PRINCIPLES OF THERMODYNAMICS

. INTRODUCTION:

Thisis an important branch of physical chemistry. The chapter deals with quantitative
relationships between heat and other forms of energy.
Thermodynamics consist of three laws: first law is the conservation of energy while
Thelawsof  second law deals with the condition of feasibility of a process. Third law provides method of
evaluation of various thermo-dynamical properties. Later zeroth law  introduces the concept of

d;rrl];rnrinc?s temperature. The laws are derived from the direct human experience and so it has no exception.
Thisiswhy it is called exact science.
The laws of thermodynamics (TD) apply to the system at equilibrium and so time
valid for variableis totally absent in this chapter. Thermodynamics concerns with the macroscopic
e properties viz. pressure (P), temperature (T), volume (V) and mole number (n) of the system.
equilibrium - Thermodynamics does not consider the constituent particles of the system as such,

Predicting Thermodynamics has a predicting value. It can predict whether a processis feasible or not
under a set of experimental conditions.

value
Some important terms used in thermodynamics:
1) System and Surroundings: Systemis a part of the universe selected for
thermodynamic-study and separated by definite boundary — real or imaginary.
Therest part of the Universeis called Surroundings.
Thatis,
System + Surroundings = Universe
Homogmmus Chpro re= Syabrr + Boarces dag i
and - _System may be homogeneous (uniform
heterogeneous in _all par_ts) or heterogeneous (not
uniformin all parts). Examples of
system

homogeneous system are, mixture of gases,
mixture of miscible liquids, pure solid etc.
: . Heterogeneous system is liquid with

; | o vapor, mixture of immiscible liquids,
Swcadngr ' mixture of solids €tc.

water vapor

mizture of mtrogen __
and oxygen gases ligquid water

Haotnogeneous system Heterogeneous system
It consists of one phase only. It cosists of more than one phase.
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Three types
of systems

Extensive
and
intensive
properties.

On the basis of types of boundary walls, systems can be again classified into three types-

(a) Open System

(b) Closed System

(c) Isolated System

Energy and mass are
exchanged between system
and surroundings.
Example: waterina
beaker, Zn is reacting with
dilute H2SO4 in a beaker.
Mass and energy both are
not conserved in the
system.

Ferme able

Massis not allowed to
transfer between system
and surroundings so mass
of the system is conversed
(fixed). Energy is
exchanged. Example: liquid
in equilibrium with vapor in
a sealed tube.

R (" Dithertmal
Wall

Sutr,

System
—= Energy
ST only

Mass and energy both are
not alowed to exchange
between the system and
surroundings. Both energy
and mass of the system
remains fixed.

Example: boiling water in a
thermo flask

Adiabaty

System T

e

|

Interaction of the open system with the surroundings is maximum while that of the isolated

systemis nil. Any impact on the isolated system by the surroundings is taken zero.

2) Properties of asystem :

The measurable properties of a system are of two types.

a) Extensive: Dependent on the amount of material present in the system.
For example, volume, mass, heat capacity, mole number (n) and the
thermodynamical properties like internal energy (U) , enthalpy (H),
entropy (S) , work function (A) and free energy (G).

b) Intensive: Independent of amount of material present in the system.
For example, temperature(T), pressure(P), density(d), refractive index,
viscosity, surface tension, concentration and molar properties.

3) State of System:

The state of a system is described by the state variables like P, T, V and n.

But for closed system, n is fixed and since these state variables are connected by an
equation, hence, out of P, T and V only any two can describe the state of the system.
Thus for closed or isolated system, state is designated by either (T, V) or (T, P) or

(P, V) while nisfixed.

Any changein the values of the variables will change the state of the system and
it will attain anew state. If it is desired to bring the system back to itsinitial state,
the variables will have to obtain their original value.

4) Path:

It is the sequence of intermediate steps or stages arranged in order for the system
to follow frominitial stateto final state.
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Thermodynamic
equilibrium and
steady-state

Different
types of
processes

Reversible
expansion of
agas process

[rreversible
process

5) Thermodynamical Equilibrium:

When all the observable propertieslike T, P, chemical composition remain
time-invariant, the system is under thermodynamic equilibrium
(It satisfies simultaneously thermal, mechanical and chemical equilibria).
Difference with steady state:
(a) Anisolated system is in equilibrium when its macroscopic properties remain
constant with time.
(b) An non-isolated system is in equilibrium when the following two conditions
hold
(1) The system’s macroscopic properties remain constant with time and
(i) Removal of the system from contact with its surroundings causes no effect
in the properties of the system.
If the condition (i) holds but condition (ii) does not hold, the system isin steady state.
[Ph. Ch. — Levine (P5)]

6) Process. It isthe method of operation by which the system changes its state.
Itis of following types:

(a) Cyclic process: After a series of changes the system comes back to its initial state.
All the variables takeitsinitial value.
(b) Isothermal process: Temperature (T) remains constant during the process.
Heat-exchange continues. Walls of the system must be
perfectly conducting thermally.
(c) Adiabatic process: Heat exchangeis hot allowed with the surroundings during the
process. Temperature varies. It occurs for the isolated system only.

(d) Isobaric process:  Pressure (P) remains constant thus volume will vary.
For example, heating of water in a beaker, opento 1 atm
pressure.
(e) Isochoric process:  Volume (V) remains constant, so pressure (P) changes.
(f) Polytropic process: Heat capacity remains fixed.
(9) Reversible process: During the change of state, driving force and opposing force
differ by infinitesimal amount and final state of the system
can be reversed without the aid of external agency.
Let n mole of agasis enclosed in a cylinder fitted with weightless, frictionless movable piston.
The gasis expanded from the initial state (P1,V1) to (P2,V2)

by reversible process. The driving pressure (force per unit area) B L F

Py, infinitesimally greater than opposing pressure P:-dP, i :
where, dP —0. P 2
Thevolumeisincreased by dV. At each step, the system attains

equilibrium. For the expansion of the gas, infinitetimeis

required to effect the change so it is not areal process, but

a concept.

Only reversible phase change (viz. melting of ice at 0°C and1 atm. pressure) is areal reversible

process. Therev. process involves very large number of equil™. states, so reversible process is

also called equil™. process.

(h) Irreversible process: When the above conditions are not
maintained, the process becomes irreversible. This processis
rapid and spontaneous. It occurs against constant opposing
pressure. Theinitial state of the system can not be reversed
without the aid of external agency by this process.

In the example of expansion of a gas, the process occurs against
constant external pressure. Thisisareal process.

P, =P,
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7) Perfectly differ ential quantity (X):

For a quantity to be perfectly differential, following conditions are to be satisfied.
Let the property be X, then

(i) X must be a state function and single valued.
(i) dX will be independent of path of transformation between two specified states.

(iii) §dX =0. i.e changeof X of thesystemin the cyclic processis zero.

2 2
(iv) If X =1(T, P), then o°X = o X
oToP  oPOT
8) Work (w):

When an object is displaced through a distance dxagainst a force F, the work done,
H W= I:oppos'ng . dx
t D'ffefrent y (i) Mechanical work = = P x dV
ypes ot wor (ii) Gravitational work = mgh
(iii) Electrical work = Q x dE, when dE is the potential difference through which
Q amount of chargeis flowing.

9) Heat (q):
Heat isaform of energy. It can be produced from work or partly converted
into work. Heat flows from higher temperature to lower temperature until T becomes

equal (thermal equilibrium).

Heat isaspecial form of energy, since all other forms of energy
are easily converted into heat energy but latter has no tendency to be transformed
into other forms of energy. Thisiswhy vast amount of heat energy is stored in the universe.

10) Internal energy (U):
A system by virtue of its existence must possess a store of energy.
Thisis evidenced by the evolution of heat energy when liquid freezes, by production
Origin of of electrical energy in Daniel cell using the chemical reaction between Zn and
internal H2SO.. Carbon (C) when burnt produces huge amount of heat energy.
energy _ '_Fhis stored-_up energy is called_the internal energy of_the system.
This thermodynamic property is denoted by U. It is a perfectly differential quantity
and an extensivein nature. U isnhormally afunctionof TandV i.e U =f (T, V).
The energy possessed by a system dueto trandational, vibrational and rotational
motion of the molecule, constitutes the magnitude of internal energy.
The motions of electrons and nuclel also contributeto U.
This energy is associated with the system by virtue of its molecular constitution
i.e inter-particle attractive and repulsive potential (called internal potential energy)
and by virtue of its motion of constituent particles (internal kinetic energy).
Energy acquired by a systemin aforcefield like electrical,

gravitational, magnetic or surface etc. are termed as external energy, and not
considered as part of internal energy.

i.e. it obeys Euler’s reciprocal relation.

Related questions with hintsto answer:

1. Justify/Criticize the following statement:
(@) A finite change through a reversible process would require an infinite time. [BU’92]

HINT. Partially correct. Truefor reversible expansion of a gas but not true for
reversible phase change of a substance.
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2. A cyclic process ABCA shown in thefollowing V-T diagram G

B
is performed with a constant mass of an ideal gas. Show the T
same process on P-V diagram. Give your arguments.[BU’95] v

HINT: Arguments: In V-T diagram, A — B, Pis constant, so

V a T, linear plot. B—C, V is constant, T decreases
so P will decrease.

C — A, T isconstant, V decreases so P will increase. &

B
Thusin P -V diagram, A—B, P constant, T

but V increases, B — C, V is constant But P decreases, P

C — A, T isconstant so the plot is rectangular

C
hyperbola (Boyle’s law).

V—
3 Explain with reason — an infinitely slow process is not necessarily areversible process.

[BU’90]
Ans. For a process to bereversible, the following conditions are maintained.

(a) Driving force and opposing force must differ by infinitesimal amount and
(b) the process could be reversed without help of external agency.

The process may be slow and thisis not the criteria of reversibility of a process.

4(i) Identify with reasons, the following process as thermodynamically reversible or irreversible.

[CU91]
(i) Freezing of water at 0°C and 1 atm pressure. Ans. Reversible process.

(iii) Freezing of super cooled water at —10°C and 1 atm pressure. Ans. Irreversible process.

(iv) 1 mole of N at constant T is held by a piston under 20 atm pressure and the
pressure is suddenly released to 10 atm. Ans. Irreversible Process — sudden change.

5(i) Classify the following as extensive and intensive properties:

Pressure, volume, Free energy, Chemical potential, Temperature and Density
Ans. Extensive— volume, free energy

Intensive— pressure, chemical potential, temperature, density.
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Statement of
the Law.

1% law &
perpetual motion
machine

Mathematical
formulation
of the law

Different
forms of the
law

Thermodynamical
definition of Cv

First Law of Ther modynamics

It is the law of conservation of energy. It states that “The energy can neither be created nor be
destroyed but it can be transformed from one form to another.”

In other words, whenever one form of energy disappears, an exactly equivalent amount of
another form must reappear. This statement rejects the possibility of constructing perpetual
motion machine of the first kind. Formerly it was supposed that it is possible to construct a
machine which would produce work for indefinite period of time without supplying any form of
energy.

Let gamount of heat is supplied to a system containing one mole of gasin a cylinder
fitted with weightless, frictionless movable piston. The gas expands from volume V1 to V2 while
temperature changes from T to T, at constant pressure. It is found that g ) w, so it supposed that
(- w) amount of heat goes to increase the internal energy of the system.

Thus, g-w =du. Oor,g=du+w  -——-- @
This is the mathematical form of thel™ law.
When w is restricted to the mechanical work only, w = +PdV
[Workdone by the system is (+)ve while work done on the systemiis (—)ve].
Putting this, we get the1¥ lawas, q=dU+Pdv ~  ——em- 2

Again, U =f (T, V), so, on partial differentiation, dU = (Qj dr +(QJ av
aT )y oV );

Putting we get generalized mathematical form of the law,

qz(ﬁj dT + P+[@} av - 3)
aT )y oV );
. ouU
If the process is conducted at constant V, then ¢, = (E] dT
\Y
or, (8%1, = (g_L';j = C, constant volume molar heat capacity. So, (2—2] =C,.
ouU
Therefore, g=C,dT +| P+ (—j av e (4)
oV );

For ideal gas, (@j =0, sincethereis no molecular interaction in ideal gas, so internal
T

energy does not depend on expansion or contraction of the gas.

Thus, for ideal gas, U = f (T) only and independent of volume.
The 1% law for ideal gasbecomes, q=C,dT +PdvV =~ - (5)
For nmolesof ideal gas, q= nCdT + PdV =~ ---------- (6)

For real gas which obeys VVander Waals equation, (Z—sj = \% . So the 1% law becomes

T
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q:C\,dT+[P+\%} dv - 1 mole vander Waals gas -------- (7)
2
g= nC\,dT+[P+%}dV ----------- n moles vander Waalsgas ------ 8

Expressionof ~ For nmolesideal gas, dU = nC, dT and for vander Waalsgas, dU = nC, dT + %dv

AU for ideal

& real gases These relations can be used to calculate the change in internal energy of a process provided no
phase change or chemical transformations occur. For these two latter cases, relations are not
valid.

Some special (1) Cyclicprocess. Theinternal energy changein this processisdU =0so, g=w

cases of the i.e. heat is completely converted into work in the cyclic process.

law (2) Isothermal process: For ideal gas, dU = CydT =0since T is constant. dT = 0.
1¥lawisq=w, i.e heat is completely converted into work.

(3) Adiabatic process:. q=0. So,0=dU+w or,w=—dU.
The work done by the system is at the cost of its own internal
energy. When the system does work, itsinternal energy

decreases. :
o For ideal gas, dU = CvdT =Cy (T>— T1) andw = PdV = P (V2 — Vy).
Fall inT in Putting, P(V2—V1)=—Cy(T2—Ty)
admbaftm Or, P(V2—V1)=Cu(T1—T2) cooevvrenee. ideal gas, mech. work, adiab. proc.
expansion Thus for adiabatic expansion, V2 ) V1, so, T1) T>

i.e. adiabatic expansion of an ideal gas causes fall in temperature.
Similarly, adiabatic compression of an ideal gas causes risein temperature
(4) Isochoric process: V= constant, sodV =0, q=dU if work is only mechanical.
i.e. no work is done and total heat supplied goes to increase

the internal energy

Relation between P, V and T for ideal gasin reversible adiabatic process:

(i) 1% law for adiabatic process and ideal gas, 0 = CvdT + PdV or, CydT = —PdV.

But for 1 moleideal gas P:E. So Cvd—T:—Rd—V :
\Y T \Y

Integrating (since the process is reversible), within limits and assuming Cy independent of T,

T. V.
fdT ¢ dv T. V.
we have, C,|—=-R|— o, C,In-2=-RIn-2
{ T \'[V T V,
R
c,
or, Inﬂziln\é or,Lz(\ﬁj
T2 C\/ Vl T2 Vl

since, R=Cp—Cy forided gas, or RICy (C,—Cv )/Cv =y -1, as,y=CdCy.

T (v,Y"
o _1:(_2J

Relation T\
between or TV =TV e ideal gas, rev. adiab. proc.
Y ) 1Vq 2Vo gas, p
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(i) Using 1% law for adiabatic process, 0 = CvdT + PdV . But for ideal gas PV = RT
or, PdV + VdP = RdT. Replacing dT from the 1% law equation,

0=%(PdV+VdP)+PdV o, CV—I;RPdV=—%VdP.

