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The laws of thermodynamics deal with the energy changes of macroscopic systems
involving a large number of molecules rather than microscopic systems containing a
few molecules.

Fundamentals of Thermodynamics

Some basic terms and concepts commonly used in thermodynamics are briefly
explained below:

System and Surroundings

System is a part of universe under observation and the part of the universe except
system is called surroundings. System basically a specific portion which is considered
under thermodynamic studies.

Thus, system and the surrounding together constitute the universe, i.e.
universe = system + surroundings

On the basis of exchange of mass and energy, systems are of three types:

1. Open System In which energy and matter both can be exchanged with
surroundings.
2. Closed System In which only energy can be exchanged with surroundings.

3. Isolated System In which neither matter nor energy can be exchanged with
surroundings.

Extensive and Intensive Properties

Properties used to define the state of a system are extensive and intensive properties.
1. Intensive Properties Those properties that depend on nature of matter but do not
depend on quantity of the matter, e.g. pressure, temperature, specific heat, melting
point etc.



2. Extensive Properties Those properties that depend on
quantity of the matter present in the system, e.g.
internal energy, heat, total moles, volume, enthalpy,
entropy, free energy etc.

Force is extensive property but pressure is intensive
property.

State and Path Functions

1. State Functions Those functions which depend only
on the state of the system and not on how it is reached.
e.g. pressure, volume, temperature, AH, AE etc.

2. Path Functions The functions that depend upon the
path followed are called path functions, e.g. work done,
heat etc.

Types of Processes

The state of a variable can be changed by means of a
thermodynamic process. These are of the following types :

1. Adiabatic Process In which system does not
exchange heat with its surrounding, i.e. dQ =0.

2. Isothermal Process In which temperature remains

fixed, i.e.dT =0.

3. Isobaric Process In which change of state is brought
about at constant pressure, i.e. dp =0.

4. Isochoric Process In which volume of the system
remains constant, i.e.dV =0.

5. Cyclic Process This is the process in which a system
undergoes a number of different states and finally
returns to its initial state. For such a process, change in
internal energy and enthalpy is zero, i.e. dE =0 and
dH =0.

6. Reversible Process In this process, (quasistatic system),
change taken place is infinitesimally slow and their
direction at any point can be reversed by infinitesimal
change in the state of the system. Reversible process is
an ideal process and here, every intermediate state is in
equilibrium with others, if any.

7. Irreversible Process This process, is the one which
cannot be reversed. In this process, amount of energy
increases. All natural processes are irreversible in
nature.

= ° |f macroscopic properties like temperature, pressure, etc.,
NOTE {0 not change with the time, the system is said to be in
thermodynamic equilibrium.
° If the two systems are in thermal equilibrium with a
third system, they must be in thermal equilibrium
with each other. This law is known as zeroth law of
thermodynamics.
The law defines the temperature as the property
which determines, whether the body is in thermal
equilibrium or not.

Concept of Work

e The work is said to be done when gas expands or
contracts against the external pressure. Work done is a
path function not a state function as depends upon the
path followed.

W == Doy XAV

W= = Dot (V; =V1)

For compression W =-p, (V, -V;)

[Here, V, > V]
[Here, V, <V,]

For expansion

e Maximum work done for reversible isothermal process

W,y = —2.303 nRT log %

rev
1

where, V, =final volume, V; =initial volume

Also, W, = -2.303nRT log P
P

Maximum work done for irreversible isothermal expansion
(i) Intermediate expansion

1%
pexl < pgasv Vvirr :IVIZ pext dV

W ==pee(V; =V1)
(ii) Free expansion If gas expands in vacuum, p,, =0,
therefore, W =0

Sign Convention
(i) If W is positive — work done on the system
(ii) If W is negative — work done by the system

Heat

It is defined as the quantity of energy, which flows between
system and surroundings on account of temperature difference.
It is also a path function, i.e. depends upon the path followed.

Sign Convention
(i) If g is positive — heat is supplied to the system
(ii) If g is negative — heat is lost by the system

Internal Energy (E or U)

o Itis the total energy within the substance. It is equal to the
sum of translational energy, vibrational energy, potential
energy etc. We can only determine the change in internal
energy.

ie. AU =U, -U,
e At constant temperature, internal energy change (AE) will

be zero. Internal energy depends on temperature,
pressure, volume and quantity of matter.



First Law of Thermodynamics

According to this law, energy can neither be created nor
destroyed although it may be converted from one form to
another.

e Mathematical form of first law of thermodynamics,
AE =q +W
e Both Wand q are not state functions but quantity W +q is
a state function.

Enthalpy

e The total heat content of a system at constant pressure is
called the enthalpy of the system. It is the sum of internal
energy and the product of pressure-volume work.

o It is an extensive quantity, state function and
represented by the symbol H.

The equation is
H=E +pV
AH = AE + pAV
AH =AE +An,RT
where, AH =enthalpy change

An, = gaseous moles of products — gaseous
moles of reactants
° IfAng =0, then AH = AU; IfAng >0 then AH > AU and
if An, <0 then, AH < AU.
e For reaction involving solids and liquids only, AH = AE.
Enthalpy also changes, when a substance undergoes
phase transition.

Heat Capacity

Heat capacity (C) of a system is defined as the amount of heat
required to raise the temperature of the system by 1°C.

There are two types of heat capacities based on the conditions
such as volume and pressure.

1. Heat Capacity at Constant Pressure (C)) The heat

capacity of a substance measured when the gaseous
system is at constant pressure.

_H4g _dH
CP—QA—TQP or Cp_dT

. Heat Capacity at Constant Volume (C,,) The heat capacity

of a substance measured when the gaseous system is at
constant volume.

