcal mol™

(c) 2.28 keal mol™! (d) 5.8 kcal mol™
[Hint: L) = L)

ACp =(0.031-0. 055) x 107 x 254

AH Z ML el
-1,
W = (0.031 - 0.055) x 107 x 254

AH, = 5.79 kcal mol™ ]
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° PassaQeZ T

In a chemical reaction, the bonds of reactants are decompoéed
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 (AHy _5).
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.

Sed

AH cion = L Bond energy of bonds, broken in the reactants

— X 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) Bond energy increases with the electronegativity difference
between the bonding atoms.
Answer the following questions:
1. Arrange N—H, O—H and F—H bonds in the decreasmg order
of bond energy:.
(a) F—H>O0—H>N—H (b)O—H>N—H>F-H"
() N—H>O—H>F—H (d)F—H>N—H>0—H
2. X, represents halogen molecule. Bond energy of different
halogen molecules will lie in following sequences:
(a)E, >ClL, >Br, >1, (b)ClL,>Br, >F > 1,
(c}L, >Cl, >Br, > 1, (&)Br, >E, >L >Cl,
[Hint: Bond energy of E, 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—Cb)C=C<C=C<C—C
©C=C>C=C>C—CdC=C>C—C>C=C
4. In CH, molecule, which of the following statements is correct
about the C—H bond energy‘?
(a) All C—H bonds of methane have same energy
{b) Average of all C—H bond energies is considered
(c) Fourth C—H bond requires highest energy to break

(d) None of the above
5. Use the bond energies to estimate AH for this reaction:
Hy{(g) + O,(g) — H;0,(g)
. Bond | Bond energy
" H—H 436 kJ mol ™!
0—0 142 kJ mol ™!
0=0 499 kJ mol ™!
H—O 460 kJ mol™
(@)-127k]  (b)—-209k] (c)-484k] (d)-841 k]

6. The heat of formation of NO from its elements is +90 kJ mol ™.
What is the approximate bond dissociation energy of the bond
in NO?

BEy =y = 941kJ mol™
(a) 630 kJ mol™!
(¢) 760 k¥ mol ™}

BEg.q =499 kJ mol™!
(b) 720 kJ mol™
(d) 810 kJ mol ™

G.R.B. PHysiCcAL CHEMISTRY FOR COMPETITIONS

.. Passage 3

The change in szbs free energy (AG) of the system alone
provides a criterion for the sponianeity of a process at constant
temperature and pressure. A change in the free energy of a system at
constant temperature and pressure will be:

AGsyszem = AH system T AS
At constant temperature and pressure:

sysiem

AGsymmV < 0 (spontaneous)
AGyyen = 0 (equilibrium)
AGsyszem > 0 (non - spontaneous)

- Free energy is related to the equilibrium constant, as:
AG® = 2.303RT log, K

- Answer the following questions:

1. The free energy for a reaction having AH =31400 cal,
AS = 32cal K™ mol™ at IOOO°C is:  [JEE (Orissa) 2005]'
(a) 9336 cal (b)-7386 cal (c)—-1936cal (d)-+9336 cal-

2. For a spontaneous reaction AG, equilibrium ‘X’ and Egy will

be respectively: (AIEEE 2005)
(a)-ve,>1,+ve (b)+ve,> 1, ~ve
{€)—ve, <1, ~ve A(d) —ve,> 1, -ve

3. For a system in equilibrium, AG =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 AS are negatlve 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 AH and AS. 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 areaction to be spontaneous at all temperatures:
(2) AG — ve, AH + ve and AS + ve '
»(b)AG-t» ve, AH — ve and AS + ve
() AG - ve, AH ~ ve and AS — ve
(d) AG — ve, AH — ve and AS + ve
" 3 moles of CO, gas expands isothermally aguainst 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:

AS = 2303 R Iog (-VAJ
\RJ

Answer the following questions:
7. If CO, behaves like an ideal gas, then ‘entropy change of

system (AS Wstem) will be:
(a) +274 JK! (b) 9.111("
(¢) —27.4 7K™ (d) -9.13K7!
8. Select the correct relation: o
(8) DS gen > 0,AS g, =0 (b) ASy,, <O,AS o0 >0
(©) AS gen = 0,AS =0 (d) ASy, >0, Assym <0
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e Passage 4

Consider the following energy level dzagram ‘

o 6C(s)+ 6H,(g)+ 902(g}

N
- CeHyp06 + 60, (g)

Energy y z ‘ &

T 6C0;()+ 6H,00) '
h

Answer the following questlons on the basxs of the given
diagram:

1. The heat of formation of glucose is:

@-x  d-y ©)yx-y @-x+z
2. Inthe given diagram z refers to: -
(@) 6x AH7co, ®) A,
© AH G tustion Gt 105 (d) AH conbusion )+ AH 1 11,00

3. The quantity yls equal to:

(2) AH oiusiion o + AH compustion H 2 e)
b)x+z
©x-2z
(@) AH o, + AHy o .
4. Select the incorrect statement(s)
(a) combustion of glucose is exothermic process
(b) standard state of glucose is CgH,04(s)
(¢) -heat of fonnation of glucose = Heat of combustion -of

glucose
(Dx+y=z
e Passage 5
| T 20L A 5 B
© A
g.
g ot ¢
200K 400K

Temperature —»

Graph for one mole gas

Answer the following questions based on thé above diagram:
1. Process, A — B represents:
(a) isobaric  (b) isochoric (c) isothermal (d) adiabatic
2. The pressure at C is:
(a)3.284 atm (b) 1.642 atm (¢) 0.0821 ato(d) 0.821 atin
3. Work .ane in the process C — 4 is:
(by8.21 Lamm
{d) unpredictable

(a) zero
(¢)16.2 L atm

" 4. The process which occurs in going from, B —— C'is:
(a) isothermal (b) adiabatic (c) isobaric. - (d) isochoric
5. The pressures at 4 and B in the atmosphere are respectively:
(a) 0.821 and 1.642 (b) 1.642 and 0.821
(¢)land2 (d) 0.082 and 0.164

e Passage 6

The thermodynamic properfy tlzat 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’s formula

N
[AS = é;‘i—— J -.In the reversible adiabatic process, however, AS will

be zero. The rise in temperature in isobaric and isochoric conditions
is found to increase the randomness or entropy of the system.
AS =2303Clog (/1 T1)
C=CporCy ’
Answer the following questions:
1. The entropy change in an-adiabatic process is:
(a) zero
{b) always positive
(¢) always negative :
(d) sometimes positive and sometimes negative
2. 1If, water in an insulated vessel at—10°C, suddenly freezes, the' «
entropy change of the system will be:
(@) +10JK mot™ .
() -10IK " mol™
{c) zero .
(d) equal to that of surroundmgs )
3. The melting point of a solid is 300 K and its 1atem heat of
fusion is 600 cal mol ™. The entropy change for the fusion of

mole of the solid (in cal K™!) at the same temperature would
be:

@200 ()2 ©02 @20 -
4. For which of the following cases AS = % ?

(a) A process for which ACp = 0but ACy =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 (AS ) would be:
@C, In2 ®Cpin2
(©)C,RIn2 D€y -R)In2xEp

[Hint: AS = 2.303C, log,, [%‘—]
2

(7 1
=Cpln Cp In
F [VZ) i (1;‘2}

=CP me 2]
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‘e Passage 7

The pressure-volume behaviour of various thermodynamic
processes is shown in graphs:

T {sobaric
@
- 32 Isothermal

o3

£

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 (wpy == P, AV'). It has been observed that reversible work
done by the system is the maximum obtainable work.

' Wrey > Wirr

) The works of isothermal and adiabatic processes are different
Jfrom each other.

v, I
Wisathermal reversible = 2 303nRT l0810 [V J 2. 303nRT lOgm (P j
’ i 2

Wadiabatic reversible = CV (Tl - 2)

Answer the following questions:
1. If w, w,, w, and w, are work done in isothermal, adiabatic,
" isobaric and isochoric reversible processes, then the correct
sequence (for expansion) would be:
@w, >w,>wy>w, BYwy >wy>w >w,
©wy>wy >w,>w (dywy >w >wy>wy
‘[Hint: w=Work done = Area under curve.}
2. A thermodynamic system goes in acyclic process as
_ represented in the following P-V diagfaQ:

‘B

P c
‘®
a | -
e

i

N
. Aq B,

Volume —» .

[Hint: w=-2. 303nRT log (i‘]

The net work done during the com; .. cycle is given by the
area:

(a) cycle ACBDA

(b) A4,B,BDA

(c) A4,B,B

(d) half of area bounded by curve

. P~V plots for two gases during adiabatic processes are glven

in the given figure:

Pressure —»

Volume —»
Plot 4 and plot B should correspond to:
{a) He and O, (b) He and Ar (¢) O, and He (d) O, and §,
[Hint: Slope of the adiabatic curve =<y
Slope of B > Slope of 4
He (v =1.66); O, (y=144)
Thus, correct answer will be (¢).]