C,+R C, . dV
But, =—. Rearranging, =-C, —
R R ging Cv
oo BdP GtV P, v,
Integrating within limits, —=——|— o, In==—yIn—=
Relation R P oy v, \% ] Vi
between o, PV, = PV/ ... ideal gas rev. adiab. proc.
P&V

(iii) Replacing dV using ideal gas equation in the 1% law, we get
0=C,dT+RdT-VdP=(R+C,)dT-VdP or, VdP=CedT

Replacing Vv :E, we get, RTd—P—C dr .
P P
P T i =
2 2 C Co
So integrating, ijzjd—T , or, | L:In[ij or,L:[E]
CogP o T 1 T R
B, R-Ce=& o 1 -1
Co Co v v
r= 1y
T, R T, P
Relation ' ' : 2
between or, T/P* =T/Py”  ...ideal gas rev. adiab. proc.
T&P

Show that adiabatic curveis stegper than isothermal in the P -V diagram.
We have to show adiabatic slope ) isothermal slope

(dP) (de F
or, — | )| —
dv ), ldv ),

For isothermal change, PV = const. or, PdV + VdP =0

or, E = —E ———————— rev. isotherm. proc., ideal gas.
dv ), Vv .
V1 Vs v
For adiabatic change of ideal gas, PV* = const. or, InP + v InV = const.
or, 1dP+ZdV:O or, E =—y E .
P Vv av J, V

(d%)
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Final pressurein
aadiab. proc. is
less than that in
isotherm proc.

BU’96

Solution

CU’91

Answer

CU’91

Answer

CuU’93

CU’94,

Answer

Thus adiabatic curve is stegper than isothermal in the P-V diagram.
The comparison of reversibleisothermal expansion and reversible adiabatic expansion of a gas
can be understood in the following way.
L et the gas expands from the initial volume V1 and pressure P; to the final volume V3 in the
above two processes.
For isothermal expansion, T1 =T, but for adiabatic expansion T1) T», since temperature fallsin
adiabatic expansion. Hence, thefinal pressure ( P,') in adiabatic process must be less than the
final pressure (P,) for the isothermal expansion.

So, adiabatic curveis steeper than isothermal inthe P — V diagram.
However, when V is plotted against P, isothermal curve is steeper than adiabatic curve

For this reversible expansion of ideal gas, final pressurein the
B adiabatic process is less than that in the isothermal process.
Sincethe initial state of the gas is same in both the processes,
o . * T isothermal curveis more steep than the adiabatic curve.
3

Related questions with hints to aswer:

A gas is suspected to be Neon or Nitrogen. When a given sample of the gas at 25°C is
expanded adiabatically from 5L to 6L, the temperature came down to 4°C. What was the gas?
-1 1
v, T 2
Using therelation TiV1 = TVt or, | 2| ==X o, "\ G
V, T, 5 277

solving, y=1.4. Sothe gas was diatomic, hence it was nitrogen.

Identify with reasons, the following processes as thermodynamically reversible or irreversible:
(1) Freezing of water at 0°C and 1 atm pressure.
(m) Freezing of super cooled water at — 10°C and 1 atm.
(n) One mole of nitrogen at constant T is held by a piston under 20 atm pressure and the
pressure is suddenly released to 10 atm.
(1) Itisreversible phase change.
(m) A small jerk to the system makes the process to occur rapidly so it is an irreversible phase
change.
(n) Irreversible process as it occurs suddenly.

State whether the thermodynamic relation PV’ = constant, is valid for areversible process,
anirreversible process or both. Give reasons.

Itisvalid only for reversible process. Integration is doneto get therelation, as P and V change
continuously so the processisreversible.

Establish the rdation PV’ = constant for an adiabatic process.
Ans. Seeinthe Text, page 8.

(i) From the conventional treatment of the 1% law of thermodynamics (conservation of
energy principle), arrive at an alternative statement “ in an isolated system, work done
is independent of the path. (m = 2).

(i) If inaP -V change, work done can be obtained by integration, what should be the essential
condition for the process? (m=2)

(i) 1% law states, g = dU +w. For isolated system, =0, sow =—dU, but U is a state

function so dU does not depend on path. Hence w is also independent of path.
(it) The P-V change should be the reversible as P and V change continuously.
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CU’98,

Answer

BU92,

Answer

Problem:

Solution:

(if): Isit possible to draw the path for state | to state Il if the change is brought about
irreversibly? Explain. (m = 2).
It is not possible to draw the path as the intermediate state points are not known for the
change. Only the coordinates of the state | and state |1 are known.

Justify / criticize: “A finite change through a reversible process would require an infinite time.”
(4)

The statement is not always true. For reversible expansion of a gas, opposing pressureis

infinitesimally smaller than driving pressurei.e. dP — 0, soinfinitetimeisrequired for

completion of the process.

But in the reversible phase change, viz. melting of ice at 0°C and 1 atm pressure, finitetime is

required to complete the process.

For silver Cp(JK™ mol™) = 23.43 + 0.00628 T. Calculate AH if 3 moles of silver are raised from
25°C to the melting point 961°C under 1 atm. (Ph.Ch.— Castellan, Ex.7.2)

At constant pressure, dH = nC,dT .Integrating within limits & using data given,

H, T, T,
weget, [ dH =n[C.dT or,H,—H, =n[(2343+0.00628T)dT = 79,290

Hl Tl Tl

AH = n{23.43(l'2 ~T)+ 0'02628 (T —Tf)}

0.00628

= 3[23.43(1234— 298) + (12347 - 2082 )} =79,300J .
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I mproved
Set-up
by Keyes
& Sears

Relation
between .,
&

Sz

Joule’s Expansion (Free Expansion):
In 1843, Jouletried to determine (5%\/) of a gas by measuring the temperature change
T

after free expansion of the gas into vacuum. This experiment is repeated by Keyes and Searsin

1924 with an improved set-up. Bulb A isfilled up with gas at pressure P while bulb B is

evacuated. The walls of the bulbs are adiabatic. The valveis operated and the gas expands against

vacuum. When equilibrium is reached, the temperature is noted by the thermometer (T).
~cethe walls of the bulbs are adiabatic, so q=0.

T Ie gas expands against vacuum, so, w = PeqdV = 0.
j{dmbau.: iereforeq=dU +w or,0=dU +0or,dU =0.
wrall \1‘1 lisis a constant internal energy process,

= constant. The experiment measures temperature
ange with change in volume at constant U,

T .
év )U or more precisely AT/AV at constant U.

A E

This quantity is called Joule’s co-efficient ( ;) and 1, :(a%v)u :

Relation between 1, and (aVV) : Weknow that U =f (T,V)

So, ( j ( j dV. But for this Joule’s free expansion, dU = 0.
So, [ j ( ) ) Or, 0=C,dT + (&Jj av.
oV );
8V U C\, £V T C, \oV J;
oU
or, NN =— h
(av j v s

= oJ -
Joule measured 1z, = 0 hence, ( éV)T 0.
But his experimental set-up is so poor that his result is meaningless. Keyes-Sears
aU . .. _
showed that ( AV)T issmall but definitely non-zero.

Now it is taken, (a%v)T = 0. for ideal gasand # O for non-ideal gas.
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Use of
Euler’s
theorem

Definition

Physical
significance

Comparison
between H
and U

Heat-change (g) and wor k-done (w) are not perfectly differential quantity

The heat change (q) and work done (w) of a system between fixed initial and final states depend
on nature of the process. Various examples can be cited in support of the fact. But we shall prove
it by use of Euler’s theorem. Let the heat change is perfectly differential and denoted by dq
instead of g. Hence, from the 1% law, we have

dq:(ﬁj dT + P+(@} dv or, (@) :(Q) .
aT )y oV J; aT )\, aT )y

o%q o
9 _°~ A)
oVoT  aveT

i (9,) P04

2 2
Differentiating with respect to T at constant V, oq =(@j + TUN .- (B)
oTev \aoT ), JToV

Differentiating with respect to V at constant T,

2 2
But RHS of (A) & (B) aren ince(9P £0, h o9 o4
ut RHS of (A) & (B) arenot equal s ce( AT)V 0, hence, NoT - BToV
Euler’s theorem is not satisfied, so dq is not perfectly differential and hence we represent it as g..
dq is often written instead of g to denotethat heat changeis not exactly differential quantity.
By the same argument, we can prove that wis not perfectly differential. Let it be represented as

dw and
dw=PdV butV =f (T,P) or, dV:(ﬁj dT+(ﬁj dP
P T

oT oP
© dw= p[&j aT + p(ﬁj aP.
aT ) oP )+
2 2
By the use of Euler’s theorem, it could be shown that oW * 0w .
oToP  oPOT

Hence dw is not perfectly differential and we write work done by w only.

Enthalpy (H): Itisdefined as,
H=U+PV.

Since, U, P& V areall state functions, so H is also a state function and perfectly differential
quantity.
Again, U = internal energy and PV = energy term, so H is also an energy term.
As, PV isexternal energy of the system, so, H is called total heat content of a system.
On differential, dH =dU + PaV + VdP
or, dH=qg+ VdP.
For a change of state of a system at constant P, dHp = Q.
This signifies that heat supplied to a system at constant pressure increases the enthalpy of the
system.
We may summarize the different relations with the change of enthalpy and
internal energy of the system:
(1) Inchemical reaction, AH = Qp and AU = Qv i.e. heat change at constant pressure is identical
with AH and that at constant volume by AU.

(2) Dividing by dT at constant P, (a%T)p = (%Tj = C, when one mole gasiis considered,
P
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Expression
of Cp— Cv

Generdlized
form of
Cp-Cv

thus, C. = (5%1. )P , called constant pressure molar heat capacity
and C = (G%T)v , called constant volume molar heat capacity.

(3) Again, dH = CpdT at constant P and dU = Cy dT at constant V.
However these two expressions can not be applied to the rev. phase change of a substance
and chemical transformations.

(4) Itisusual towrite, u=f(T,V) and H =1 (T,P).
But for ideal gas, U=f(T)onlyandH =f (T) only.

Expression of Cp — Cv:

Thermodynamic definition gives C, —C,, = (@%T)P = (5U/T) |

but, H=U+PV 0, C,-C, = {M} (3WT)
or, C,—C, = [PY/Lr) +PV4r), -0V, -
Agan, U=f(T,\V) 0, du = (5U T)v daT + (5Lyv)

o (G%T)p - (a%T)v f (G%V)T (a\VT)p

Using this relation in the expression of Cp— Cy,

C—C :[P+(6%V)TJ(6V aT)p

This expression is not so useful as (6U/dV)r is hot directly measurable quantity.
; i isqi oU —T(oP,

However, thermodynamic equation of stateisgivenby P+ ( év )T = T( éT )V
Thus, generalized expression of Cp — Cy is obtained by the use of the equation.

Co—C, =TIR/7) (Ve ),

Thisformis applicableto ideal or real gases and also to other states of aggregation of the
substances.

(i) Cp — Cy for ideal gases: Ideal gas obeystheredation PV =RT

o (7], =5 aa V), =Bp

RZT RZT
Thus, Co =
= RT

SO, Cp— Cv = R ----------------- ideal gas.

(ii) Cp —Cy for the gas obeying P (V — b) = RT equation:

RT op/ ) __R _RT v/ ) _R
v o ( 6T)v pva and V= 5 +b or, ( AT)P— 5
2: 2
Thus, C.-C, =Tx Rb E: (\Fj Tb) I;_I-_r =R.
Therdationis thus, C.-C, =R.

PRINCIPLES OF THERMODYNAMICS — N CDEY
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Calculation

of (V).

for vander
Waals gas

(iii) Cp— Cy for water at 4°C:

Theliquid water attains minimum molar volume at 4°C. So V = minimum at 4°C.

Thus, (Mir),=0 = GG ~TPr), V), -o.
So for water at 4°C, Cp—-Cv=0 and Cr=Cy.

(iv) Cp — Cy for vander Waals gas. The equation for 1 mole gas,

(P + \%)(V —b)=RT , where, aand b are characteristic constants of the gas.

For this expression, some approximations are to be taken as it involva(a\%.r)

b .

RT a R
- < oP .
Now, P V_p V2 or, (AT)V AN
Again, multiplying fully, vander Waals equation becomes PV — Pb + \% - \% =RT,
neglecting the small term ab/\V?, we get
PV —Pb+ 2 =RT o, P[a—vj _i(a_vj -R.
\Y; aT ). VvE\aT ),
R
Or, (0V = & N
" (Ner), p-a,
V2
R R RT
_C =TIoP oV — \_
CP C\/ T( AT)V( éT)P TXV_bXP_?/Z— a 2a
vz (V-b P+\7—\7
B R*T _ R’T B R
- RT 2a RT 2a(V-b)] ., 2a(V-b)’
V-b - V-b)x| — || 1I-——— | 1-————
V-0l vzj ( )X(V—bj[ RTV? } RTV?
R 2a \*
ButV )) b, so -C, = —R1-="2
PosC,-C = R( RTV)
RTV
and R2'Ija\/ is small correction term originating from non-ideality of a gas.
2a 2a
So, C,-C,=R1+— |=R+—,
A R( RTVJ v
V isreplaced by using ideal gas equation as an approximation.
2aP
Thus, CP—CV=R+RT2.

This showsthat (Cp - Cv) ) R for vander Waals gas.

(V) Cp—Cvintermsof a and B: Wehave C, —C, :T(a%-l-)v (G%T)p’

But, o = thermal expansion co-efficient or thermal expansivity = \%(av GT)p
and f = co-efficient of compressibility or isothermal compressibility =— \% (6V 6P)T

PRINCIPLES OF THERMODYNAMICS — N CDEY
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Vo),
% - m (G\VT) (aFyv)
But, V =1(T,P), so by partial differentiation, it is possible to show that

(OV4r), O] BPA), = —20r V4 ) 0P4, ) =107/

Thus, % = m - (P aT)V and, (G%T)p =av.
V
So we have Cr —Cv=0’TV/B

Thisrelationisvalid for substancesin all states of aggregation.
Related questions with answer :

Find out the value of Cp — Cy for decane at 27°C, given molar volume 106ml and
Problem(1) ! N .
. a=1x10°K™* and g = 106 X 10°atm™. (Ph.Ch.- D.N.Bajpai, page,155.)

. . -3 2
Solwion ¢ _c. - (1x10®)’ x300x 106 (K2 ml motatm) = 200306 o ol
106x10°° 106

=300 K™, mol™ x 8_22 cal = 7.26 cal mol™*K™. (using 1 ml atm = 2/82 cal.).

Expression of We have thermodynamic equation of state, P + (aU/V) (5 /a )

7 Yk =T ), P

This equation helps to calculate the value of (8%\/) for different gases.
T

() For idealgas. PV=nRT o, P= nRT/ r, 5'7 ) _n%.
Thus, (a%v)T =TanR—P=%—P P-P=0
So, (auj =Q ----m-m-eeeeeee- for ideal gas.
N ).

This means that the internal energy (U) of an ideal gasisindependent of volume.
Hence, we can say U is not a function of V for ideal gasand U = f(T) only.
2

(i) For vander Waals gas: For n moles gas, (P + ?/n—zJ(V - nb) =

) nR
oA~V _nb

2
or, P= VnR-Ir-lb - % or, (5P

Putting in the expression of (aLVV) , We get

2
(OWV) e nb P=(P+%}—P
or, 8% =an X/ y  mmmmemee- vander Waals gas

This relation shows that (a%v )T = (+)ve and value decreases with increase of volume.

Isothermal expression of a vander Waals gas leads to increase of U.
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BU87,

Solution:

AU for ideal
and vander
Waals gas

BU’96

Solution:

Problem

A vander Waals gas expands isothermally and reversibly from a volume of one lit to ten lit.
Deriveall necessary mathematical expression to calculate the internal energy change of the gasin
calories.(a= 1 4 atm I|t2 mol?)

First derive 5%\/ =an / as above.

Now, integrating the relation,

\ Vsdv 1 \2
IdV = anZJ-—2 o, U,-U,= —anz[—} . Putting the values,
\ vlv \% A
2 2 A 9. 9 2
AU =1.4atmlit* mol~x (1 mol) 1 10 litT =14x =litatm=14x <
10 10 0.082

Or, AU = 30.73 cal per mol of the gas,
Internal energy changeintermsof T and V.

AU =nC, (T, —T,) for ideal gas

1 2
Provided no phase change or chemical transformation occurs.

and, AU =nC, (T, -T,)+ anz{\% —i} for vander Waals gas.