_HOgq _dav
Cv = tr “ar
v T@V oM Iar

 Relationship between C, and Cy, is given as
C, -Cy =R (Ris the molar gas constant.)

R
Cp _CV :M

e For monoatomic gas the molar heat capacity at

constant volume, Cy = %QR

e For monoatomic gas molar heat capacity at constant

pressure,
Cp = %§B+R: %Qﬂ
) . c
o Poisson’s ratio, y =—£ = %Q= 1.66
Cy

y =1.66 for monoatomic gases (like He, Ar)
y =1.40 for diatomic gases (like H,, O,, CO)
y =1.33 for triatomic gases (like H,0, O;)
e Work done in reversible adiabatic expansion
Work done =C,AT =Cy, x(T, -T;)

NOTE  The molar heat capacity for any process is given by

c=9 c=c, + 1l
AT when, pV'¥ = constant ¥
o If the system consists of a single substance or a solution
and weighs 1 mol, the heat capacity of the system is Ki rch hoff's Eq uvation

referred as molar heat capacity (C,,).
According to Kirchhoff’s equation, the partial derivatives of

o If the system consists of a single substance or a solution the change of enthalpy (or of internal energy) during a
and weights 1 g, the heat capacity of the system is reaction, with respect to temperature at constant pressure
referred as specific heat of the system (C,). (or volume) equals to the change in heat capacity at constant
q=Cxm x AT pressure (or volume).
where, m =mass of substance, AC. = AH, - AH, and AC, = AL, - AE,
P - T, -T,

C = specific heat capacity
. where, AC,, = 2C,, of products - 2C,, of reactants
and AT =temperature difference.

ACy, = ZCy of products — 2Cy, of reactants



Entropy Change (AS)

Entropy is the measurement of randomness or disorder of the
molecules. A process which proceeds at its own without any
outside help is termed as spontaneous process. The total entropy
change (AS ) for the system and surrounding of a spontaneous
process is always positive,

AS total — AS

o Entropy is a state function and depends only on initial and
final states of the system.

+AS >0.

system surrounding

ie. AS =Siinal ~Sinitial
o Unit of entropy is joule per Kelvin per mole.
e For a reversible change at constant temperature
—Qrev
AS = % =Sfinal ~Sinitial
Q. = heat absorbed or evolved at absolute temperature T'. If

AS >0, heat is absorbed and if AS <0, heat is evolved.

e For a spontaneous isothermal expansion
AS =2303 nR log 14
Vi

o The change of matter from one state to another is called phase
transition.

The entropy changes at the time of phase transition are as

follows:
: - AH fusion - : :
(1) AS petting = —=2%; (T}, = melting point of substance)
m
. APIvaporisation P .
(ii) AS yaporisation = T ; (T;, = boiling point of substance)
b
i - AI_Isublimation — : :
(iii) ASyplimation = Ti; (T:yp = sublimation temperature)
sub

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 maximum fraction of heat that can be converted
into work in a given process. The second law states that the
entropy of the universe is continuously increasing and tends to a
maximum.

For an irreversible process,

ds >d—q

g ds z2—

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

Carnot Engine

Carnot in 1824 gave an imaginary reversible cycle which
demonstrates the maximum conversion of heat into
work. He actually proposed a theoretical heat engine to
show that its efficiency was based upon the
temperatures, between which it operated.

A Carnot cycle comprises four operations or processes:
(i) Isothermal reversible expansion
(ii) Adiabatic reversible expansion

(iii) Isothermal reversible compression

)
(iv) Adiabatic reversible compression

A1,Vy) Isothermal
expansion

Adiabatic
compression

Dip4.Va)

Adiabatic
expansion

Pressure

Isothermal C (paVa)
compression

Volume ——

Carnot cycle

e Net work done in 1 cycle is

W =RT, ln£+RT1 lnﬁ
Vi Vs
o Net heat absorbed in the whole cycle is

V,
q=R(L, ~T)In *

1

o Efficiency of a heat engine (denoted by n) in a
Carnot cycle is given

W _L-T, _ T

n
9z T, T,

o The above relation was stated in the form of Carnot
theorem by Carnot, i.e. “Every perfect engine
working reversibly between the same temperature
limits has the same efficiency, whatever be the
working substance.”

Third Law of Thermodynamics

o This law was proposed by German chemist Walther
Nernst. According to this law, “The entropy of a
perfectly crystalline substance approaches zero as
the absolute zero of temperature is approached”.

o It forms the basis from which entropies at other
temperatures can be measured, limS =0

-0



AS AH AG
Negative at all

Spontaneity of a Process

Gibbs Free Energy (AG)

. . Spontaneous at all
e The maximum amount of energy available to a system,

i . temperatures. temperatures.
during a process that can be converted into useful ,
- . - - Negative at all Spontaneous at low
work is called free energy or Gibbs free energy.
temperatures. temperature but

e Under standard conditions of  temperature
(i.e.at 298 K) and pressure (i.e. 1 atm), the free energy
change for a process in which reactants in their + +
standard state is converted into products in their
standard state is called standard free energy change
(i.e. AGY). + .

o The changes in the Gibbs energy of a system as a
function of temperature can be calculated by the
equation known as Gibbs Helmholtz Equation.

AG =AH -TAS
where, AG = Gibbs free energy (measurement of useful
work)

non-spontaneous at high
temperature.

Spontaneous at high
temperature.

Positive at low
temperature and negative
at high temperature.

Positive at all temperature.  Non-spontaneous at all

temperature.