. The g value and work done in isothermal 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) 5.22kJ,-5.22 kJ (b) -5.22 kJ, 5.22 KkJ

{c)5.22 kJ 5.22 k¥ (d)-5. 22 kJ —5 22 kJ

2

=-2303x1x8.314 x 273 log (%)

=~5227k]
g = —w=+ 5227 k] for isothermal process]

. Calculate work done when 1 mole of an ideal gas is expanded

reversibly from 20 L to 40 L at a constant ternperature of
300 K.

@ 778K (0)-L73K () 1LT3KI (d)—478K
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This section contains 10, mult:ple choice questions. Each
question has 4 choices (a), (b), (c) and (d), out of whlch only
one is correct.
1. ' Reaction of silica with mineral amds may be g1v¢n as:
SlOz~0-4HF-——>SxE1 + 2H,0; ’AH-—1017kcal
'8i0, + 4HCl — SiCl, + 2H,0; AH =+ 36.7 kcal
which among the following is correct? o
(a) HF and HCI both w1ll react with sxlxca '
(b) Only HF will react with silica =~~~
“(¢) Only HCI will react with silica
(d) Neither HF nor HCl will react with silica -~ "~
[Hint: Exothermic reactions aré spontaneous]
2. InMayer’srelation, ,
CP ._CV =
‘R’ stands for: ' I
(a) translational kinetic energy of 1 mol gas =
(b) rotational kinetic energy of 1 mol gas
(c) vibrational kinetic energy.of 1 mol gas-
(d) work done to increase the temperature of 1 mol gas by
one degree
[Hint: , PV RT '. -
N ' P(V+z§V) R +1)
" Fromegs. (iyand (i)
; ' - PAV =R .
W =R (work done)i
. 3.. For an idea) gas, the Joule-Thomson coeﬁicgent is:
- (a) zero - ' -(b) positive
(c) negative (d) depends on atomicity of gas
4. Entrory change in reversible adiabatic process is:
(a) infinite (b) zero

v, N
{d) equal to nR In [vz— §

1/

()
..(ii)

(For i’m;ol ga:s)' ‘

ie,

(c) equal to C, AT
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- ASSIGNMENT NO. 7
SEC'HQN.] 5. For a process to be in equilibrium, it is necessary that: .
(8) AS gyem = AS g () AS ygem = = AS g

Straight Objective Type Questmns (©)AS e =0 (A AS =0

6. Prechct the sign of AS for each of the followmg processes,
which occur at constant temperature:
L. The volume of 2 mol of O, (g ) increases from 44L to 54L.
11. The pressure of 2 mol of O, (g) increases from I'atm to

12atm.

S C |
(a)AS =-ve - AS =—ve
"(b)AS = —ve AS = +ve
() AS =+ve. AS=—ve
(d)AS =+ve - AS = +ve

7. Which of the following statements must be true for the entropy
of a pure solid to be zero? h
1. The temperature must be zero kelvm
I1. The solid must bé perfectly crystalline
111. The solid must be an element
IV. The solid must be ionic .
@I ‘ (b)Iand II
(), H and 11 < (d) Alf'are correct
8. Which of the following statements is correct?
(a)Slope of adiabatic. P~V curve is smallér than that in
isothermal one
(b)Slope of adiabatic P -V curve will be same as that in
isothermal one

(c)Slope of adiabatic P~V curve wxll be larger than in

“isothermal one
(d)Slope of adiabatic P~V curve will bé zero
9. [ il j “for anideal'gas is equal to: '+
oP /; e
{(a) zero b) M;QT (c) P?V (d) nRAT
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10 A refrigerator is s used to remove heat from enclosure at 0°Cat
“'thé rate of 600 watt. 1f the surmundmgs temperature is 30°C, .

SECTION—I]I

Multipfe Answers Type Objective Questions

oL
w

Dg+w

~ Calculatc the power needed: Assertion-Reason Type Questmns o :
" (a)303 watt "(b) 11000 watt This section contains 5 questions. Each quesnon contains
(c) 65.9 watt _ (d) 110 watt - Statement-1 (Assertion) and Statement-2 (Reason):” Each
question has followmg 4 choices (a), (b), (c) and (d), out of
. which only one is correct.
SEC [ION-II (a) Statement-1 is true; statement-2 is true; statement-2 is a

correct explanation for statement-1.