A student attempting to remember a certain formula comes up with Cp — Cy = TVa™/f",
where m and n are certain integers whose values the student has forgotten.
Use dimensional considerations to find mand n.

m C. - é
a/n :P—CV The dimension of a = K™* and that of S = L — = sz
B Y MLT? MT
So, a™=K™and B"=L"M™T *". Dimension of LHS = K+2 =K"L"M"T*
L"M"T="

-1 212

Dimension of RHS = A ILVlng T lranI = K™ML'T®. Equating, weget m=2& n=1.

mo

Calculate the difference between the molar heat capacities at constant pressure and at constant
volume for copper at 20°C.

Given: a =4.92x10°K™, B=7.0x10"atm" and density of copper = 8.96 Kgdm™®
[Answer: 0.654 Jmol™* K™ ]
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M echanical or pressure-volumework (w)

It is the work associated with the change in volume of a system against
opposing pressure, W = Py AV, where Py iS the pressure that opposes the change of V,
W = Pop(V2 — V1)

Magnitude of w for specified volume change (say V1 to V2) depends on this opposing pressure.

Pl %Pz “I - P I.|
P, —=FE—=F i - 2T
V: ?T.‘z PI > l iar ] :1
ik 71*: . —— N
v X B+ 4P K
Pl 1 P, "l rd IJ jlj
¥
E!
Omne-step proc. Two-step proc inlti-wiep precess Reversible process
p APV p APV p 4 (B V) p 4 (Bp V)

(P, V;)

I ndicator BV ,/f// (P
Diagrams 2" "2 2" v2 (P V) (PLV)
1

v, vV Vi v, 2 VY vV v
_ Wo = WHw w = (P-dP)dV + v,
W = PoV2 -Vy) = P2'(V2-Va) (P-dP)AV w= [ Pav
= area (shaded) +Po(V2-V2)) +(PAdP)....+PdV %
= area (shaded) = shaded area

Since dP—0, P changes
continuously, so summation
is replaced by integration.

Magnitude  This shows that magnitude of work done by a system increases with increase of number of steps

of w is path that occurs for a specified volume change and maximum when the max processis
function reversible Thus, wis apath function.
W = Pogp( V2 — V1) s0, work done by the system is taken (+)ve
Sign and work done on the system is (—)ve.
Convention  Thus, for expansion of thegas, w= (+)ve sinceVz ) Vi
of w for compression of the gas, w= (—)vesince V. (V1
Modern convention: w =— Poy (V2 —V1) S0 the sign of work done becomes opposite to the above
conversion. However, we shall use the old convention only.
Expression of work donein reversible process:
Work donein Reversible process is a multi-step process and in each step the working system attains

reversible  equilibrium. Again the driving pressureis infinitesimally greater than the opposing pressurein
expansion is each step and dP—0, i.e. pressure differenceisinfinitesimally small. If the pressure over the
maximum  Piston were kept greater than P, — dP, there obviously would be no expansion.
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Therefore, the opposing pressureis always maximum in each step through out the whol e process.
Since W = Pop( V2 — V1) thus, for the same specified volume change (V11— V2 ), w= maximum
as Pop is maximum. Thus, work done by the system in reversible process is maximum and the

Generd )
eXpresson o yqjyeis calculated as, W, = [ PaV .
Wrev. v
Similarly, it can be shown that work done in compression of a gas (work done on the system) for
same specified volume changein reversible process is minimum.
The pressure over the piston in this reversible compression is dlightly greater then the
Work ~ opposing pressure. i.e. P, + dPisinfinitesimally greater than P,. Thus, P2 is minimum pressure
required in  below which there would be not be a reversible process.
reversible Thusin every step, the work required is minimum
compression S o, overall work done on the system is minimum in
is minimum 2 2 the reversible compression of a gas,
N b W =P, dV + (Po+ dP) dV + (P+ 2dP) AV -
Wy B+ adP
N\ P A (P, — 2dP) dV + (P; — dP)adV
% |By-adP
¥) W 1 2
P, dP = [PdV =—[Pdv
\l‘f 2 1

| — P

Whenideal gasis used, the equation isPV = nRT. Or, P= %

Work donein So, Wy, = IPdV nRTJ-—V, since the processisothermal. So, w;; = NnRT In\L

reversible Vi 1
isothermal Again asT is constant, S0 —= :ﬂ.
process vV, P,
Vv, P, . .
So, Wi =nRT In—= = nRT In—, - id. gas, rev. isotherm. proc.
Vl I:)2
2 2 2
For vander Waals gas, P = IR, — ﬂz S0, j — J.%dv
V-nb V A nb 1V

Or, wrj = nRT In il + an? i —i ----- vander Waals gas, rev. isotherm. proc.
—nb Vv, V,

Workdone in For ideal gasin reversible adiabatic process, PV’ =k, (constant) or, P= Kﬂ :

reversible . )
L
adiabatic _ kIdV =k{v } 1

Therfore,  Wra = = [Pwv BV ”1].

process A -r7+1 v -y+1
PV, - PV
or, W, =—1 12 2 id. gas, rev. adiab. proc.
}/ —
But, PV1i=nRT: and PV, = nRTo,
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Reversible
cyclic
process

Comparison
of
Wr J and Wr ,a

General
expression
Of VVI rr

isothermal
process

_NRT,-nRT, ~ nR

S0, Wr,a (Tl _TZ)' As, Cp—Cy =R,
y-1 C% -1
C,
S0, w, , =nC, (T, - T,)-- id .gas, rev. adiab. proc.
This expression of w, , isobvious as, for adiabatic process, q=0,s00=dU +w
or, w=—dUu=-nC,(T,-T,).
So, w, , =nC, (T, —T,) - id. gas, rev. adiab. proc.
and for n moles vander Waals gas, w =— {nC\, (T2 —Tl)+ anz(\% _Viﬂ
1 2
(1 1 .
o, w,, =nC, (T, -T,) +an vavE B vander Waals gas, rev. adiab. proc.
2 1

Let the process, for example, isisothermal reversible and 1 mole ideal gas as working
substance. The work done, wW=Ww, +W,,

W, = work donein the forward process and w, = work done in the backward process.

\Y V
W, =RTIn-2%2 and WwW,=RTIn-%
1 V2

V V. V V.
So, W=RTIn-2+RTIn % or, W=RTIn -2 - RTIn =2 =

1 2 1 1
The net work done in the reversible cyclic processis zeroand W, =— W, .

This means that the original state of the system can be brought back without the aid of external
agency and thisis why it is called reversible process.

This can be compared by using indicator diagram from the area for the two type’s curves of work
donein reversible processes.
Theideal gas expands from volume V1 to V; for two

(P f’rl ) processes starting from the same initial position (P1, V1).
- P,) P, , thusadiabatic curveis steeper than isothermal
(P V) curvein thesameP - V diagram.
(F;:¥2)  Thework done, W, ;= areashownby ‘=* and
v v, v W, , = areashown by ||
Tndicator diagram It is evident that area under isothermal curve is greater

than that under adiabatic curve. So, W,; ) W, .

Thereason behind is that in isothermal process, energy is transferred from
the surrounding and the system does the work. But in adiabatic process, work is done
by the system at the expense of its own internal energy.
Thisiswhy isothermal reversible process is preferred to obtain maximum
work for a definite volume change of the system.

Work donein irreversible process:

This process occurs against a constant opposing pressure,
P, without the restriction of occurring in successive stages of infinitesimal amount. Thus, when a
gas expands from V1 to V against constant opposing pressure P,

the work done, W, = P2 (V2— V).
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Since T is constant in the process, hencefor ideal gas, V2 = nRT/P,, V1= nRT/Px.

=P nRT _ﬂ Or' VVirri
> R '

So, W,

irr,i

=nRT (1—%] --- id.gas, irrev. isotherm. proc.
1
Let thefinal temperature of the system in this irreversible adiabatic processis T, .

Irreversible : o
adiabatic Then, w,, ., =nCv (T:— T,) which occurs at the cost of itsinternal energy of the system.
process But this final temperature T, is calculated from the 1% law as,
O=dUu+w or, w =-du or, P.dV =—nCydT.

If the temperature changes from T1 to T, and volume from V1 to V2, then,
P, (Vz - V1) =-nCy (TZl - T1)

o, P, nRT2 _LRTl =— nCvy (Tz! —T1) o, R T2' —TlE =Cv (Tl_ Tz!)
PR R

This relation can be used to calculate the final temperature (T, ) of the system.
Reshuffling the equation, it is possible to find an expression of T, ..
, T P, . . ,
T, =—|C, +R—=|. - id. gas, irrev. adiab. proc.
C, R

Let us consider the irreversible expansion of a gasin acyclic process consisting of one forward
process and one backward process.

Work done in : Th_!l: Vork done in the forward process, W, =P, (V2— V1) and
irreversible w, | s+ Nork donein the backward process, W, = Py (V1— V2).
cyclic process y ! =—Pi (Vo— V).
|~ _| SinceP1 ) P, hence|W, |) | W]
_-I; T'otal work donein the irreversible cyclic process,

W=W +W, = (P>—Py) (V2—Vg) = (-)ve

Work is required to bring the system back to itsinitial state. It means that the system
AP :annot berestored to its original state without the aid of
Al xternal agency and hence the name of the processis

F
7 / rreversible.

£ I'his can also be shown by the indicator diagram.

B F2%2) =P, (V2— Vi) = area of BCDEB
c o W, =—P1 (V2— V1) = area of ACDFA and
V) v, ¥V w=—areaof ACDFA + area of BCDEB

=— area of ABEFA.

Wi= "/ & wa =X’ This diagram also shows that | W, | ) |w, |.

eitby taking example of isothermal expansion of one mole ideal gas.

Comparison ~ Usin n of the work done (W), we get,
between work P_P P_P
donein W, Tin|1+-+1—2|=RT 1T2 when P; — P; is not very large.
reversible 2 2
and irreversible _ i P, _ P-FR) <
processes. W = P2 (V2 V1)) =RT (1 Wy, 31) =RT ( = = |. Sincg PL) P2,80 W, ) W,
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Solution:

Physical
Chemistry
—P C Rakhsit

Solution:

rrev

Again, W, — W =RTH—RT(¥] =RT(P1—P2)(i_ij

2 1 P2 P]_
(P
P - P 2 1 ! rewr. ToC.
or, erev - \Nlrrev = RT ( . 2) = (+)Ve' - :
PR (B,-V)
So, erev> W, - I Hre::r. proc.
This can be shown by the indicator diagram also. ¥ Vz

w, = area, '
A notefor solving problems: Though various equations are formulated depending on conditions,
they are not easy to remember while solving problems. We may summarize theseinto seven
fundamental equations.
(1) Theformulafor expansion work, W = Popposing X dV.
(2) The mathematical form of the 1% law, q=dU + w
(3) The definition of enthalpy, H=U+PV.

(4) The definition of molar heat capacity, (3) Cp= (G%T)P and (b) Cv= (0%T )V
(5) The changein internal energy and enthalpy of a system,
(8 dU=nCydT + (G%V)T diT  and  (b) dH=nCedT + (G%P)T dP

One mole of steam is compressed reversibly to liquid water at its boiling point (100°C). The heat
of vaporization of water at 100°C and latm pressureis 2258.1 Jg™.
Calculate each of the thermodynamic properties, (i) g, (i) W, (iii) AU and (iv) AH.
(i) g = heat of condensation per mole = —18x2258.1 Jmol™* = — 40.646 kJ mol ™.

(i) w= P(V,—V,)=—PV, (neglecting V, ) =—RT =—8.31 x 373J mol ™,

= —3.099 kI mol™
(iii) AU= q—w =—40.646 + 3.099 kJ mol™* = — 37.547 kI mol ™.
(iv) AH= g,=—40.646 kJmol™.

(a) One mole of He at 27°C and latm is adiabatically reversibly compressed to a final
pressure of 10atm. Evaluate the final temperature and also find out W, AU and AH.
(b) The same gasis compressed adiabatically against a constant pressure of 10 atm, the
final pressureis 10 atm. Evaluate again the final temperature and the values of
w, AU and AH.

(@ T1=273+27=300K, PL=1atm, P,=10atm, T =?y=5/3
(SinceHeis monatomic gas).

For theideal gasin reversible adiabatic process,

P yT_l 10 atm %
T,=T[| 2 =300 K =750K.
/R 1latm

AU =nCy (T2—T1) =1 mol x 3 cal mol™* K*(750 — 300) K = 1350 cal.
AH =nCp(T2—-T1) = 1 mol x 5 cal mol™* K* (750 — 300) K = 2250 cal.
W =— AU =— 1350 cal (Since the process is adiabatic).

(b) Let thefinal temperatureisT, . So using the relation for irreversible adiabatic
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process with ideal gas, R(TZ’ T, E’Zj = Cv (T1—T,). Putting the values,
1
10atm
latm
AU =nCy (T, - T1) = 1 mol x 3 cal mol™ K™ (1380 -300) K = 3240 cal.
AH =nCp(T,—T1) = 1 mol x 5 cal mol™ K*(1380 -300) K = 5400 cal.
W =-AU = —-3240 cal sincethe process is adiabatic.
( Note: T, isalmost doubled for this irreversible process so w is high for compression).

2 cal mol™K™*(T,-300K x ) =3ca mol*K*(300K -T,) or, T,=1380K

Advanced One mole of anideal gasat 300 K and 10 atm expands to 1 atm.
Physcal Cal_cuIaIe W, q, AU, AH for . . .
Chemistry @ |so_therr_na| and reversi ble, (b) |sqthermal an_d irrevers ble,
- D.N.Bainai (c) adiabatic and reversible (d) adiabatic and irreversible.
N-BAPA ol ate these results and state what important conclusions you can draw from these results. Plot
P—V curves for adiabatic and isothermal changes. [Given, Cy = 1.5R].

Solution: (@ Wi = NRT In[ B )= 1mol x 8.31 Jmol* K 300K n 198M = 5744 5
' ’ P, latm
AU=nCydT =0 and AH:ndeT=0,
as, T = constant for thisisothermal process. Therefore,
q=AU+w =5744J.

(b) W, .. = NRT | 1- 2 | = 1mol x8.31 mol 'K - x 300K| 1— 2 | _ 20443
i ] 10atm
for thisisothermal process and ideal gas, AU=0 and AH = 0.
q=WwW =2244]

rt %
~ P)7 latm . _C =25 =9
©T2= Tax (Pj _BOOK[loatm] PRy %v =2 sr=74)

1

Wiey agiap = NCv (T1—T2) = 1 mol x1.5 x8.31 Jmol* K™ (300 — 119.4)K = 2251 J
AU =—W., s = — 2251, (Since g = O for this adiabatic process).
AH = nCp (T2~ T1) =1 mol x2.5 x8.31 I mol™ K™ (119.4 - 300) K = 3752 J

\ P
(d R(Tz —Tlgz

1
Or, T,=192K. g=0, (Asthisis an adiabatic process).
W =nCv (Ti— T;) = 1 mol x1.5x8.31 Jmol™ K™ (300 - 192) K = 1447 ]

irrev,adiab
AU =W, o dian. = —1447J, (Since q = O for this adiabatic process).
AH = nCp(T, - T1) =1 mol x2.5 x8.31 Jmol™* K™ (192 — 300) K = - 2245 ]
nRT _ 1mol x 0.082lit atmmol K ~* x 300K
P 10atm
Vo =10 x2.46 = 24.6 lit.
NRT _ 1mol x 0.082lit atmmol K ™ x119.4K
P, latm
Thus, for reversible isothermal process, V1 = 2.46 lit and V. = 24.6 lit.
And, for reversible adiabatic process, Vi1=2.46lit and VZ' =9.8lit.

jz Cv (T1— T,) or, R(T/-300 K x 1at%0 atm) = L5R(300K—T;)

In(a), V= = 2.46lit.

In(c), V, = —9.8lit. And, V1= 2.46 lit.
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Table showing the results of calculation.