Relation between Gibbs Energy Change
and Equilibrium Constant

Relation between Gibbs free energy with reaction quotient and

e The following cases are considered for AG. equilibrium constant are as follows :

(i) AG >0, for non-spontaneous process
(ii) AG <0, for spontaneous process
(iii) AG =0, at equilibrium

o AG =AG°+2.303RT logQ
where, Q =reaction quotient

e At equilibrium, AG =0

. . 'F . a A G°=-2.303RT logK
Criteria for Spontaneity K = equilibrium constant
o In the determination of spontaneity, Gibbs energy o AG°= P
- cell

criteria is better than entropy criteria because Gibbs

energy refers to the system only while entropy refers to
both system and surroundings.

For negative value of AG several conditions exist
which plays an important role in deciding the

where, n = number of electrons lose or gained,

E;, = standard electrode potential,

1F =96500C
o Efficiency of the fuel cell = AG/ AH x100

spontaneity of the process.

(DAY PRACTICE SESSION 1)
FOUNDATION QUESTIONS EXERCISE

2 The pressure-volume work for an ideal gas can be

1 Which of the following statement is correct?
(a) The presence of reacting species in a covered
beaker is an example of open system
(b) There is an exchange of energy as well as matter
between the system and the surroundings in a closed
system

Vv,
calculated by using the expression W = —J’V" P dV . The

work can also be calculated from the pV - plot by using the
area under the curve within the specified limits. When an
ideal gas is compressed (a) reversibly or (b) irreversibly
from volume V; to V. Choose the correct option.

(@)W =W

(irreversible)
b

(b) W
(C) (reversible) >VV(\rreverS\bIe)
(d)

(c) The presence of reactants in a closed vessel made

up of copper is an example of a closed system reversible)

(reversible) < VV('\rreverswble)

(d) The presence of reactants in a thermos flask or any
other closed insulated vessel is an example of a

closed system PeBV

d VV(reverswble) - W|rrever5|ble



3 An ideal gas expands in volume from1x107° m?® to
1x1072 m? at 300 K against a constant pressure of
1x10° N/m2. The work done is

(a) —900J (b) -900kJ
(c) 270kJ (d) 900 kJ

4 When 1 mole of a gas is heated at constant volume,
temperature is raised from 298 K to 308 K. Heat supplied
to the gas is 500 J. Then, which statement is correct?

(a)g=-W =500 J, AE =0
(b) g =W =500 J, AE =0
(c)g=AE =500 J, W=0
(dYAE =0,g =W =-500 J

5 In an adiabatic process, no transfer of heat takes place
between system and surroundings. Choose the correct
option for free expansion of an ideal gas under adiabatic
condition from the following.

(a)g=0AT 20W =0
(b)gz0 AT =0 W =0
(c)g=0AT =0W =0
(d)g=0AT <O W 20

6 1 mole of an ideal gas at 300 K is expanded isothermally
from an initial volume of 1 L to 10 L. The AE for this
process is (R =2 cal K™ mol™)

(a) 270 cal  (b) zero (c) 10 L atm

7 AUis equal to

(a) isochoric work
(c) adiabatic work

(d) 181.7 cal

= JEE Main 2017

(b) isobaric work
(d) isothermal work

8 A piston filled with 0.04 mole of an ideal gas expands
reversibly from 50.0 mL to 375 mL at a constant
temperature of 37.0°C. As it does so, it absorbs 208 J of
heat. The values of g and W for the process will be
[R =8314J/mol K) (In 7.5 =2.01) = JEE Main 2013

(a)g=-208 JW =-208J
(b)g=-208 JW =+208 J
(c)g=+208 JW =+208J
(d)g=+208 J W =-208J

9 Latent heat of vaporisation of a liquid at 500 K and 1 atm
pressure is 10.0 kcal/mol. What will be the change in
internal energy (AE) of 3 moles of liquid at same
temperature?

(a) 30 kcal (b) 54 kcal (c) 27.0 kcal (d) 50 kcal

10 (AH - AE) for the formation of carbon monoxide (CO)
from its elements at 298 K is (R =8.314 JK™ mol™)
(a) —247757 J mol™ (b) 2477.57 Jmol™
(c)-1238.78 Jmol ™' (d) 1238.78 Jmol ™

11 Consider the reaction,
N, + 3H, -  2NHj carried out at constant
temperature and pressure. If AH and AE are the
enthalpy and internal energy changes for the reaction,
which of the following expressions is true?
(a) AH > AE (b) AH < AE
(c) AH = AE (d) AH=0

12 The combustion of benzene (/) gives CO,(g) and H, (/).
Given that heat of combustion of benzene at constant
volume is =3263.9 kJ mol™" at 25° C; heat of combustion
(in kJ mol™) of benzene at constant pressure will be
(R =8.314 JK " "mol™) - JEE Main 2018

(a) 4152.6 (b) -452.46
(c) 3260 (d) -3267.6

13 Heat required to raise the temperature of 1 mole of a
substance by 1°C is called
(a) specific heat
(c) water equivalent

(b) molar heat capacity

(d) specific gravity

14 The molar heat capacity of water at constant pressure is
75 J K 'mol™. When 1.0 kJ of heat is supplied to 100 g of
water, which is free to expand, the increase in
temperature of water is

(a) 1.2K (b)2.4K
(c)4.8K (d)6.8K

15 For two moles of an ideal gas
(@(C,-C))=2R b C,-C))=0
(©(C,~C)=R (d) (€, ~C)) =R

16 The heat of sublimation of iodine is 24 calg™ at 50°C. If
specific heat of solid iodine and its vapours are 0.055
and 0.031 cal g'1 respectively, the heat of sublimation of
iodine at 100°C is
(a) 22.8 calg™ (b)25.2 calg™
(c)—22.8calg™ (dy-25.2calg™

17 What will be the change of entropy A,S° at 298 K for the
reaction, in which urea is formed from NH; and CO,?

2NH;(g) + CO5(g) B NH,CONH,(agy H,O(/)

[Given, the standard entropy of NH,CONH,(aq),

CO,(g),NH3(g) and H,O(/) are 174.0, 213.7, 192.3 and
69.9 JK mol " respectively]
(a) 200 JK"mol ™’
(c)-354.4 JK™ " mol™

18 2 moles of an ideal gas at 27°C are expanded reversibly

from 2 L to 20 L. Find entropy change (in cal/mol K).