11. AU will be zero for which processes? (b) Statement-1 is true; statement-2 is true; statement~2 is not a
(a) Cyclic process (b) Isothermal expansion correct explanation for statement-1.
(c) Isochoric process (d) Adiabatic process (c) Statement-1 i Is true; statement-2 i 15 false.
12. Ifxand yare two intensive variables then: (d)Statement-1 is false; statement-2 is true. o
(@) xy is an intensive variable 19. Statement-1: Most of the combustion reactions are
. exothermic.
(b) = is an mtensive variable , e Because
A V . Statenid k? Products are more stable than reactants in
(c) (x + y)is an intensive variable " exotherinic process.
o) é is an extensive property 20. Statement-1: There is no exchange in internal energy in a
dy : . cyclic process.
13. Which of the following expressions is/are correct for an ‘ Because
adiabatic process? Statement-2: In.a ,pyghg sprocess, the system returns to
y-1 ( ¥ -1y original state in a huber o steps' .
(a) [ n J (b) L3 ( 5L ] : 21. Statement-1: The value of enthalpy of neutralization of weak
L N : A.\TL acid and strong base is always numerically less than 57.1 kJ.
CEVARS A [OT AN A AN , | Becamse ,.
14. Select the state functlons among the following: Stat_ement—l: All the OH™ ions furnished by_ I gram
(a) temperature (b) entropy equivalent of strong base are not complet'ely neutralized.
(©) work (d) enthalpy 22. Statement-1: Heat of solution is posmve when
. o Na,S0,-10H,0 is dissolved in water but it is negative when
15. Select the correct expressions among the following: anhydrous CuSOy is dissolved in water.
@AG - AH (aacj ) AG—AH [a(AG)] Because
T oT r orf Jy Statement-2: Mola; masses of Na 280y, IOH20 and CuSO, are
© AS _ (aﬁwl! ) @ ( oaT ) - [aH ) different.
nF aT ,, oP j; 1Cp 23. Statement-1: The extenslve property of a smgle pure
© 16. Which of the following are correct for an 1deal gas?- ;ur:’;?ce depends upon the number of moles of the substance
(a) [ J =0 ()] (_) =0 Because
oV - ) QP T Statement-2: Any extensive property expressed per mole
© (____) =0 @ ( P ] -0 becomes intensive.
P/, a7/, ; S L
17. The C[ausius-Cla;:;/{ron equation may be given as: SEC‘"ON_'V
(a) log o ( ) vy [i— -1-] Matnx-Matchmg Type Quesﬂons
A 23R[N, T This section contains 3 questions. Each question contains
( dP _AS V statement given in two columns which have to be matched. .
dr AV Statements (a, b, ¢ and d) in Column-I have to be matched with
P q statements (p, g, r and s) in Column-I1. The answers to these
© T -TA7 questions have to be appropnateiy bubbled as illustrated in the
_ P AV following examples:
d)—=— If the correct matches are (a-p,s); (b-q,r); {c-p,q) and (d-s);
ar  AS then correct bubbled 4 x 4 matrix should be as follows:
18. Which of the following is/are not state function? L .
@q ®g-w
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25. Match thc Lnst-I wnth Lxst I and select the correct, answer

24, (a-s) (b-p) (c-q) (d-1)

P q r s
from the given codes:
il JIGIG] N (ELlst-ll. .
ermodynamic properties) . xpressmn
00/ vy
' " () AH® , (B)er( n ] :
‘@@ OG a ),
() AS (C) nFE
d (
Po0e s P )
247 Match the Lise-Twith Tist1l ‘ oT
List-I List-H Codes:
ar (a) I-C, II-B, I1I-D, IV-A
@ (@L ®V (b) 1B, II-C, TIL-D, IV-A
3Gy © I-A, 1I-B, [1I-C, IV-D
(b) (.5_) @T (d)1-D, II-A, TII-B, IV-C
ap r | 26. Match the List-1 with List-II:
'(C)(E]p -0 List-I Custmr
oG (a) Perfectly crystalline solid ~ (p) AU=0
oT Jp : (b) Reversible . reaction at . {q)}.7 =constant
' equilibrium S .
(c) Isothermal process ® Lim § -0
. - e 70K
(3G . o
G)] (3}?}2'"5 ) (s8) ASmivgt;e =0,
o) 2. (d) 3. (a) 40 5. (b) 6. (© 7. (®) 8. ()
9. (a) 10, () 11. (3, b) 12. (a, b, d) 13. (3, ¢) 14. (a,b,d) 15 (a,c,d)  16. (ab,c)
17. 3, b,c) 18 (a,b,0) 19, (a) 20. (a) 21. (c) 22, (¢) 23, (b)
25. (a) 26. (a-1) (b-s) (c-p, q) (d-q) ‘