Process W q AU AH T> V) g
QO 10 ) Q@ | (K) (L) 10 atm -~
Isothermal N
(@) rev. 5744 | 5744 0 0 300 24.6 ‘\\1 i
(b) irrev. 2244 | 2244 0 0 300 24.6 1 ‘\
Adiabatic ol e i
(a) rev. 2252 | O —2252 | -3753 | 1194 9.8 L : G
(b) irrev. 1447 | 0 —1447 | 2245 |192.0 — TR .
(246L) (8L} (4.6L)

Conclusion:
(1) Work done in areversible process (W,,, ) is greater than that in an irreversible process

(Vv|rrev )

(2) Work done in reversible isothermal process (W, o, ) IS greater than that in reversible

ev,iso
adiabatic process (W, agian )-
(3) There occurs morerises in temperature in the irreversible adiabatic compression (T, )
than in reversible adiabatic compression (T>).
(4) Final volume on reversible isothermal process (V) is greater thanin reversible
adiabatic process (V, ) for the same change of pressure.
So adiabatic curveis steeper than isothermal curvein P-V diagram.

Physical Anideal gas (Cy = 2.5R) is expanded adiabatically against a constant
pressure of 1 atm until it doubles its volume. If theinitial temperatureis

) GCVT/ergzlazttre)I/Ian 25°C and theinitial pressureis 5 atm, calculate final temperature, then
calculateq, W, AU and AH per mole of the gas for the transformation.
Solution:  T,=274K, q=0, w =120 cal, AU = -120 cal mol™, AH = -168 cal.mol ™.
Some mor e problems with solution in B.Sc. (Hons.) in BU/CU.

BU’1993 Problem (1): One mole of anideal gas expands reversibly from avolume Vi to V2
obeying thereation PV = constant. If T; = 300K and T2 = 200 K,
calculate w. Given also that Cy = 5R/2, calculate Q, AU and AH.

Solution: Q= 0, AU =— 500 cal, AH=— 700 cal.
Problem (2): An ideal gas undergoes a reversible polytropic expansion according to the

BU’1994 relation, PV" = C where C and n are constants, n ) 1.

Calculate W for such an expansion if one mole of the gas expands from
VitoVzandif T:=300K, T,=200K andn= 2.

—N+ Va
Solution: W = .'%PdV _ Ci d\g _ C[ (VA } _ C (Vz_ml _Vl—n+1)
1 1

Vv -n+lf,  -n+l
1 —n+ —n+ 1 ny/-n+ ny/-n+
= _n+1(CV2 A l) :_E(szz v, " =RV, l)
1 1 1 R

= _E(szz - Plvl) = E(Plvl_ szz) ZE—(RTl_ RTz) = E(Tl_-rz)

Putting values given in Problem, W = 2&(300_ 200) cal =200 cal.
-1
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BU’1994

BU’1998

CU’1999

WBCS, 2002

Problem (3): For a constant pressure process, AH = Qp, Does it follow that Qp is a State
function? Give reasons.

Solution: No, Qr is not a gtate function. Qr = AH = H, — Hs.
Hz isafunction of thefinal state, and Hi is afunction of theinitial state
but H> — H; is neither the function of the final state nor the function of the
initial state. Thus, Qrpis not a state function.

Problem (4): Calculate g, W , AU and AH for a reversible expansion at 300 K of 5 moles
of anideal gas from 500 ml to 1500 ml. What would be AU and W if the
expansion occurs between the same initial and final states as before, but is
done by expanding the gas in vacuum?

Solution: 1% case, q = 3,296.28 cal, W = 3,296.28 cal, AU = AH = 0.

2" case, W =0 and AU = 0.

Problem (5)(i): Calculate the work done by areversible isothermal expansion of 1 mole
of agasfrom V1 to V. obeying the equation P (V- b) = RT.
(ii): Calculate the work done by anirreversible isothermal process for one mole
of the same gas from V1 to V, against a constant external pressure until the

equilibrium is reached.
V,-b

.. P
b ( ) irrev,isotherm ( Fi}

Answer: (1) W, isommerm = RT IN

1

Problem (6): Show that the work involved in an adiabatic expansion is than that in an isothermal
process.

Answer:  Let Wy, =P (V;—V,) and Woem =P (V,—V,) for the same change of
pressure from Py to P, . But there will be greater volume change in the isothermal
process than in adiabatic process, i.e. V, ) V, , hence, W ierm ? Wagiap -
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THERMOCHEMISTRY

I ntroduction:

This chapter deals with the heat-change associated with a chemical reaction. When
hest is evolved, Q = (—)ve and thereaction is called exothermic. When heat is absorbed, Q =
(+)ve, it is called endothermic reaction. For example,

C+0,=C0O;; Q=()ve and N2+0O, = 2NO ; Q=(+)ve
The former reaction is exothermic while the latter reaction is endothermic.

Since chemical reactions involve the breaking of old bonds and the making of new bonds,
it is always associated with the heat changes.

The subject matter of this chapter is the consequences of first law of thermodynamics
applied to chemical reactions.

Heat of reaction is defined as the amount of heat change associated with a reaction as represented
by the stoichiometric equation. As heat change depends on the physical
state of the materials so these are also included in the chemical equations. For example,

N2(g) + Oz(g) = 2NO(g); Q = 42 kcal but % N2(g) + % O2(g) = NO(g); Q=21kead

Heat of reactionis of two types: heat of reaction at constant pressure (Qp) which isidentified as
AH and heat of reaction at constant volume (Qv), identified as AU.

In the chemical equation when temperature, pressure, heat-change and physical states
areincluded, it is called thermo-chemical equation. For example,

C7Hg(l) + 904(g = 7COx(q) + 4H20(1) ; AHo0sx = — 930 kcal but, AUk = — 928.8 kcal

Now, AH of thereaction is called enthalpy of the reaction and as most reactions are carried out in
open atmosphere or at constant pressure, enthalpy of reaction is
commonly used to express the heat-changes of areaction.

Relation between AH and AU of areaction at constant temper ature:
We have, by definition, H =U + PV so for achemical change, AH = AU + A(PV).
If the reacting components are assumed to obey the ideal gas equation, PV = nRT,
AH =AU + (PV)podua — (PV)Rreactant

= AU + (nRT)product — (NRT) Reactant

= AU+ (np—n) RT Or, AH = AU + AngRT.
And, Ang=changein number of moles of the gaseous products and gaseous reactants.

For reactions with substances in condensed phases, Ang=0and AH = AU.

Problem: For the combustion of toluene (cited above), Ang=7 — 9 = — 2 moles.
If AH is known then AU can be calculated.
S0, AUzgsk = AH208x — Ang RT = — 930kcal — (-2 mol) x 2 x10°kcal mol ™K x298K
=-928.8 kcal.
This shows that difference of AH and AU is not very high.
When the reacting components are in stable state and at unit activity (1 atm. pressure
for ideal gaseous substances, 1 M for substances in ideal solution, and unity for pure solid
and liquid states), the enthalpy of the reaction is called standard enthalpy (AH®),

reaction (AH®)  at the specified temperature.

For thereaction, Hx(g) + %Og(g) = H20(l) ; AH%9ex =— 68.3 kcal
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L aws of thermochemistry:
There aretwo laws in thermochemistry. These are given below:

1% law : Law of Lavoisier and L aplace (1780):
“The enthalpy change of a chemical reaction in one directionis equal in
magnitude but opposite in sign to that accompanying the same reaction in the
reverse direction.”
Thus, enthalpy of reaction in the formation of water (1 ) from Hx(g) and Ox(g) is exactly equal to
the enthalpy of decomposition of water (| ) into its elements but oppositein sign. Illustrated as,

1
Ha(g) +E 02(g) = H20(1) ;. AH ®g8x = — 68.3 keal,

1
s0, H20(1 ) = Hz(g) +§ 02(g); AH%gsx = + 68.3 kcal.

Thelaw is a consequence of 1% law of thermodynamics. H is a state function, so it depends on the
states of the reacting system. L et us suppose, the reactants A and B first change into products C
and D with enthalpy of reaction, AH1 and when C and D givereactants A and B back, the
enthalpy of reaction is AH,. Thus, for the whole cycle,

AH=AH;+ AH>,=0 or, AH; = —AH>.

2" law : Hess’s law of constant heat summation (1940):
“For a chemical reaction, the net heat-change (AH or AU) will be the same
whether the process occurs in one step or in several steps.”
Let achemical reaction when occursinonestep, A — C;AH = Qqu
But when the samereaction occursintwo steps, A — B; AH = @
and B —» C; AH = Qs
Then, according to the law, Qi=Qx+ Qs
Thislaw is also the consequence of the 1% law of thermodynamics.
If theinitial state and final state of a system dueto a process are fixed, enthalpy-change
or internal energy-change will also be fixed, independent of the intermediate steps that occur
during the process. Thisis dueto thefact that H and U are the state functions.
This law is sometimes used to calculate the enthalpy of areaction which is difficult to determine
by experiments.

For example, C(9) +% 0O2(g) = CO(g), AH of thereaction is not possible to determine

experimentally as some amount of CO, always forms in association with CO.
However, the value of AH for the reaction can be calcul ated as follows;

C(s) + Oz(g) = COz ; AH %98k =— 94.05 kcal, when it occursin asingle step.
The same reaction can also occur in two steps.

C(s) +% O2(g) = CO(g) ; AH 0k = Q (say), and

CO+ % Oz(g) = COg(g) ; AHOZQSK = —63.63 kcal.
So, according to the law, (— 94.05 kcal) = Q + (- 63.63 kcal) or, Q = — 26.42 kcal.
Thus, C(s) +% 02(g) = CO(g); AH = — 26.42 kcal.
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AH$ (C) = H¢

Application

Various types of enthalpy of reaction:

Enthalpy of formation: It is the enthalpy change associated with the formation of
one mole of a compound from its constituent elements in their
stable state of aggregation. It is represented by AHs.
When the elements are in their standard states, it is called standard enthalpy of formation (AH%) at
a specified temperature, generally at 25°C. The examples are given here;

C(graphite) + Ox(g) = COx(g); AHS (CO»g) =— 94.05 kcal mol™

Hax(g) + %Oz(g) = H0(l) ; AH{(H:0,l) =-683kca mol™

%Nz(g) + g Hz(g) = NHs(g); AHS (NHsg) =-11.04 kca mol™.

%Nz(g) + %Oz(g) = NO(g) ; AH$(NO,g) = +21.60 kcal mol™

Positive values of AH§ of a compound indicates that the compound is les stable than its

constituents elements. While negative value of AH¢ refers that the compound is more stable

than its constituent dements. The former compounds may be called endothermic while the latter
are exothermic.

Relation between std. enthalpy and std. enthalpy of for mation of a compound:
Let us take that a compound C, which is formed from its constituent elements A and B by the
reaction, A+B—C

and, standard enthalpy of formation of C, AHS (C) = HZ—(HS+HJ)
However, the absolute value of enthalpiesisnot easily possible to determine, so usual

convention is taken that standard enthalpy of an element in their stable state is zero at 25°C
temperature. That is, H°(element) = 0 in its stable form at 25°C.

So, Ha=0 and Hg =0, so, AH{(C)= H¢
The standard enthalpy of formation of a compound is equal to standard molar enthalpy of the
compound.

This relation is widely used to calculate the standard enthalpy of a reaction which is otherwise not
possible to determine experimentally.
Let us consider areaction, vi A1+ v Az = viAz+ viAs
where, v's are stoichiometric coefficients and A’s are reacting components.
The enthalpy of thereactionis,

AH® = (va HY + va HY ) — ¢viHY + v2 HY )
= V3 AH? (Ag) + V4AH? (A4) - V1 AH? (Al) - V2 AH? (Az)
Or, AH®° = ¥ vi AH$ (Ai)). Where, vi = (+)vefor the products, and

= (—)ve for the reactants.
Problems: Calculate the standard enthalpy (AH®) of the following reaction.
FeOs () + 3Hx(g) = 2Fg(s) + 3H0(1).
Given, AH (F&0s,s) = —824.2kJmol™ and, AHS (H20,l) = —285.83 kJ mol™
Solution: Standard enthalpy of the reaction, taking std. enthalpy of H, and Fe as zero.
AH® = Y viAH? (A). = 3AH? (H20,)) —AH$ (FeOs9)
=3 (—285.83 kI mol™®) — (—824.2 kI mol™?) =—33.29kJ.

PRINCIPLES OF THERMODYNAMICS — N CDEY 27



Definition

Example

Application
— calculation
of enthalpy
of formation

I mportance of
enthalpy of
combustion

data

———— i
N

Bomb-
Calorimeter

Enthalpy of combustion:

It is the enthal py change associated with the complete combustion of one mole of a substance.
When the enthalpy of combustion is measured at 1 atm pressure, it is called standard enthalpy of

combustion (AH? ).

Standard enthalpy of combustion of CH4 is —212 kcal/mole. It means that on complete
combustion of CHas, 212 kcal of heat is released per mole of CH4 at constant pressure

of 1 atm. and at a specified temperature.

The thermo chemical equation of combustion of different substances are given below:

CHa(g) + 204(g) = COx(g) +2H20(I) ; AHJjgq = —212.80 keal mol™ ™~ (1)
C(s) + O2AQ) = COAQ) ; AHy0g¢= — 94.05 keal mol™

Ha(g) + OxAg) = HO() ;  AHJ ,e5¢ = — 68.3 keal mol™

N2z (g) + O2(g) = 2NO(g) AH joqc =+ 43.2 keal mol™

Enthalpy of combustion data can be utilized to calculate the enthalpy of formation of some
compounds that can not be determined experimentally.

For example, AH ?(CH » €an be calculated by using the enthalpy of combustion of
C(s), H2(g) and CH4(g) . The mathematical operationis (2) + 2 x (3) — (1),
C(s) + 2H2(g) = CHa(@); AH gy 4= (-94.04) +2 (=68.30) — (— 212.80) = 7.84 kcal mol™*

Thus, the standard enthalpy of formation of methane is —18.65 kcal mol ™, though the reaction
is not possible to performin reality.

Enthalpy of combustion has practical aswell as theoretical importance. The purchaser of coal is
interested in its enthalpy of combustion per ton. The dietician must know, among other factors,
the number calories obtainable from the combustion of various foods. It is also used to estimate
the flame temperature and to calculate the bond energies of a compound. In nutrition, the
‘Calorie’ refers to kcal.

Deter mination of enthalpy of combustion:

Heat of combustion is usually determined in a bomb-calorimeter at constant volume.
Hence, it isinternal energy of combustion. The bomb-calorimeter isinternally enameled with
platinum and capable of withstanding high pressure. It has capacity of about 400 cc

and fitted with pressure-tight screw cap.
A known weight of asampleis placed in a Pt-cup insidethe calorimeter and is then filled with
: oxygen at 20-30 atm. The combustion is initiated
by a small eectric current through the thin Pt-wire
dipped into the sample. The substance onignition
gives large amount of heat which is measured by
the rise in temperature of the water into which the
] bomb-calorimeter has been immersed before
| ignition. The heat capacities of the systemiis
pre-determined by burning a standard substance
(say, benzoic acid) of known heat of combustion.
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So, heat of combustion at constant volume (AU) =
Total heat capacity xtemperaturerise

Amount of the substancetakenin gm

The enthalpy of combustion (AH) can be calculated by the use of the equation,
AH= AU - AngRT .

x molar mass of the substance.

Enthalpy of neutralization:

It is the enthalpy change associated with the neutralization of one
gram-equivalent of an acid by one gram equivalent of a base in their very dilute agueous solution.
Neutralization is an exathermic process.

Some examples are given here:
HCl(agq) + NaOH(aq) = NaCl(aq) + HxO(); AH%gsk =— 13.7 keal.
HNOs(ag) + NaOH(ag) = NaNOs(ag) + H2O(l) ; AH%gsx = — 13.7 kcal.
HCl(ag) + NH4OH(ag) = NH4Cl(ag) + HO(l) ; AH%ggx =— 12.3 kcal.
CH3COOH(ag) + NaOH(ag) = CHsCOONa(aq) + H20O(l) ; AH %gek = — 12.6 kcal.
HCN(ag) + NaOH(aq) = NaCN(ag) + HxO(l) ; AH%gex = — 2.9 keal.