(R =2 cal/mol K)

(b) -35.44 JK ™" mol™
(d) 425.2 JK™" mol ™"

(@)0 (b) 4

(c)9.2 (d)92.0
19 For an isolated system, AE =0, then

(a)AS=0

(b)AS<O

(c)AS>0

(d) the value of AS cannot be predicted

20 When 1.8 g of steam at the normal boiling point of water is
converted into water, at the same temperature, enthalpy
and entropy changes respectively will be
[Given, AH,,, for water = 40.8 kJ mol™']

(0)10.25 kJ, 12.95 JK™

(a) -8.12kJ, 11.89 JK™'
(c) -4.08 kJ, = 10.93 JK™"  (d)10.93 kJ, —4.08 JK™"



21 Which of the following does not have zero entropy even
at absolute zero?
CO, CO,, NaCl, NO
(a)CO, CO, (b) CO, NO
(c) CO,, NaCl (d) NaCl
22. The enthalpy of vaporisation of liquid diethyl ether
(C,H5),0, is 26.0 kJ mol™" at its boiling point (35°C).
What will be the AS for conversion of liquid to vapour
and vapour to liquid respectively?
(a) +84.41and - 84.41JK™ mol™
(b) +80.90and - 68.83 JK™' mol™
(c)-84.41and + 90.63 JK™' mol™
(d) +68.83 and - 84 .41 JK™ mol™

23 The direct conversion of A to B is difficult, hence it is
carried out by the following shown path

]

A

Given, AS, . ) =50eu
ASc . py=30eu
ASg . py=20eu
where, eu is entropy unit, then AS 4 _ g is

(a) + 100eu (b) + 60eu
(c)—=100eu (d)-60eu

24 Match the following and choose the correct option.

Column | Column i
A.  Entropy of vaporisation 1. decreases
B.  Kfor spontaneous process 2. isalways +ve
C.  Crystalline solid state lowest entropy
D. AF in adiabatic expansion of AH, g
ideal gas 4. T
Codes
A B C D A B C D
(a) 24 2 3 1 (b)y 3 12 4 2
(c) 2 4 1 3 (d) 34 2 1 2

25 The entropy change involved in the isothermal reversible
expansion of 2 moles of an ideal gas from a volume of
10 dm?® to a volume of 100 dm® at 27°C is = AIEEE 2011
(a)38.3J mol™" K™
(b) 35.8 Jmol™ K™
(¢)32.3J mol™" K™
(d) 42.3J mol™" K™

26 A Carnot engine operates between temperature T and
400 K (T > 400K). If efficiency of engine is 25%, the
temperature T is

(a) 666.0 K
(c) 533.3K

(b) 498.5 K
(d) 500.0 K

27 In view of the signs of A,G° for the following reactions
PbO, + Pb > 2PbO, AG< O
SnO,+Sn @& 25n0OA &> O

(a) For lead + 4,fortin+ 2  (b) For lead + 2, for tin + 2
(c) For lead + 4,fortin+ 4  (d) For lead + 2, for tin + 4

28 When the heat of a reaction at constant pressure is
-2.5x10% cal and entropy change for the reaction is
7.4 cal deg™', it is predicted that the reaction at 25°C is

(a) reversible (b) spontaneous
(c) non-spontaneous (d) irreversible

29 At1atm pressure, AS =75 J K™ mol™;AH = 30 kJ mol™.
The temperature of the reaction at equilibrium is
(a) 400K (b) 330K (c) 200K (d)y110K
30 For a particular reversible reaction at temperature T, AH

and AS were found to be both positive. If T, is the
temperature at equilibrium, the reaction would be

spontaneous when — AIEEE 2010
(@ T,>T (b) T>T,
(c) T, is5times T (d)T=T,

31 For the process,
H,O() (1 bar, 273 K) - H,O (g) (1 bar, 373 K),
The correct set of thermodynamic parameters is
(a) AG = 0,AS = +ve (b) AG =0, AS = -ve
(c)AG = +ve,AS =0 (d) AG = -ve,AS = +ve
32 Considering entropy (S) as a thermodynamic parameter,
the criterion for the spontaneity of any process is

(a) ASsystem + ASsurrouncﬁng be +ve
D) ASyysiem e ZETO
be + ve

surrounding
d)A

(b) AS,
(C) ASqystem — AS,
(d) AS, be zero

surrounding

33 For areaction, M,O(s) O- 2M(s¥ %Oz(g),

AH =30kJ mol™ and AS =0.07 kJ K™ mol™ at 1 atm. The
temperature upto which the reaction would not be
spontaneous is

(a) T < 40008 K (b) T <27315K

(c)T < 42857 K (d)T < 47350K

34 For the process, H,O(/) B H,O(g)atT=100 “Cand 1
atmosphere pressure, the correct choice is = JEE Main 2014

(a) ASsystem > 0Oand ASSurrounding >0
(b) ASsystem >0Oand ASSurrounding <0
(C) AS'system <0and AS‘Surrounding >0
(d) ASsyslem <0Oand ASSurrounding <0