Two facts emerge from the examples cited above:

(i) Enthalpy of neutralization of strong acid and strong base is found constant and equal to
— 13.7 keal irrespective of the nature of the strong acids and bases. This constancy of enthalpy
of neutralization of strong acids and bases can be explained as follows:
HA(ag) + BOH(ag) = BA(ag) + HxO(l) .
But strong acids and strong bases are completely dissociated in aqueous solution. So,
(H"+A) + (B"+O0OH) = (B"+A) + HO(l)
Canceling thelikeions, we have, H* + OH = HO(l).
Thus neutralization of string acid and strong base is reduced to formation of one mole
water from H* and OH". Enthal py-change will be the same for the same change of state for
thereaction.

(ii) Again, if one (or both) is weak electrolyte, the enthalpy of neutralization is found less
than — 13.7 kcal. This is explained by the fact that a portion of heat is required to dissociate
the weak acid or base or both. For that reason, the enthalpy of neutralization is obtained less.
Thisindirectly helpsto calculate the heat of dissociation (or enthalpy of dissociation) of the
weak acid or base. For example, enthalpy of dissociation of
HCN = (= 2.9 keal) — (— 13.7 kcal) = 10.8 keal.

Enthalpy of solution: It is the enthal py-change when one mole of a soluteis dissolved
in a specified amount of solvent.
Total enthalpy change when one mole solute is completely dissolved in a solvent is called integral
enthalpy of solution. Let usillustrate the enthalpy of solution for HCI in agueous sol vent.
One mole solute HCI(g) when dissolved in

10mol HO;  AH; = —16.5 kcal mol™

40mol H.O, AH? = —17.4 keal mol™ &:ﬂ ST

50 mol H.O, AH,; = —17.5 kcal mol™* fr’ AH = called wtegral
covtdi vl

200 mol H.0, AH; = —17.7 kcal mol™ sak

o mol H,0, AH? = —18.0kca mol™ Ty o 23d 2

As more and more H»O is added, AH increases, reaching to a maximum value at infinite dilution.
Only then the solution is thermally complete.
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This enthalpy of solution (— 18.0 kcal mol™) is called integral enthalpy of solution.
Let, AH = f (n1, n2), subscript 1isfor solvent and 2 for solute.

So, d (AH) = {a(aAH)} dny + {a(AH)} d. This {M} is called differential enthalpy
n

an, on,
of solution.

Bond energies:

Bond energy of a given bond is defined as the average of energy required

to dissociate the said bond present in different gaseous compounds into

free atoms or radicals in the gaseous state.
Thebond energy differs from dissociation energy which is defined as the energy required to
dissociate a given bond of some specific compound.
Let us consider O—H bond. The heat of dissociation of the O—H bond depends on the nature of
molecular species from which the H-atom is being separated from O-atom.

For H.0O molecule, H0(g) — H(g) + OH(g) ; AH%0sx = 119.95 kcal mol™,
But to break the O—H bond in the hydroxyl radical requires a different quantity of heat.
O-H(g) — O(g) + H(g); AH%ge = 101.19 kcal mol™.
The bond energy, €on is defined as the average of these two values;
ie €on = ¥5(119.96 + 101.19) = 110.57 keal mol™
However, in diatomic molecules like Hz, bond energy and dissociation energy areidentical.
Bond energy can be calculated from the enthalpy of combustion and the enthalpy of dissociation
data:
For example, bond energy of C—H in CH4(g) is obtained from the following reaction,
CHi(g) — C(g) + 4H(g); €cn= Yi(AH)

The value of AH for the reaction can be calculated from the summation of the following
equations.

CHa(g) + 205(g) = COx(g) +2H0() ; AH%¢sk = —212.80 kcal
COx(g) — C(graphite) + O2(Q) © AH%0sx = 94.05 kcal
2H20(g) — 2H2(g) + O2(g) © AH%gux = 136.64 kcal

2HAg) — 4H(g) ; AH%sc = 208.38 keal

C(graphite) — C(g) 5 AH%gx = 171.29 kcal.

Adding these equations, we get, CHa(g) — C(g) + 4H(g) ; AH%gpsx = 397.60 kcal.
So, at 298K, we get, €c-y = ¥4397.60 kcal) = 99.4 kcal mol™.

Bond energy data can be utilized to calculate approximate enthalpy of formation of a
compound of known structure.

L et us calculate the approximate enthalpy of formation of H-O(g) from its constituent elements,
H2(g) and O2(g) according to thereaction, H,(g) + %Oz(g) — H,0(9g) .
The enthalpy of formation of H.O(g),

AH,(H,0,0) =<, . +% €00 20 :103.2+%><118.0—2><110.5 = 58.8keal mol ™.

Enthalpy of reaction can also be obtained from the bond energies of the reactants and products.
Let us take the reaction,
C:Ha(g) + HCl(g) — C2HsCl(g).
AH = { Energy required to break reactants into gaseous atoms )
+ {Energy released to form products from the gaseous atom )
§4€cH + €c=c + C4-a } +{—5€cH —€c-c —€c-a }
(€c=c +€u-a) — (€cu +€cc +€c-a)
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= (147.0+103.2) —(98.8 + 83.1 + 78.5) =—10.2 kcal mol™*
Temper atur e dependence of the heat of reaction (Kirchhoff equation)

If we know the AH® of areaction at temperature, T1, Kirchhoff’s equation
provides the calculation of AH® of the same reaction at another temperature, T

R . Let us take the chemical reaction, Vi A1+ v2 Az =vsAz+ viAy

epr&ent_atlon or, 0=—viA1— v2 A2+ Vv3Az+VviAy or, 0=>viAi

of a C_hem'cal where, v; = stoichiometric coefficient = (+)ve for the products and (—)ve for the reactants.
equation Enthalpy of the reaction, AH°=¢ v, |'_|§ +v, |'_|2 =) v, |'_|§ v l__'lo t=2v |__|i0

Since, Pisfixed at the standard state value of 1 atm., differentiating with respect to T

at constant pressure, {M} =Y v (aHi J =>YviCp = ACg,
P

oT ar
called standard constant pressure molar heat capacity change of the process.
AHS T,
Integrating within limits, Jd(AH °) = IACS dT.
AH? T

General form of
the Kirchoff

T2 T2
: or, AH)—AH, = |AC_ dT. Similarly, AUJ —AU? = [AC{ dT
equations 2 1 I P Yy 2 1 ! oy

Tl
Latter relation isfor internal energy of the reaction with temperature.

_ (i) Over ashort range of temperature-change, temperature dependence of AC? can
When AC; is

] often be neglected and AC? isassumed to be temperature independent. So,
T — independent

AH; = AH; + ACp (T2 Ty
(ii) When AC_ depends on temperature, wefirst find its virial form (power series)

When AC; is with T. Coi=a+thT+aT?+ ...

T — dependent and AC =YviCl=Y vi@a+bT+cT?+.....)
:Zvia+(2vibi)T+(Zvici)T2+ .......
=a+PpT+yT?.......... ,

where a =) viai, B=(Y vib)andy= (Y vic).

T,
Using this expression of ACo, weget AH, = AH; + I(a +BT+yT?-——-)dT

T

B
Kirchhoff’s or, AH, = AHy+ a(T2-Ti)+ & (T2 -T2).
eqUaIONS  Therelation of internal energy of reaction with temperature s,
/
AU, = AU;+ a' (T2—Ti) + P (Tg —le ).

2
These are the Kirchhoff’s equations which relate the heat of reaction with temperature.
, 1
Problem For thereaction, CO + > O, = CO,, AH=- 67,650 cal at 25°C.

(1) Calculate AH of the reaction at 100°C. Given, Cp(CO) = 6.97, Co(CO.) = 8.97
and Cp(Oz) = 7.0in cal mol K™

Solution TheKirchhoff equationis, AH,= AHi+ ACp (T2—T»),
but, ACP = Z Vi Cp,i = CP(COZ) - CP(CO) -1 CP(OQ)
= 897 — 6.97 — ¥%(7.0) = — 1.5cd K. Thus,
AH373K = AHZQBK + (—15) (Tz — Tl) = - 67,650 ca-15 (373 — 298) ca =-— 67,762.5 cal.
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Calculate the enthalpy—change at 1500 K for the reaction,

2H2(g) + O(9) = 2 H20(0). Given that, AHzoox = 115.0 kcal
and the values of Cp (cal mol™ K™) arefor H(g) = 6.95— 0.0002 T,
0O2(g) = 6.10+0.0032 T and H-O(g) = 7.19+0.0024 T. [C U’ 1994]

AH1 = AHzook = 115.0 kcal. a=> viagg =2x7.19-2%x6.95-6.10=-5.62
and B =Y vibi =2 x 0.0024 -2 x (— 0.0002) —0.0032 = 2 x107%,
AHisook = AHaook + 0 (T2 = T1) + % (T5 = T2)
~115.0 keal + [(~ 5.62)(1500 — 300) + %2 (2 x 10°)(1500%— 3007)] x10°kcal
—115.0-6.7 + 2.16 kcal
—119.54 kcal.

Calculate the enthalpy of formation of NHs, given the enthalpy of combustion of NH3 and H, as—
90.6 and — 68.3 kcal mol™ respectively. (BU’1986)

Werequire the enthalpy of thereaction, %N, + (3/2)H>, = NHsz; AH =?
Given, (i) NHz + (3/4) 02 =%N, + (3/2) H,O; AH = - 90.6 kcal mol™
(II) H>+%0, = HO; AH =-68.3kca mol .
Following mathematical operations (3/2) x (ii) — (i), we g€,
(1/2) N2+ (3/2) H = NH3; AH = (— 102.45) — (— 90.6) kcal mol™ =— 11.85 kcal mol™.
Thus the enthalpy of formation of ammoniais — 11.85 kcal mol™.

Calculate the standard enthalpy of the reaction at 25°C,
CoHa(g) + H20(1) = C:HsOH(1).

Given, AH (CHag) =12.50, AH® (H,0,0) = - 68.32
and AH§ (CzHsOH, | ) = - 66.36in kcal mol™.

AH°=3 vi AHS (i) = AH? (C2HsOH, 1) — AH$ (CoHag) — AH ¢ (H20,0)

= (- 66.36) — (12.50) — (- 68.32) kcal mol™ = — 10.54 kcal mol™,
It isa hypothetical reaction, but its AH® can be calculated by use of standard enthalpy
of formation data.

The enthalpy of neutralization of HCN by NaOH is — 2900 cal.

Calculate the enthalpy of ionization of one mole HCN.

Given, enthalpy of thereaction, H* + OH = H,O is— 13,800 cal. (BU’95)
Given, (i) H"+ OH = HO; AH = -13,800ca

(i) HCN+ (Na"+OH) =(Na" +CN) + H,O; AH=-2,900cal.

(i) — (i), we get, HCN=H" + CN’; AH =(-2,900) — (- 13,800) cal = 10,900 cal.

The heat of formation of NH3(g) at constant pressureis 46.1 kJ mol™ at 27°C.
Calculate the heat of formation of NH3(g) at constant volume assuming ideal behavior. How
would the value differ if the gases under consideration were vander Waals gas? (BU’1990)
The equation for formation of NHs(g) is,
2Nz (9) + 32 Hz(g) = NHa(g).

AH = AU + (PV)product — (PV)reactant. ASSUming ideal behavior, PV = nRT.

AH =AU+ AngRT, where, Ang=n,—n, =1-%-32=-1.
The heat of formation at constant volume, AU = AH — AngRT
or, AU=-46.1kJmol™ - (- 1) x 8.31x10° kI mol™* K* x300K = — 43.609 kJ mol™.
2" part: For vander Waals gas, (PV)reatant ) (PV)produ (Amagat’s curve )
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Problem
(7)

Solution

Problem
(8)

Solution

So in the equation, AH =AU + [(PV)product — (PV)reactant] ,
we have, AU would be greater than that obtained by assuming ideal behavior.
What will be the enthalpy of fusion of ice, AHsuson at —10°C
if, AHfyson @t 0°Cis6.02kJ mOl-l.
Cr(ice) = 37.66 JK ™ mol ™ and Ce(water) = 75.31 JK ™ mol* (Civil Service Exam.1999).

The Kirchhoff *equation is AHfuson (263 K) = AHtusion (273 K) + ACp (263 — 273)K.
The processis, ice — water, so ACp = Cp(water) — Cp(ice) = (75.31 — 37.66) JK™ mol™,
Or, ACp=37.65JK™* mol™ = 37.65 x10° kJ K™* mol™ = 0.03765 kJ K™ mol ™
S0, AHtuson (263 K) = 6.02 kJ mol™ + 0.03765 kJ KX mol™ (263 — 273)K
= 5.6435 kJmol ™.

How much heat is used up in dissociating HBO,? Use the following data:
(i) HBO. + NaOH — NaBO: + H20 ; AH = — 10.0 kcal

(i) H*+OH — HO; AH = —13.4 kcal.

State and explain the principle used in the calculation. (BU’1996)

1% part: The equation (i), HBO, + (Na" + OH’) = Na" + BO; + H,O ; AH = — 10.0 kcal.

Or, HBO, + OH =BO; + H,O ; AH =-10.0 kcal.

Subtracting (ii) from this, we get

HBO, — H*+ B0, ; AH= 3.4 Kcal..
Hence, 3.4 kcal hest is used up in dissociating one mole of HBO..

2" part: The principle used in the calculation is known as Hess’s law of constant heat summation
which states that for a given chemical process heat change will be the same whether the
processis carried out in one or several steps.

According to the law, we can add or subtract the heat changes in the processes as it is,
seen in the above calculation. In other words, thermodynamical equations can be
treated as algebraical equation.
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SECOND LAW OF THERMODYNAMICS

Thefirst law of thermodynamics states the equivalence of different
Limitation of  forms of energy in the energy conversional process. In the process, if one form of energy
the first law disappears, an exactly equivalent amount of another form must reappear.
But it fails to state under what condition, this conversion of energy occurs.
Let us explain this limitation of first law by taking the process of heat-flow. A and B aretwo
Example for  metallic bodies of temperature Ta and Tg, These are
showing connected by a thermal conducting wire. First law states that

limitation if Q amount of heat islost by A, then exactly Q amount
of heat is gained by B provided no heat is lost by any other
processes.

But first law fails to provide the answer if one asks the
S following questions relating to the process. Process of heat-flow
Limitation (i) Whether heat-flow would occur at all? (feasibility of the process)
(i) If it would occur, then to what directions? (direction of the process)
(iii) Towhat extent, flow of heat would continue? (extent of the process).
First law remains silent about this feasibility, direction and extent of the process.

However, second law of thermodynamics comes as rescue. It states that
Statement of  ‘heat flows from higher temperature to lower temperature.” This simple statement of the
second law second law can answer the above questions.
(i) If Ta# Ts, theprocess of heat-flow is feasible. (feasibility).
(i) If Ta) Tg, heat will flow from A to B (direction).
(iii) When, Ta = Ts, heat will ceaseto flow (extent).

Clausius Clausius thus stated the above form of the second law more elegantly as,
statement “Heat, by itself, can not pass from lower temperature to higher temperature.”
Different scientists stated the law in different ways depending on the nature of the processes. But
Different all these statements indicate the feasibility, direction and extent of a process. These different
Statements statements are listed bel ow.
of second (1) Water flows from higher level to lower level.
law (2) Air blows from higher barometric pressure to lower barometric pressure.
' (3) Electricity flows from higher electric potential to lower electric potential.
(4) Chemical reaction occurs from higher chemical potential to lower chemical potential.
Many other statements can be given to satisfy the requirements of the second law of
thermodynamics.
Criteria of T.he processes cited above are natural processes and these have two important criteria. These are
natural given here.
(a) All natural processes are spontaneous and thermodynamically irreversible.
Pprocesses (b) All natural processes tend to attain equilibrium.
P_K Now, let us consider the conversion of heat into mechanical work and the statement of Planck and
statement Kelvin relating to this conversional process is given below.
“Heat can not be completely converted into work. If it does so, the working system
) Will suffer a permanent change.”
L et us explain the statement by taking an isothermal
. v, reversible expansion of one mole of ideal gas from
Ilustretion i 1 volume V1 to V, at temperature T.
of P-K Vi Theinternal energy-change of the system,
statement dU =CydT =0asT = constant.
q Thegasis confined in a cylinder fitted with weightless,

frictionless and movable piston.
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From thefirst law,
g=du+ w, but dau=0

0, g=wW = RTIn Va :
1
It is seen that heat is completely converted into mechanical work but in doing so, the working
system (here one mole gas) suffers a volume-change from V1 to V, permanently.
If wetry to remove the change by compressing the gasisothermally and reversibly from V,to V4,

W' =RT In ﬁ
2
The net work obtained from the system without being suffered any permanent change,

then work required,

w=w +w =RTIn\i +RTIn£ =0.
1 V2
So the system, by isothermal reversible cyclic process, can produce no work from the supply of
heat. If the process is not reversible, then also the system can not produce any positive work in
the surrounding. Thus the P-K statement can also be stated as
“It isimpossiblefor a system operating in a cycle and connected to a single reservoir
(one temperature) to produce a positive amount of work in the surrounding.”