35 The incorrect expression among the following is = AIEEE 2012

(a) AGsystem =-T7
AS

total

14

1

(b) In isothermal process, Wi ersive = — NRT In

AH® = TAS®
RT
(d) K = e*AG°/FfT

(c)InK =



36 The value oflog,q K for a reaction A=— Biis Direction (Q.Nos. 39 and 40) In the following questions

[Given, A HS . = —54.07 kJ mol™ assertion followed by a reason is given. Choose the correct
» T T298K ' answer out of the following choices.
ArS;QSK =10JK " mol™"and R =8314 JK™ ' mol™ (a) Both Assertion and Reason are correct statements and
and 2.303 x 8.314 x 208 = 5705] Reason is correct explanation of Assertion.
(b) Both Assertion and Reason are correct statements but
Ei; 85 Eg; 180 Reason is not correct explanation of Assertion.
(c) Assertion is correct statements but Reason is wrong

37 For a spontaneous reaction, the AG, equilibrium constant
(K)and E°.g will be respectively
(a) —ve, >1,-ve (b) —ve, <1, -ve
(c) +ve,>1,-ve (d) —ve,>1,+ve

statement.
(d) Both Assertion and Reason are wrong.

39 Assertion (A) Spontaneous process is an irreversible

process and may only be reversed by some external
38 In a fuel cell, methanol is used as fuel and oxygen gas is agency.

used as an oxidiser. The reaction is Reason (R) Decrease in enthalpy is a contributory factor

CH3OH(/)+202(Q) - COy(gh 2H50(/) for spontaneity.
At 298 K standard Gibb’s energies of formation for 40 Assertion (A) The thermodynamic function which
CH,OH(/),H,0(/) and CO, (g) are —166.2, —237.2 and determines the spontaneity of a process is the free
-394.4 kJ mol ™", respectively. If standard enthalpy of energy. For a process to be spontaneous, the change in
combustion of methanol is =726 kJ mol™, efficiency of the free energy must be negative.
fuel cell will be = AIEEE 2009 Reason (R) The change in free energy is related to the
(a) 80% (b) 87% change in enthalpy and change in entropy. The change
(c) 90% (d) 97% in entropy for a process must be always positive if it is

spontaneous.

(DAY PRACTICE SESSION 2 )
PROGRESSIVE QUESTIONS EXERCISE

1. An ideal gas is allowed to expand both reversibly and 3. Water is brought to boil under a pressure of 1.0 atm.
irreversibly in an isolated system. If 7; is the initial When an electric current of 0.50 A from a 12 V supply is
temperature and T; is the final temperature, which of the passed for 300 s through a resistance in thermal contact
following statement is correct? with it, it is found that 0.798 g of water is vaporised.

@) T iney > 1) rov Calculate the molar internal energy change at boiling
(b)T, > T, for reversible process, but T, =T, for irreversible point (373.15 K).
process (a) 37.5 kJ mol ™" (b) 3.75 kd mol™"
©) Wrar > iy (c) 42.6 kJ mol ™" (d) 4.26 kd mol™
(d)T; =T, for both reversible and irreversible processes 4. 1 mole of CO, gas at 300 K is expanded under adiabatic
L conditions such that its volume becomes 27 times. What

2. When one mole of monoatomic ideal gas at 7K is work done? (y =1.33and G, = 6 cal mol~" for CO,)
undergoes adiabatic change under a constant external 4 2
pressure of 1 atm, changes volume from1L to 2 L.The (a) 900 cal  (b) 1000 cal (c) 1200 cal ~ (d) 1400 cal
final temperature in Kelvin would be 5. A monoatomic ideal gas undergoes a process in which
(a) T z (O)T + 2 the ratio of pto V at any instant is constant and equals

2218 3x00821 to 1. What is the molar heat capacity of the gas?
©T BT-_ 2 (a) 4R/ 2 (b) 3R/ 2

3 x0.0821 (c)5R/2 (d) Zero



6. CaCOj; exists in two forms calcite and aragonite. The
conversion of 1 mole of calcite to aragonite is
accompanied by internal energy change equal to
+ 0.21kd. Given that the densities of calcite and
aragonite are 2.71cm™ and 2.73 g cm™ respectively.
The enthalpy change at the pressure of 1.0 bar will be

(a) 200.72 J mol ™" (b) 309.72 J mol ™"
(c) 209.72 J mol ™ (d) 315.00 J mol ™’

7 |dentify the correct statement regarding a spontaneous
process.
(a) For a spontaneous process in an isolated system, the
change in entropy is positive
(b) Endothermic processes are never spontaneous
(c) Exothermic processes are always spontaneous
(d) Lowering of energy in the reaction process is the only
criteria for spontaneity

8 The reversible expansion of an ideal gas under adiabatic
and isothermal conditions is shown in the figure. Which
of the following statement is incorrect?

(1. Vi, T)
isothermal

(P2 Vo, T)
(s V3 T

@T =T, (b) T3> T,
(C) VV('\sothermal) > Vv(ad'\abal\c) (d) AE(

9 A gas present in a cylinder, fitted with a frictionless
piston, expands against a constant pressure of 1 atm
from a volume of 2 litre to a volume of 6 litre. In doing so,
it absorbs 800 J heat from surroundings. The increase in
internal energy of process is

(a) 305.85J (b) 394.95 J
(c) 405.83 J (d)-463.28 J

10 In an irreversible process taking place at constant T and
p and in which only pressure volume work is being done,
the change in Gibbs free energy (AG) and change in
entropy (AS), satisfy the criteria

(@) QAS)y £ <0 G);, <0 (b) AS), >0 (AC), <0
(€) @Sy g =0 QG)r , =0 (d) @Sy ¢ =0(QG); ,>0

isothermal) > AE(adiabatic)

11 A reaction is non-spontaneous at the freezing point of
water but is spontaneous at the boiling point of water,

then
AH AS
(a) +ve + ve
(b) —ve -ve
(c) —ve + ve
(d) +ve -ve

12 One mole of a liquid (1 bar, 100 mL) is taken in an
adiabatic container and the pressure increases steeply
to 100 bar. Then at constant pressure of 100 bar, volume
decreases by 1 mL. AU and AH will be respectively.