This statement rejects the idea of possibility of constructing a perpetual motion machine of the 2™
kind. This machine was supposed to produce positive work by taking heat from the surrounding
and continuously run for indefinite period of time. Thus, it was supposed to run the tram car
(operating in cycle) by extracting heat from the atmosphere or to run a ship from the heat of the
ocean. But P-K statement rejects such possibility since engine (operating in cycle) and heat
sourceis at the same temperature (isothermal) and so it can not produce any positive work in the
surrounding.

Then the question is how the heat can be converted into mechanical work.

To convert heat into work two conditions are essentially required.

(1) Thererequires a mechanism or contrivance, called thermodynamic engine for the
conversion of heat into work, the engine must work in cyclic fashion.

(2) The engine must operate between two heat reservoirs. It takes heat from the higher
temperature reservoir (HTR), called heat source, and converts a portion of heat into
mechanical work and rgects the rest heat to the lower temperature reservoir (LTR),
called heat sink.

Schematically we can depict the process in the following way.

Q = heat taken by the enginefrom HTR (T)

TR © o TR Q'= heatTrejec’ted by theengineto LTR(T")
(T) (T') al
\Z The efficiency of theengine, n = w .
w energyinput
Energy-balance showsthat Q - Q" = w.
work donebytheengine(w) per cycle w_ Q-Q _ Q
1" heatsuppliedtotheengine(Q) percycdle ' Q@ . Q - Q (1

Sadi Carnot, a young French engineer in 1924 deduced theoretical maximum efficiency (1) of this
idealized thermodynamic engine. The engine consists of four steps — all arereversible. It contains
1 moleideal gas asworking substance in a cylinder covered with a weightless, frictionless and
movable piston. The engine works in cycle — two steps are expansions and two are compressions.
Theinitial state of thegasis (P, V1, T).
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o
T [=othermal ' T ka otherimal

1= I, . 3 - — g =1

Q. Adiabatic '.'i_:ll' Adiabatic

Step 1: Reversible isother mal expansion (A — B):
The engine is kept in contact with the higher temperature reservoir, at T.
(heat reservoir are devices which supply or absorb heat at constant temperature).
The gasis expanded isothermally and reversibly from volume Vi to V,
Thefinal state of the gasis (P., V2, T). The engine absorbs heat Q fromthe HTR

and does work wq,

g |

Q=w =RTIn \% ----- (1) since, dU =0 for ideal gasin isothermal process.

1

Step 2: Reversible adiabatic expansion (B —C):
The engine is detached from HTR and kept insulated. The gas is expanded

reversibly and adiabatically from the state (P2, V2, T) to (Ps Vs, T).
The gas suffers afall in temperature (T —T"). The work done by the enginein

thisstep is
W,=—dU=-Cy(T'=T). Or,w2=Cy (T'=T) - 2

Step 3: Reversibleisothermal compression (C —D):
The engine is now brought in contact with LTR at temperature T' and the gas
isreversibly and isothermally compressed from V3 to V4, The state is changed
from (Ps, V3, T') to (P4, V4 T'). The heat rejected by theengineto LTRis Q.

Thus, Q =w, =RT

Step 4: Reversible adiabatic compression (D —A)
The engine is again detached from the LTR and kept insulated. The gasis
compressed reversibly and adiabatically from V4 to V1. The stateis changed
from (P4, Va4, T') to (P, V1, T). The system comes back toits initial state.
So it works in cycle. Temperatureisincreased from T’ to T.

The work done by the engine, W, =—dU=-Cy (T-T") or,ws=—Cy (T - T")--- (4).

Thetotal work doneby theengine W =w,+ W, + W, + W, = W, + W, sincew, =— W,

V. V
1 =RTIn—2 +RT'In—% .
Conrgpazsmon 1 V3
mioke Combusion But for two adiabatic and reversible processes
p B —C and D —A, we havetherelation,
Fowesnake | TV =T'V/ 7 —@and, TV =T'V]™ —(b)
4 \ A ahst
a V V.
F.uimun'\\ Thus, — gives -2 =38
g oka 3 b Vl V4
oY
O L
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Sow = RTIn\%— RT'InﬁzRTIn\Q—RT' In\%zR(T—T') In\%.

1 4 1 1 1

But, Q=RTIn \% So the efficiency of the engine,

Thisis the expression of maximum efficiency of Carnot engine.
Critical discussion on the efficiency of Carnot engine:

Wehave,nzl—lzﬂ = =T or, W=QX(1—T—].
T Q T T

1. Perpetual motion of thefirst kind:
If no heat is supplied to the engine, Q = 0 so, from above, w = 0.
i.e. no engine can do any work if heat is not added to it.
This explains the impossibility of perpetual motion of the 1% kind.

2. Perpetual motion of the 2ne kind:
If T=T',thenalso w = 0i.e if same heat source (single reservoir) is used,
then T = T, no engine can produce any positive work if it is connected to single
reservoir and extracts heat fromit.

3. Incompleteness of conversion of heat into work;
T :
n=1- ? then, N can be only unity only when T'=0 K or T = o0.

Both these conditions are never realized in practice, son<1lie W/Q {lor, w (Q.

It means that heat is not completely converted into work by an engine
(engines work in cycle).

4. Unattainability of absolute zero temperature:
Second law of thermodynamics states that n ( 1 (P-K statement ). The efficiency of
the Carnot engine is always less than unity.

Thus (1 - %) (1, so, T' can never be equal to zero.

It means that OK temperature can not be attained.

5. Comparison of efficiency:
T :
The efficiency of the engine, n =1 —? . So 1 can be increased either by lowering T

orincreasing T or by both. If the efficiency of the engine is compared by decreasing
the temperature of thesink (LTR) or increasing the temperature of the source (HTR) to
the same extent, calculation shows that in the former attempt, 1) is higher.

When T' isdecreased by dT', dq1=0— d_;_l'

When T isincreased by dT, dr12=0+T—2 dT but, —dT' =dT so, dn, _ T
T

dn, T

PRINCIPLES OF THERMODYNAMICS — N CDEY

= — )1

37



BU’1994

Solution:

Decreasing temperature of the LTR is more efficient than increasing temperature of the
LTR. Though usual practiceisto increase the temperature of the HTR keeping the LTR
temperature fixed. High temperature boiler is used in steam engine for this purpose.

A modern steam engine power plant uses high pressure boiler at 550°C and condenser
at 40°C. n=1-(313/823 ) =62%. Actual n is obtained about 40%.

T-T'
6. Wehave, w =Q T =Q d?T . The engine convertsd?T fraction of heat

supplied (Q) into work

7. The efficiency (1) depends on temperature difference (dT) of source and sink and
temperature of the source. It does not depend on the nature of the working substance
used in the engine. Thus, instead of using ideal gas, if vander Waals gas (real gas) is
used, the efficiency would be the same.

(See Physical Chemistry by IraLevinep 79 for more details).

Problem (1): Calculate the efficiency (1) of steam engine working between 100°C and
27°C. Calculate the amount of work done and heat rejected to LTR
if 1 kcal of heat is supplied to the engine.
T-T" 373-300
T 373
— T-T — 103 — " - —
W = Q.T =10°x 0.196 =196 cal and Q" = Q —w = 1000 — 196 = 804 cal.
Anideal gas goes through a cycle consisting of alternate T A T,
isothermal and adiabatic curves as shown in the F [:* E
following figures.
MIT,

Solution: n = =0.196 = 19.6%.

Theisothermal processes proceed at the temperaturesT 4, o
T, and Ts. Find the efficiency of such a cycle, if in each \ \1

isothermal expansion, the gas volume increases in the F—— T % E
same proportion.

T

Work donein each step is given as follows:
Isothermal expansion A — B, W, = Q1 =RTiIn (Ve/Va) --- (1)

Adiabatic expansionB — C, W, =Cy (T1—T2) ------ (2).
Isothermal expansionC — D, W,=Qz =RT21In (Vs/Va) - (3)
Adiabatic expansion D - E, W, =Cy (T2—Ts) --—--- (4)

Isothermal compressionE— F, W, =RTzIn (Vi/Vg) ----- (5)
Adiabatic compresson B— C, W, =Cy (Ts—Ty) -----(6)
Total work done, W = W, +W, + Wy + W, + W+ W
=W, +W, +W as, W, + W, +W, =0.

Or, w =RT4l n(VB/VA) + RT>In (VD/Vc) + RT31In (VF/VE).
But according to the condition, Ve/Va=Vp/Ve.
So, w =RT4l n(VB/VA) + RT>In (VB/VA) + RT31In (VF/VE).

Using adiabatic relations, TV ' =TV ™, TV =TV, TV '=TV]*.
itispossibletofind  Ve/Ve = (Vo/Va)( Va/Vo).
But VD/VC = VB/VA. ThUS, VF/VE = (VA/VB)( V/.\/VB) = (VA/VB)Z.
Hence, W = R(I'l +T,— 2T3) In (VB/VA).
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Again total heat taken by thecycle, Q = Q1 + Q2 = RT1ln (Ve/Va) + RT2In (Ve/Va)

or, Q=R(T1+ T2 In(Ve/Va).
w T+T,-2T. 2T,
Thus the efficiency of the cycle, 1= —= +—2—23 or, p=1- 3,
Q T,+T, T,+T,

Refrigerator (R):

A refrigerator is adevice that extracts heat from
HTE | @ ' [TTE coldreservoir (LTR) and rejects to hot reservoir
(T3 J/-FEH:] it i T'1 (HTR). Theprocess of extraction of heat is called
}f, — refrigeration.

A Carnot refrigerator actsin the same fashion as
that of Carnot engine but in reverse direction.

It takes away heat (Q') from LTR, work (w) is
supplied to it and finally it rejects heat (Q) to
HTR. Therefrigerator starts from D (shown in the
indicator diagram). The sequence of the steps are
given below:

Step 1. Reversibleisothermal expansionat T' (D — A):

V.
Heat istakenfromLTR= Q' = w,=RT' In -2 - (1)
4
Step 2: Reversible adiabatic compression (C — B):
Temperatureincreasesfrom T' toT.
Work done w, =Cy (T'-T) 2
Step 3: Reversible isothermal compression at T (B—A):

: V.
Heat rected toHTR=Q = w, =RT|n\T1 ............ )
2
Step 4: Reversible adiabatic expansion (A — D):
Temperature decreasesfrom T to T'.

Work dong, W, =Cy (T'=T)  ---mmmmmmmmmmmmemmmm e (%)
Addlng, w = Wl + W2 + W3 + W4 B Wl + W3 since’ W2 - W4

V V V V

W=RT'In—= +RTIn-—X =RT'In—=2 —RTIn-2

V4 V2 4 1
V
=R(T'-T) In=2
\Y/

4
The efficiency of arefrigerator (the more heat it can extract, the more efficient the refrigerator is),
_ energy ouput per cycle _ Q' (heat extracted)
energy input per cycle  w(work sup plied)
V. V. T’ T
=RT'In2)/[R(T'-T) In 2 ]=——. So| v=c—0.
RT'InG/IR(TT) In 02 1= oy T
The capacity of refrigerator is expressed in terms of ‘ton’. A 1-ton refrigerator extractsin a day an
amount of heat just enough to freeze one ton of water at 32°F.
One short ton = 2000 pound (Ib), latent heat of fusion of water = 144 Btu/lb

144 x 2
Heat extracted in one day = 144 x 2000 Btu / day :;'OO
24 x 60

Btu/min =200 Btu/ min.
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Problem: What is the best efficiency of arefrigerator working between 20°C and —10°C?
What minimum work has to be done to enable it to withdraw 1000 cal
from —10°C and regject heat to the surroundings at 20°C?

Solution: The efficiency of the refrigerator, y = T .= 263 =8.8.
T-T" 293-263
Again, y = Q'/w or,w= Q'/w =1000/ 8.8 = 114 cal.

and, Q=Q" + w =1000+ 114 cal = 1114 cal.

Various compression refrigerators:

For a good refrigerator, the heat transfer process in the refrigerator be at constant

v = T .temperature by using vapor compression cycle of refrigeration. The working fluid

may bein theliquid and in the vap

7] 2 eut
] AVAVAVAVavE
HIR | @ 7 ¢ [IIR Expansion —

(0 NS (T ey onener w
T 1z “[cotupressor,
7\ adiabatically ‘Q'in adizbalivadly
cxpanded { e the vaporis
w b S S | e | Eompreseed

Faraporator
Wotking substances ke IWH; \CFCete. are used
Steps used are given below:

1. The working substance in liquid phase at low P and T is passed through the evaporator
at constant P. Theliquid absorbs Q' heat from the surrounding cold temperature

reservoir (LTR) at T' and turns into saturated vapor (D — C).

2. The above saturated vapor is compressed adiabatically and at high pressure and
temperature to a super cooled vapor (C — B).

3. The vapor is then led though a coil immersed in the coolant at constant P, The vapor
gives up Q amount of heat to the coolant at temperature T, and condensed to liquid
sate (B — A).

4. Now the liquid is adiabatically expanded by thevalve. Theliquidisat low T and P and
ready for the next cycle of operation (A — D).

Heat pump: Heat pump (HP) is used to warm the house in the winter by refrigerating
heat from outside or cool the house in the summer by refrigerating out heat
from the house to the outside.

For heat pump, the efficiency

Intemor of
the house heat pumped inside the room
(T (v) = -
work sup plied
=
HP ™ oo T
Q-Q T-T

. , (See Ph. Ch - Castdlan, p 163).
Outside of the house, T

(LTR)and (T) T').
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Problem: Calculate the minimum amount of work required to freeze 1 g of water at 0°C
by means of an ideal refrigerator that operates at 25°C. How much heat is
reiected into the surrounding? Answer: w = 7.33 cal, heat rgjected = 87.33 cal.

Carnot’s theorem: Two important deductions, called Carnot’s theorem are given below

along with the proof.

(1) A reversible engine is more efficient than an irreversible engine and

(2) all reversible engines are equally efficient working between the same two temperature limits.

(1) Let usfirst provethefirst theorem. Let two engines be considered with the following
characteristics:
HIY M Irreversible engine (1):
: | ¢ Heat supplied = Q, work done= w,
il - Heat rgjected =Q-w,.
p— L. - Reversible engine (R):

Heat supplied = Q, work done=w,,
Heat rgjected = Q — Wy
Wehaveto provethat 77 ) 7, .

Butif itisnot true, then et thereverseistrue. i.e. 7, ) g andso, W, ) Wy

Since same amount of heat is supplied to the engines. Now |et us prepare a couple engine in
which | is acting as engine while R is acting as arefrigerator. From the diagram, it is clear that
thereis no loss of heat from the HTR. The couple takes heat

Q—WwWg)-(Q-w,)=w, — W, fromtheLTR.

The couple engine performs work = W, —Wj. This shows that the couple engine converts heat

into work completely leaving no change in the working system (here couple engine). This goes
against the P—K statement of 2™ law of thermodynamics. Hence, n, isnot greater than 77, and

reverseistruei.e. 77z ) 7, .

(2) Now we prove the second theorem. In the same way as above, |t us assume that the 2nd
assartion is also false as we can show that it violates the 2" law and thus first
assertionis true.
1 ) Let between two reversible engines, R"is more
. ' efficient i.e 775 ) 75, hence W ) w, since same
= N ~77N. . amount of heat (Q) is given to the engines at the
QG E # M sgme two temperature limits. The composite engine
. X takes heat fromLTR=(Q - w) - (Q-W )
=W - w
The composite engine doeswork = W — W.
This shows that the couple engine converts heat
into work completely by taking heat from LTR. This goes
against the P-K statement of the 2™ law. Thus assertion given is true
i.e al reversible engines are equally efficient when working between the same two temperature
limits.

Equivalence of the two statements of the 2nd law:
We have two famous statements of 2™ law: Clausius

statement: ‘Heat, by itself, can not pass from lower temperature to higher temperature.’

P-K statement: ‘Heat can not be completely converted into work. If it does so, there will bea
permanent change of the working system.”

These two statements seem to be widely different but it could be proved that they are equivalent.
Thisis shown by using proper arguments as given here.
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Let us consider one couple engine consisting of one engine (E) and onerefrigerator (R)
working between the same two reservoirs. Let the engine (E) obeys P-K statement
i.e. the engine takes heat from HTR, part of heat it converts into work and the rest the engine
regectstoLTR.
But therefrigerator (R) does not obey the
] Clausius statement i.e. it carries heat fromLTR
: : to HTR without having received any work. It can
i > e be shown that the couple engine does not
G . s Obey the P-K statement.
As outlined above, the couple engine takes heat
: fronHTR=Q- Q’.
T But work done by the couple engine = w.

SinceQ - Q" =w, this shows that couple engine
converts heat into work completely by taking heat from HTR. This contradicts P-K statement.
Though engine obeys P-K statement, refrigerator does not obey Clausius statement, result is that
P-K statement is violated by the couple engine.

By the same way, it can be shown that if
engine disobeys P — K statement but refrigerator
A obeys Clausius statement, result will be that
e 77\ ., . Clausius statement is not obeyed by the
s o S B M= composite engine.
_ = The couple engine it transfers heat Q'
$.20 2 fromLTRto HTR and as w— w=0,
’ . so no work is supplied toit.
Thus the engine and refrigerator together
constitutes a self-acting device whose effect is to transfer heat (Q' )from LTR to HTR. This

couple engine violates the Clausius statement. So, the two statements of the 2" law are equivalent

Kelvin scale of Temperature

(Thermodynamic scale): Lord Kelvin proposed a scale of temperature based on the efficiency
of Carnot engine which does not depend on the nature of the thermometric substance used in the
determination of temperature.

The efficiency of the engine, n = W Q-Q -T-T or, g, = l’ Heat changeratiois
Q Q T Q T

proportional to temperatureratio. And T =T’ x % o, T=273.16 K x %

where, T' is assigned to the triple point of water which is 273.16 K. Q is the heat taken from
HTR whose temperature (T) isto be determined. Q’ isthe heat rg ected to the triple point of water
which is acting as sink. Thus determination of temperature involves calorimetry instead of
thermometry.

_ T-T' T’ . :
Again, n = — = 1— — . Thezero temperature in the scale is also the temperature of the
LTR of areversible engine with efficiency of onei.e capable of converting heat into work
completely. This scaleis made identical with absolute scale and each degreeis equal to the

Celsius degree.
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Meaning of
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law statements
under one
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Physical
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of 2™ law

in terms of
entropy

ENTROPY

The word ‘entropy’ means en — in, and trope — transformation i.e. in transformation.
It is the property related to the tendency of the system towards transformation of states.
1% law introduces internal energy (U) while 2™ law leads to the introduction of entropy (S).

The 2" law of thermodynamics has different statements depending on the various processes.

All these different statements point out the feasibility, direction and extent of the processes.
Clausiustried to unify the different statements under one umbrella in terms of new property,
called entropy (S). Let us understand the criteria of spontaneity of a process through entropy.

Entropy measures the randomness or chaotic condition of a system. Higher the randomness,
greater isthe entropy. A system have tendency to pass spontaneously from a state of more
orderlinessto less orderliness, i.e. if a system isleft to itself, it passes spontaneously (of its own
accord) from less chaotic state to more chactic state. The change of state (i.e. process) will stop
when the system attains maximum chaotic condition. Thus we can say, a system changes its state
of lower entropy to higher entropy and attains equilibrium when the entropy becomes maximum.

The above criterion of spontaneity of a processis valid for isolated system only. To include other
type of systems, the criterion is that the net entropy (i.e. entropy of the universe) increases for
spontaneous process and it becomes maximum when the process attains equilibrium.

ThUS, it iS, Aswstem + Assurrounding = ASuniverse > 0.
Inequality sign refers to the spontaneity and equality for equilibrium.

All natural processes occur spontaneously and so net entropy of the universeis also increasing.
Therefore, we can also write the statements of 1% and 2™ law as,

1. 1%law:  Thenet energy of the universeis constant, and
2.2"aw: Theentropy of the universeisincreasing.

Concept of entropy:
(D) (dgrev. / T) is perfectly differential but not dgrey. :

It can be shown that dgey. is not perfectly differential asit is not integrable and its value
between two definite states depends on the path of the system. But ( dgwe, / T ) is perfectly
differential and its value does not depend on the process of the system. This can be shown
asfollows.

Let onemole of ideal gas undergoes a change of state from ( T1,V1) to (T2,V2) inareversible
process. The heat change that occurs is dgey.

2 2 2 2 2 2 dV
[da, = [du+ [PAV =cy[dT + [PdV =Cy (To-T) +R[T—
1 1 1 1 1 1 V

But the second integral of the RHS of the equation can not be integrated until we know
therelation between T and V. If T is kept constant, the integral will have one value and
if T isnot constant, it will give another value.

It means that dgre.. depends on the nature of the process. On the other hand.

idiw_ =c:vjo_|r j——cvl —j + Rlnv—:.

2
d
Thus, the value of f% is definite between the two states (T1,V1) and (T2,V2).
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So (dgrev. / T) is perfectly differential quantity and it is the difference of a certain fundamental
property of the system. This property, Clausius called, entropy(S) and (dqre. / T) = dS.

(2) Concept of entropy from Carnot cycle: Carnot cycle operates in reversible path.

. . w T-T'
The efficiency of the Carnot engine, n = 6 = —
Conre el I ’
v EQ_T-T Q. Q
Q T T T
P Now let us consider the nature of the quantity,
heat change reversibly
temperature
For change of state of the system, A— C viaB,
vV heat changereversbly _ Q \ 0 = Q
S temperature T T

Again, for the same change of state of the system, A—C via D,
heat changereversbly N Q _Q

temperature ST T

But from the Carnot cycle, we have deduced the relation, % = % .

heat change reversibly

temperature

two definite states of the system and independent of path of the change.

heat changereversibly _ Q +0— Q'
temperature T T’

=22
T T’
heat change reversibly
temperature

is a difference of some fundamental property and this property is a state function and called
entropy of the system (S).

Hence we can conclude that { } term is same for the change of the

Again, theterm for the whole cycle, § +0

Since, Q' heat is rejected so it is (—) ve. Therefore, {

Calculation (a) Clausius defined the entropy as a state function and its change between two states of
of entropy- asystemis, dS= O _ heat changethat occurs reversibly
change (AS) ' T temperature at which heat change occurs

When heat change occurs at different temperatures,

TZ
das= G + Y + = ICL—W , since T changes continuously.
1 2 T T
Problem (1) In the reversible phase change, heat-change occurs at constant temperature.
One mole of ice meltsinto liquid water at 0°C and 1 atm. pressure.
1 moleice(0°C, 1atm) — 1 mole of water (0°C, 1 atm).
Initial state (S1))  AS Final state (S,)

G

Hence, AS =S>— 51 = Te" = (18 x80) /273 cal K* =5.27 ca K™,

Thisshowsthat S,> S; i.e randomnessin liquid water is greater than in solid water. It isalso
important to note that we determine only the entropy-change and not the absolute entropy values.
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Problem
(2

Solution

Thisisjust like the case of the internal energy (U) whose change is determined by adiabatic work,
but whose absolute values are undefined. The absolute value of entropy could only be determined
with the help of third law of thermodynamics.

When heat-change occurs at different temperature.

One mole of water is heated reversibly from 27°C to 37°C at 1 atm pressure.
1 molewater (27°C, 1atm) — 1 moleof water (37°C, 1 am)

Initial state (S1) AS Final state (S,)
T, 310K
AS= J.q’—a’ = nCp I d—T =1mol x 18 cal mol™*K?* x In 310K =059 ca K*
T T 300K 300

Theresult shows that AS = (+)ve. Hence, S;) S i.e. entropy increases with risein temperature.

(b) Absorption of heat increases the entropy of the system while evolution of heat decreases
its entropy.

(c) Reversible adiabatic process is isentropic. For reversible adiabatic process, g, = 0 50, dS=0.
This means that entropy remains constant for areversible processin isolated system.
Thisiswhy it is called isentropic process.

Relation of entropy with inter nal energy and enthalpy of the system.
(Basic thermodynamic equations).

1% law states, Opev. = dU + PdV while 2" |aw states, dS = Cpev/ T.
Combining the two, we have TdS = dU + PdV
or, du = TdS- PdV ------ @

Again, H=U+PV o, dH=dU+PdV +VdP =TdS+ VdP.
Thus, dH =TdS+VdP ----- 2

Thesetwo rdations, called basic thermodynamic equations. These are of immense help for
formulating different relations.

Entropy and unavailable energy (l1lustration through Carnot cycle):

!

From Carnot cycle, % = % , Where, Q amount of heat is supplied to the engine from the source

(HTR at temperature, T and it rejects Q' amount of heat to thesink (LTR).

The Carnot engine utilizes only (Q — Q") amount of heat into useful work.

So this energy (Q") out of supplied heat (Q) is not used for doing mechanical work, and the
enginerejects it to the sink.

Q

Thereforethe unavailableenergy (Q")a T' =T’ x T =T' x AS

So unavailable energy (Q') = temperature at which the unavailable energy is considered
x entropy increase due to heat take-up.

Thus when a system absorbs a certain amount of heat in a process, a part of the absorbed heat is
utilized for producing work while the rest heat goes to increase the randomness of molecular
motion which increases the entropy of the system. It is the randomness of molecules which is
responsible for incomplete conversion of heat into work.

Thus entropy-increase of a system measures the unavailable energy for doing useful work and
this leads to the degradation of energy or run-down ness of the system.
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reversible
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process for
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AS for
reversible
phase change
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substance

Formulation of expressions of entropy-changein different processes.

(A) Entropy-change of a system in reversible process.
The basic thermodynamic equation is, dU = TdS — PdV.
But for n molesideal gas, dU = nCy dT . Subgtituting these and rearranging we get,
dS=nCvd—T+EdV=nCVd—T+an—V as, E =B
T T T \% T V

% 'dT Vv
Replacing (P / T) and integrating within limits we get, IdSz nCv J.? +nR J.V
S T Vi

AS =nCy InT—2 +nR In\é -------- id. gas, rev. proc. ---------- 1)
1 1
This is entropy-change of the system for the change of state (T1,V1) to (T2,V2)
and Cy is assumed to be independent of T for small change of temperature.
If we use 2™ basic equation, dH = TdS + VdP and insert dH = nCpdT

T P. - .
we get, AS=nCpIn—% — nR IHEZ ----(2) Thisis the expression for AS of the system for the
1 1
change of state (T1,P1) to (T2P») inreversible process involving ideal gas.
For isothermal process, T1=To,

R, V : .
AS=nRIn—+ and AS=nRIn—2 .---(3) id.gas, isotherm. rev. proc
2 1
. . T, : :
For isochoric process, V1=V, AS=nCy IN—= ----—----- id. gas, rev. isochor. proc.
1
. . T, : :
and for isobaric process, Py = P,, AS =nCpln—= ---------- id. gas, rev. isobar. proc.

1
Reversible adiabatic process is called isoentropic process and AS = 0. Thus for a change of state
from (T1,V1) to (T2,V2) of a system containing n moles ideal gas in reversible adiabatic process,
0= nCVInT—2 +nR In\é Or, R In\é = —Cy InT—Z.
1 1 1 1

This leads to the fact that entropy-change due to volume-change compensates that due
to temperature-change in the reversibl e adiabatic process of anideal gas.

Again this relation shows that for reversible adiabatic expansion (V2) V1), temperature of

thesystem falls (T1 ) To).

And reversible adiabatic compression leads to increase of temperature.
We can also find the T-V relation from the above deduction.

£|n\é=|nL but Ezﬁzy_l S0, (7_1)|n\é=|nl
C, Vi T G G v, T,
v, YT v, Y T
or, In| -2 =In-2or |-2 - 2
Vl Tl Vl Tl
or, TaV/ *=T, V™ e for ideal gasin reversible adiabatic process.

Thisisour required relation.

Change of a pure substance from one phase to another at constant temperature and pressure
occursreversibly. For example, phase change of iceto liquid water occurs at 0°C and 1 atm
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pressure. Heat change in the process at constant pressure is equal to the enthalpy change for this
AH_

type of phase transformation and AS =

where, AH_ isthe enthalpy change at the transition temperature (T.),

. o . nL,
For vaporization of aliquid at its boiling point, ~ AS =?LV .
b

For the process of fusion of a solid at the melting point, AS=—T

nL
and for freezing of liquid its freezing point, AS=——",
f
If grev heat is taken by the system from the surrounding reversibly at constant T, exactly same
Entropy- amount of heat islost by the surrounding.

change of _ _ e Yo _
the Thus, ASuniv = Assyst + ASeur = T - ? B
universein

reversible  This can also be proved by the use of Carnot cycle. Here, system is Carnot cycle which is
process operating in cycle so, ASs« = 0. The surrounding constitutes HTR and LTR.
Q Q : Q_Q
= + = —— Tt— =uU N — S
ASaurr = ASHTR + ASLTR T + T 0. Since T
This concludes that entropy-change of the universe (net entropy-change) in reversible process
(equilibrium process) is zero. When a process occurs reversibly, it proceeds through
infinitesimally equilibrium steps. So, the criterion of a process to be at equilibrium, is AS iy = 0.
However, if the system is an isolated one, then ASg,r = 0 always and so, ASgs =0
i.e. ASgg =0 --------- rev. proc. isolated syst.

(B) Entropy-change of a system in irreversible processes:

Entropy (S) is astate function and so the entropy-change of a system between two fixed
states will be same irrespective of the process — reversible or irreversible.

State o dreversible process o S; — S, = AS will bethe same for both the processes.

(SA) q!'nev. (SB)
l T But according to Clausius definition,
Method of rever;f: process AS= Cllr_—ev and not equal to —qi_rlfev .
calculation '
) of AS .in To evaluate entropy-change of a system in an irreversible process, areversible path is assumed
irreversible between the same two given states of the system. In this reversible path, heat absorbed at each
process point is divided by the temperature and the quatients are summed up to get the entropy-change of

the system between the two given states in the irreversible path.

Example: Entropy-change in irreversible phase-change of a pure substance.
Let us consider the phase transition of 1 mole of super cooled water at — 10°C and 1 atm
pressureinto ice that occurs suddenly and spontaneously (irreversible process)

[C U’2000]
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AS of a
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irreversible
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For adiabatic
processin
isolated
system,

A%

Hzx i} - - 2o Hzd {5}
_10°C=25 1K) ireversitle proc —0° Cy=2G3K)
VS =AS A% HAS,
171 ey -
rel : = == . k]
path A% =L i ln ETE natl] Ax = f I”'....JI
=18  is” = & oo (AT
=047 cal E 'mod” =0 M el B el ™
]-I 3 . TV ' H, {5}
1 .l. - - o= i s o [N
O 2TAK AN, = - " i Ci1T 3D
15 -3

Y - | T |
——— = =5 27 cd o™
173

Thus the entropy-change for thisirreversible process of phasetransitionis
AS = ASi+ AS,+ AS3=0.67-5.27-0.34=— 4.94 ca K* mol™.,

When a system changes its states from (T1,V1) to (T2,V2) in reversible adiabatic process

Therdation, Rln\é = — Cv In-_l-l_—2 holds.