(a)10J,10J
(b)104J,0
()0, 10J
(d)5d,10J

13 Standard entropy of X,, Y, and XY; are 60, 40 and
50 JK ™' mol™" respectively. For the reaction,

%x2+gyz 0. XYy AH=-30kJ

to be at equilibrium, the temperature will be

(a) 750 K (b) 1000 K
(c) 1250 K (d) 500 K

14 For an isomerisation reaction A —— B, the temperature
dependence of equilibrium constant is given by
log, K =4.0 - @

The value of AS° at 300 K is therefore,

(@) 4R (b)5R
(c)400R (d) 2000 R

15 1 kg block of ice at 0°C is placed into a perfectly
insulated, sealed container that has 2 kg of water also at
0°C. The water and ice completely fill the container is
flexible. After sometime one can except that

(a) the water will freeze so that the mass of the ice will
increase

(b) the ice will melt so that the mass of ice will decrease

(c) both the amount of water and the amount of ice will
remain constant

(d) both the amount of water and the amount of ice will
decrease
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Hints and Explanations

SESSION 1

1 For a closed vessel made up of copper,

no matter can exchange between the
system and the surrounding but energy
exchange can occur through its walls.

Presence of reaction species in a
covered beaker-closed system and
exchange of matter as well as
energy-open system. Presence of
reactant in a closed vessel is a closed
system and presence of reactant flask
is an isolated system.
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As the area under the curve is more in
irreversible compression than the area
under curve of reversible compression.
Thus, W, 4

ireversible ~ V/reversible*

3 Work done due to change in volume
against constant pressure is
W=-p(, -V)
= =1 x10°N/m? (1 x1072 =1 x1073)m®
= -900Nm=-900J

4 At constant volume, pAV =0,i.e. W =0
From first law of thermodynamics,
ANE =g +W
ad q =AE
5 In free expansion, W = 0 while in
adiabatic process, g = 0.
AU=qg+W =0

This suggests that internal energy
remains constant. Therefore, AT = 0.
Expansion of an ideal gas under
adiabatic conditions in a vacuum leads
to no absorption/evolution of heat.

Thus, no external work is done for the
separation of gaseous molecules.

6 For isothermal process, AT = 0, then
AE=0
7 According to first law of
thermodynamics,
AU =g +W =q - pAV
In isochoric process (AV = 0),
AU =q
In isobaric process (Ap = 0),
AU =q
In adiabatic process (@ = 0)
AU =W
In isothermal process AT =0 and
AU =0
[A U is equal to adiabatic work.
8 As the process is carrying out at
constant temperature, therefore this
type of expansion is called isothermal

reversible expansion, for which,
AU =0.Hence,g = -W

i.e. heat absorbed by the system is
equal to the work done by the system.
Thus, g =+208J

W =-208J

9 AH = AE + An,RT

Given, AH = 30kcal for 3 mol
An, =3
because, liquid == vapour
30 =AE + 3 x2 x500 x107
AE =27 kcal
10C(s)+ 2 0,(0) B CO(g)

1
A, =1--_=_
¢ 2

N | —

AH - AE = An,RT
:% x 8314 K™ mol™ x 298 K
=1238.78 J mol ™

11 According to relationship of AH and AE,
AH = AE + AngRT
AH = enthalpy change (at constant
pressure)

AE = internal energy change (at
constant volume)

(given reaction is exothermic)

=moles of gaseous products
— moles of gaseous reactants)

(Ang

For the reaction,
N2(9)+3H,(@) 3> 2NH,(g)
Lng =2 -4=-2
Thus, AH = AE -2RT
[} A HA E

Numerical value of AH<AE in
exothermic reaction and when Ang <0

12 Calculate the heat of combustion with

the help of following formula,
AH, = AU + AngRT
where, AH,, =Heat of combustion at
constant pressure

AU =Heat at constant volume
(It is also called AE)

Ang = Change in number of
moles (In gaseous state

R = Gas constant
T =Temperature
From the equation,
15

CeHg(!) +502(Q)D* 6CO,(g)+ 3H0()

Change in the number of gaseous
moles, i.e.

Ang =6—L5=—§or—1.5
2 2

Now, we have An, and other values
given in the question are
AU = - 32639 kJ/mol
T=25°C
=273 +25=298K
R =8314JK 'mol™
So, AH, =(-32639) + (-15) x8314
x 107 x 298
= -3267.6 kJ mol™

13 The amount of heat required to raise the

temperature of one mole of substance
through 1°C is called molar heat
capacity.

c=_19
T2_7-1
Q =mCAT
100

1000 = — x75 x AT
18

AT =24K

15 The equation,C, -C, =nR

2 moles of an ideal gas is equal to
C, -Cy =2R



16 Using Kirchhoff's equation,
_ OH, - AH,
AH, - AH, =AC, (T, = T,)
AH, — 24 =(0.031 - 0.055) (100 - 50)
AH, =228 cal g

AC

17 For the given change,
A,S°=3n,S; - ISk
:SI:JHZCONHZ +Si,0
= [2 xSi, +SSOQ]
=1740 + 699 - [2 x192.3 +2137]
= -354.4 JK™" mol™

18 AS = 2.303nRIog%
{

=2.303x2 leog% =92

19 For an isolated system,
AH = AE + pAV  or TAS = AE + pAV

But AE=0
O TAS = pAV
AS = PEY AV >0
T

20 AH_,gensation fOr 1.8 g of steam

1.8 _

= (~408) x -2 = —408kJ
18

_ 3
Ag = AH _ -408 x 10
T, 37315

=-1093 JK™'

21 CO and NO molecules in solid states at
0 K adopt a nearly random arrangement
indicating a positive value of entropy. It
is due to their dipole moment which
results in disorder.

AHy, _ 26 x10°
T 308
=+ 84.41 JK™" mol™

AHcTond [+ DH,pg = —26KJ]

cond

22 AS,,, =

AS

cond

__26x10°
308

23 AS
A~ C = 50eu
C - D= 30eu
D - B = -20eu

60eu

=-84.41 JK 'mol™

24 A - 2,4,B-(2),C-(3),D-(1)

A - Entropy of vaporisation is always

positive, i.e. —2

Ty
B - AG°=-RTInK
If K'is +ve, then, AG° = -ve, i.e.
spontaneous process.
C - Crystalline state is most orderly

arranged state of particles, thus lowest
entropy.

D - During adiabatic expansion of an
ideal gas,g = 0thus, AE =W i.e.

Work done at the cost of internal energy
which decreases when g = 0.

25 Entropy change for n moles of
isothermal expansion of an ideal gas
from volume V; to volume V; is

AS =2.303nR Iog%
/

=2.303x 2 x 83143 log 12
10
=38.296 J mol ™ K™
26 1 (efficiency) = L-h
T2
0 0.5 = T-400
O T =533.3K
27 PbO, + Pb -  2PbO
Oxidation state +4 0 +2

Since, AG® <0, i.e. itis negative.
Therefore, the reaction is spontaneous
in the forward direction. This suggest
that Pb?* is more stable than Pb**.

SnO, + Sn . 2Sn0O
Oxidation state  +4 0 +2
Since, A,G° >0, i.e. itis positive,
therefore, the reaction is
non-spontaneous in the forward
direction. But it will be spontaneous in
the backward direction. This suggests
that Sn** will be more stable than Sn?*.
These facts are also supported by the
inert pair effect down the group.

28 Heat at constant pressure means
enthalpy, i.e.

AH = -25 x10° cal
AS =7.4cal deg™
T =298 K
AG = AH - TAS
=-25x10° -298 x 7.4
= —4705cal

As, AG = —ve
Hence, the process is spontaneous.
29 AG = AH-TAS
At equilibrium, AG =0
T = AiH = 30x 103
AS
30 AG = AH -TAS
At equilibrium, AG =0
O T = DHIAS
For a reaction to be spontaneous

AG should be negative, so this implies
AH < TAS.

=400 K

Mot <t
AS

Therefore, T should be greater than 7, .

31 H,0(/)and H,0(g) both exist together at
same temperature and pressure,
H0()==H;0(9)
In the state of equilibrium, AG = 0and

conversion of liquid into gas increases
the disorderness.

Hence, entropy AS = +ve
32 For a spontaneous process,
AStotal = Assystem + Assurroundings
be positive.
33 For a non-spontaneous reaction,
AG = +ve
AG = AH -TAS
A H-A& S shouldbe +ve or AH>TAS

which is possible if T < 27
AS

AH =30 x10° J mol™
AS =70 JK™" mol™

3

T< 30 x 10
70

T<428.57 K

Given,

34 Total entropy change of universe is zero.

At 100°C and 1 atmosphere pressure,
H,0() == H,0(g)

is at equilibrium.
For equilibrium, AS,, =0
and ASsystem + ASsurrounding =0
As we know, during conversion of
liquid to gas, entropy of system

increases, in a similar manner entropy
of surroundings decreases.

U A Ssystem >0
and ASsurrounding <0
Hence, (b) is the correct choice.



35 (a) AG = AH - TAS

For a system, total entropy change

= DS
AHyope =0
u A Gsystem =-A Stotal
AGgyiem -7
Astotal
(b) For isothermal reversible process,
AE=0
By first law of thermodynamics
AE =g +W
0 Weversbie = ~9 = _J'\:f pav
Weversivie = ~NRT In E

I

(©) AG = AH® —TAS° = -RTlogK

H°® - TAS°
1o K:_Qai
9 RT Q

(d) AG® = - RT logK

g logK = - AG
RT
0 K =g 0G°/RT

36 AG® = AH® - TAS °= 2303 RT log,, K

0- 2303RTlog,, K& AF- TAS
ie. -2.303 x 8314 x298 xlog,, K
=[-54.07 x1000] —[298 x10]

-5705log,, K = —=54070 —2980
-5705log,, K = =57050
or log;, K =10
37 The standard free energy related to
equilibrium constant, K as
AG® = -2.303 RT log K
AG® = - nFE°y,

If a cell reaction is spontaneous
(proceeding in forward side), it means
Keq >1and E° = + ve
Thus, AG® = -ve
38 Percentage efficiency of the fuel cell

_a6

x100

The concerned reaction is
3
CH30H(/)+§ 0,(g) B>  CO,(g)

+ 2H,0(/);
AG, =[ AG,(CO,, g) +24G,(H,0, )]

, ~[- AG(CH,0H, /)
=5 860, 9)]

=-394.4+2(-237.2) - (-166.2) -0
= - 394.4 -474.4 +166.2
= -702.6 kdmol™
Percentage efficiency
= 7028 100 = 9678% =~ 97%
726

39 Spontaneous processes are
accompanied by decrease in energy
and increase in randomness.

40 Reason is the correct explanation for
Assertion.

SESSION 2

1. The pV diagram for the reversible and

irreversible expansion of an ideal gas
is shown below :

(pl)irr,(pl)rev
] T
(pF)rev r- " Jl Ie_v_e[S_l _e_ -t \
( Vl)rev, irr ( VF)rev, irr
From ideal gas equation
p= nRT
vV

For final condition of temperature,
pressure and volume
= PRT;
Vi
From the curve it is seen that
(pF)irr > (pF)rev or (TF)irr > (Tf)rev
2 For adiabatic change, AE = AW
AE=nC\(T, =T)
AW = -p(V;, -})

Pr

nCyl, =T)=-p(V, =) = -2 1)
R
(y-1
5

For monoatomic gasn =1y = 3

nx x(T, =T)=-

R =00821L atmK™ mol™
00821 (7 _7)=
(5/3) -1 2
T,=T-— =%
3x0.0821
3 AH =workdone =/ xV xt
=0.50A%x12Vx300s

1%

=1800J=+1.8kJ
Molar enthalpy of vaporisation,

AHm = AiH = LH
moles of H,O  ny
_1.8kJ_ -

= 0798 - 40.6 kJ mol

18
AH,, = AE, + AngRT
AH,, = AE,, + RT
[Ang =1forHO()=—=H,0(g)]
Molar internal energy change,
NE,, = AH,, - RT
=406-8314x107° x37315

=37.5kJmol™
-1
ov o
4 For adiabatic condition, i = Dﬁl]

33-1 33

-
N
T, 7 7
B 15/3_1
B "3
72:300x13:100+<

Thus, T, <T,, hence cooling takes
place due to expansion under
adiabatic condition.

AE =g +W =W
(g = Ofor adiabatic change.)

Sign of W is negative because the gas
expands.

W=-AE=-C, (T, -T)
= -6(100 - 300) = 1200 cal
5. The molar heat capacity for any process
is given by following expression,
C=C,+ R when pVY = constant

-y
and C,/Cy =y
Here, § =1 i.e. pV" constant
C:§R+ R :§R+E:ﬁﬂ
5 1-(-) 2 2 2

6 AH = AU + pAV
Here, AU = + 0.21kJmol™
=0.21x10° Jmol™
=210 Jmol™
p=1bar=10° Pa
AV = Molar volume of aragonite

— Molar volume of calcite
100 _ 100

cm® mol™

293 271
(- Molar mass of CaCO, = 100 g mol™)



=100 % —i
93 271

—100x 022 H
[2.93 x2.710
=277 cm® mol™
=-277 x10°%m?
A H=210%x10° (=2.77 x107%)
=210-0.277 J
=209.72 Jmol ™

7 For spontaneous process
AStotal = ASsys + Ssurr >0

For an isolated system AS
Hence, ASys > 0.

surr = O
8 (a) Since, change of state (p,, V;, T;) to
(o, Vs, T,) is isothermal

therefore, T, =T, (correct statement)

(b) Since, change of state (p,, V;, T;) to
(s, V5, T3) is an adiabatic

expansion, it brings about cooling of
gas, therefore, T, <T,. Thus, itis
incorrect.

(c) Work done is given by the area
under the curve of p-V diagram. As
obvious from the given diagram,
magnitude of area under the isothermal
curve is greater than that under
adiabatic curve, hence

W\sothermal > Wadiabat'\c (correct
statement).

(d) AE =nC,AT
Inisothermal process, AE = 0as
AT =0
In adiabatic process,
AE=nC,(T; -T))<0as T, <T,
AE >AE

isothermal adiabatic

(correct statement)

9 Work is done against constant pressure

and thus, irreversible.

Given, AV =6 -2 =4L and p=1 atm
W=-pxdV
=-1x4Latm
:_1><4><1.987C
0.0821
(-0.0821 L atm =1.987 cal)
=-96.81cal
= -9681x4184 J =-405.04 J
From first law of thermodynamics,
q=AE-W
AE =g +W =800 +(—405.04)
=394.95J

al

10 For an irreversible process to be

11

spontaneous,
(AS),, ¢ (change in entropy)

=+ve>0
O (AG)7,, (change in Gibbs free energy)

=-ve<0
For spontaneity, AG = - ve

AG = AH -TAS
AH, for endothermic process + ve
At lower temperature,
TAS = +ve

At lower temperature, TAS will be less
than AH.

Hence, AG =+ve

But at high temperature, TAS will be
greater than AH.

Hence, AG = - ve, spontaneous.

12 As the process is carried out under

adiabatic conditions, g, = 0. But by
definitionq, = AH.

Hence, AH=10

13

14

15

Further, at constant pressure of 100 bar,
volume has decreased by 1 mL,
therefore, work of contraction

= pAV =100bar x1mL
= (100 x 10° Nm™2) (107® m®)
=10J
During adiabatic process, work done
=change in internal energy
Hence, AU =10J
BS° =S, - S5, + 28,0
:50—%x60 +§ x40§
=50 - (30 + 60) = —40 JK™" mol™
AG°=D0H°-TAS®
(At equilibrium, A,G° = Q)

_ AH° _ 30,000 J mol™!
A,S° 40 K™ mol™

AG = AH -TAS

Also, AG = -2.303RT log K

Variation of K with temperature is given

T =750K

AS°  AH°
b logK = -
Y 9 R RT
Given, logK =4.0 —&;}O
On comparing, aS° 4 or
AS° =4R

In accordance to second law of
thermodynamics, if an irreversible
process occurs in a closed system, the
entropy of that system always increases,
it never decreases. As the ice is more
ordered then water, i.e. it has less
entropy. Therefore, the ice will melt so
that the mass of the ice will decrease.