1 1
However, if the system proceeds from the sameinitial state (T1,V1) (by irreversible adiabatic

process) to thefinal volume V5, thefinal temperature becomes different and letitbe T, .
If reversible path is assumed for the change of state from (T1,V1) to (T, ,V2),
T, V T, T

AS=CyIn-=2 +RIn—2% = CyIn-2 —Cy In—=.
1 1 1 Tl
But it could be shown that T, ) T from the assertion, W, , ) W, ,
or, Cv (T~ T2) > Cv (Ti— T)) o, T,) T
Thus, AS =(+)ve i.e AS >0 ------ irrev. adiab. proc., id. gas.

Entropy of the system increases in this process.
So, irreversible adiabatic process in not isentropic and it leads to increase of entropy.

This can also be shown by assertion that ASunv ) O for process occurring spontaneously
(i.e. irreversibly). asthere is no interaction with the surroundings.

Adiabatic process occurs in isolated system which has no interaction with the surroundings.
Hence, ASuiv = ASgst + ASarr ) 0.But, ASawr =0, S0, ASuiv = ASgs ) O,

thus ASgst ) O ------------ isolated syst. irrev. adiab. proc.

Clausius inequality and AS of the Universein irreversible process:

Let usfirst see what is meant by Clausius inequality. For an
irreversible Carnot cycle (in which let one step isirreversible), the efficiency is less than that of a
reversible Carnot engine working between the same two temperature limits.
, T-T' W, Q'
e mr (n. But, my= ——— and M = —- or, Mir = w
T Q Q

where, Q" =irreversibleheat-change and Q' =reversible heat-change.
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irreversible
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a process,
ASpet > 0

Speculation
for death of
the Universe

Irreversible path is shown by dotted line and reversible path by solid lines.

e 5 T * ' * !
T“- T-T >Q *Q or,Q—<Q,.
\ % T TTT
e (§] *
A Thus, Q?<dS or, TdS) Q.
- So in general, entropy-change of a system is always greater
-+ B R than (irreversible heat-change / temperature)
i.e ds > (Qirrev/T).

N

Thisis called Clausius inequality.

Therelation helpsto find out the criteria of spontaneity of a process.
Now we see the entropy-change of the universein an irreversible process.
Taking the example of the above irreversible Carnot cycle,
ASuniv = ASsyst + ASsur ,

— | — here, ASgs = ASengne = 0, asit worksin cycle.
aR | & /N 9 [Im v e N\
(T) \]I’_/ I:T : ) ASsgir = ASuytr + ASi TR= —— + - - (+)Ve1

T T
=T since, @ ) Q—
T T
heat — change irreversibl
For reservoir (which is large heat-content), AS = g y ( granted).
temperature
Therefore, ASwiv ) O forirreversible process (which is spontaneous also).
The criteria of spontaneity (irrev.) and equilibrium (rev.) of aprocessis

ASnet >0
inequality sign refers for spontaneous and equality sign for equilibrium processes.

For a spontaneous process, net entropy will increase and attains maximum when the process
reaches equilibrium.

Though the criterion appears simple but it poses difficulty to calculate ASqr, asthe process
isoccurring in the system only. So this criterion is rardy used in actual calculation for
spontaneity of a process.

We shall seek criteria of spontaneity of a process in terms of the change of other
thermodynamic property of the system.

In the universe, thousands of natural processes are happening and for that the entropy of the
Universeis also increasing. The chaotic condition or randomness of the Universe is also

increasing. The unavailable energy for doing useful work in the Universeis also increasing dueto

these natural (irreversible) processes. When the entropy of the Universe attains maximum, there
will be no available energy for doing useful work.
All the natural processes will attain equilibrium and there will be death of the Universe.

Some examples for ASuniverse Of SpONtaneous processes:
(1) Irreversible (spontaneous) flow of heat:

Let asmall amount of heat, g flows from HTR at temperature T to LTR at temperature T'.
Temperature is assumed to be not affected by this small heat-transfer.

T T T
Thisis definitely an irreversible process and ASmiv ) 0 for the process.

ASuniv = ASHtR + ASL TR = _4 + 4. Q(% _lj: (+) ve sinceT ) T'.
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Planck’s
relation,
S=kinW

Problem
(1)

Answer:

(2) Joules free expansion of ideal gas:
Let n moles of anideal gasis expanded against vacuum (P = 0) under insulated condition.

For the process, w = Pe. dV =0, = 0.
v The expansion is irreversible and so spontaneous.
From the 1% law of thermodynamics of ideal gas,

v v gq=nCvdT +w. Sinceg=0andw =0,

4 B dT=0and Tisconstant i.e isothermal process.
The system thus moves from (T, V1) to (T,V1+V>),
The entropy-change for the process,

V, +V.
ASgs =NRIN —+—2 and ASsw=0 as no heat-change occurs between system
1
V, +V
and surrounding. ASuniv = ASys + ASarr = NR In% ) 0.
1
Thus for this spontaneous process also, ASuiv ) O.

Physical significance of entropy:

Calculation shows that entropy of a substance increases when
it changes from solid to liquid to gas. If we consider from the molecular point of view, then
randomness or chaotic condition of the molecules are also increasing from solid to liquid to gas.
This promptly suggests that entropy is a measure of randomness of the system.

As randomness increases, entropy is also increased.

Randomness or chaotic condition of the molecules is expressed by aterm, called thermodynamic
probability (W). It is the number of ways the molecules can be arranged in different energy cells
of the system. As the randomness of the molecules increases, the thermodynamic probability also
increases. Therefore, we can build up areation between entropy (S) and probability (W) of a
system.

So we can writetherdationas S o f(W).
Let two systems containing identical particles are mixed

3| 5 5 up to givetotal entropy S and probability W.
w w — w Since entropy is an additive but probability is a
1 2 multiplicative property so, S=S; + S;and W = W1 x Wa.

Therefore, S a f (W1 x W2) but Sia f(Wi) and Sz a £(W2),
Hence, f (W1 x W) =f (W) +f (W2).
To satisfy this mathematical condition, the function must be logarithmic and so S o In W
or, S=kInW. This proportionality constant is Boltzmann constant.
When asolidis at 0 K and attains perfectly crystalline structure, W =1 and S= 0.
Thisisthethird law of thermodynamics.

What would a Carnot cycle look likeinaT — V diagram? Label the states and various processes
involved. What does the enclosed area signify?  [BU'91, m = 2+3+2]

MA-S) p(T.8y

T HTE Qlf\Qz ILTE
(T [PAF T
0T,y J
S Lo —— w=(Q- Q2)

It looks like arectangle. The various states involved are listed below:
(i) Reversibleisothermal expansion of 1 moleideal gas: T1 remains constant but entropy
increasesfrom S, 10 S,
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(if) Reversible adiabatic expansion: entropy remains constant but temperature falls from
TitoT>

(iii) Reversible isothermal compression at T»: temperature remains constant at T» but
entropy decreases from S, to S;

(iv) Reversible adiabatic compression: entropy remains constant at S: but temperature
increasesfrom T2 to T1. Thecycleis complete.

Theenclosed area (ABCD) =BC x AB = (T1— T2) X (So— S)) = T1AS -T2 AS

= Q1 — Qz =W.
Problem  Sotheenclosed area signifies the total work done by the Carnot cycle.
) Show that isobaric temperature coefficient of entropy, (6S/0T)p is greater than isochoric

temperature coefficient of entropy, (6S/0T)v. And plot Svs. T curvesfor
(i) reversibleisothermal, (ii) reversible adiabatic, (iii) reversible isobaric and
(iv) reversible isochoric processes, using ideal gas.

Answer: (i) Sincreasesat T so Svs. T plot is vertically
straight line.
4\ Iﬁ@ﬁ?ﬁ;‘é (if) Sis constant with increaseof T, so0Svs. T is
Tzobaric horizontal straight line

. (iii) We have basic thermodynamic equation,
Lochenic dH = TdS + VdP.
For 1 moleideal gas, dH = CedT.
Thus, CedT. =TdS + VdP.

[

rev. adiab. Or, (6S/0T)p=Cp/ T
{(S=const) So, Sincreases with T at constant P with (-) ve
LT == curvature.

(iv) Another basic equationis dU = TdS— PdV.
Putting dU = CvdT, we get, CvdT =TdS - PdVv
or, (0S/dT)y = Cv IT.
Sincreases with T at constant V' with (—) ve curvature.
SinceCe ) Cy, SO (0S/0T)p ) (6S/T)v.
Isobaric curveis steeper than isochoric inthe S — T diagram.
Theplots Svs. T for isobaric and isochoric processes produce curve with decreasing slope
as T increases. The curvature of the plots are (6°S/0T?)p= — Cp/ T? and
(6°S/0T?%y = —~Cy [T?, both are (—)ve.

Problem Calculate the entropy-change when Argon at 25°C and 1.00 atm pressure in a container
of volume 500 ml is allowed to expand to 1000 ml and is heated simultaneously at 100°C.

(3) (Cv=12.48 Jmol™ K*for Argon at 25°C and 1 atm).  [IISc’03, adm. to MSc. m=5].
. T V. .
Solution AS=nCvIn—% +nRIn—2 for n moles of ideal gas.
1 1
373K 1000 ml
=1molx12.48 Jmol*K™ In +1 molx8.31 Jmol*K™* In————=8.55JK™.
298K 500 ml

Problem For NHs, Cp=6.2+ 7.9 x 103 T cal mol"*K %, Assuming ideal behavior, estimate the entropy-
4) change in heating 34 gm of the gas from a volume 100 lit at 300 K to a volume of 60 lit at 800 K.
Since34 gm=2molesand Cy = Cp— R =(6.2+7.9 x 103 T — 2) cal mol*K™?
. =4.2+7.9%10°T ca mol*K™.
Solution s~ e, (dT/ T) + 1R (@V/ V)
=2 molx(4.2 +7.9 x10> T cal mol™*K)(dT / T)+2 molx(2 cal mol*K™?) (dV / V),

Integrating within limits,
2 2 2 2
[ds=82 jO'—T+15.8x10—3 [dT +4jd—v
1 Al 1 1V
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Problem
©)
Solution

Problem
(6)

Answer:

or, S-Si=82In 12+ 15.810-3(T2—T1)+4|n\i
Tl Vl

or, AS=8.2In(800/300) + 15.8 x10°® (800 - 300) + 4 In (60 lit / 100 lit) = 14.1 cal K™

A certain mass of anideal gas expands into vacuum to twice itsinitial volume.
Calculate AU and AS for the process. [BU, 1999, Q 7(a), m = 2+2]

It the free expansion of ideal gas against vacuum (P=0) S0, W = Pe: (V2— V1) =0.
This expansion occurs without any heat exchange (Joule’s expansion), so, g=0.
Therefore using 1% law of thermodynamics, q = AU + w
o, 0=AU+O0or, AU=0.
Again for ideal gas AU =nCvdT = 0 but T = constant. So,the process is also isothermal..
The entropy change of the process, AS = RIn (V2/ V1) = 2 cal mol*K™In (2V4/ V»)
or, AS=21In2 cal mol*K? or, AS =1.386ca molK™.

(i)Use the appropriate statement of the Carnot theorem to establish Clausius inequality,
mdiﬂm. [CU’93, Q5(a), m = 4]

The Carnot theorem which may be used to prove the Clausius inequality is that

‘A reversible engine is more efficient than an irreversible engine working between the same two

temperature limits.”

L et dgirev amount of heat is taken by theirreversible enginefromthe HTR at T irreversibly and

dgr hest is given out by the enginereversibly tothe LTRat T'.
. d da
Then it is possible to show that dc_]l'_ﬂ<dflq_—rf"’ But, %:ds, so%(ds.

Thus for the cyclic integral, md(?i_ﬂ ( m ds, but m dS=0, hencq]j —dq;[re" (0.

PRINCIPLES OF THERMODYNAMICS — N CDEY

52



Definition

Physical
significance

Basic thermo-
dynamic eguation
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Thermodynamic
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entropy (S) and
pressure (P)

Helmholtz Free Energy or Work Function (A)

This thermodynamic property is aderived oneand is definedas, A=U—TS
SinceU, T and S are all state functions, so A is also a state function and perfectly differential
quantity.

U and TS are energy terms so A is also an energy term.

Further, U = internal energy of the system while TS = unavailable energy for doing useful work.
So, A = U — TS = part of the internal energy of the system which is available for doing useful
work.
Let us consider, a system changes its state by an isothermal reversible process. So the change of
A of the systemiis, AA=AU—TAS, since, AT =0 for isothermal process.
But, TAS = Qrev. = AU + wmax , asreversible isothermal process produces maximum work.
Therefore,  AA =AU - (AU + Wma) OF, —AA = Wma, ----- rev. isotherm. proc.
The result signifies that the decrease of work function of a system is equal to the maximum work
done by the system in reversible isotheral process.
Thus, A measures the working ability of a system. Greater the value of A, greater amount of
work the system can do. If a system does work, its value of A decreases.

When the process is only reversible isothermal, the system can do maximum work.
For other processes, — AA # Wimax, and —AA>w.
That is, there will be same drop of A of the system but work done becomes less.

We have, A=U-TS, oncompletedifferentiation.
dA =dU - TdS— SdT. But, TdS = dU + PdV, when work is considered only mechanical.
So, dA =dU - (dU + PdV) — SdT or, dA =—SdT — PdV.

Thisis also one basic thermodynamic equation and is widely used for formulating different
thermodynamic relations.

(1) When the processis reversible and isothermal, dT = 0, the above equation becomes

dA =-Pdv . Iftheideal gasis used, Pz—g Sel dA=—nRTC\I/—V.

8 2dv v,
Integrating within limits, IdA: - nRTIV or, A>—A1=-NRT In V_
1 1 1

V : .
Thus, AA =nRT In —2 —--mmemmmmeme id. gas, rev. isotherm. proc.
1
(2) When the process is isochoric, dV =0 S0, dA = - &dT
or, (0A/0T)y = —S. Since, entropy (S) of a system is always a (+)ve quantity,
S0 (CA/OT)y = (—)ve.

Thisimplies that work function of a system is always decreased with rise in temperature.
Further, Sgas > Siiquid > Swiia, hence we can infer that decrease of A per degreeincrease of T
is highest for gaseous substance, lowest for solid and in-between for liquid.
Thisis also in conformity with our physical experience.
As T increases, randomness increases, working ability decreases.
The above basic equation also leads to the fact that for a reversible isochoric isothermal process,
dA=0 as dT=0 and dVvV=0. This draws interest
when a chemical process occurs at constant T and V, AA = 0, the process is at equilibrium.

Again, entropy (S) and pressure (P) of a system can be defined from the use of the basic equation.
=—(0A/0T)v Ii.e, entropy (S) of asystemisits decrease of A

per unit increase of T at constant V.

Likewise, Sis defined as, P =—(0A/OV)r,
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Itis also aderived very powerful thermodynamic property. Itisdefinedas, G=H -TS.
SinceH, T and S are all state functions, so G is also a state function and perfectly differential
quantity.

Again, H and TS are energy terms, so G is aso an energy term of the system.
Inthesimilar way as A, G isalso defined as the part of enthalpy (total heat-content) of the system
that is available for doing useful work by the system.

Let us consider a system is undergoing a reversible isothermal and isobaric change
(viz. reversible phase-change of a substance at constant T and P).
Thechangein G of thesystem, AG=AH—TAS. ButH=U +PV so, AH=AU +PAV
since, T and P are constants.
Thus, AG = (AU + PAV) — TAS. Again, TAS = AU + w.
Thiswork may be partly mechanical or partly non-mechanical or fully mechanical or fully
non-mechanical. Putting the terms,
AG = (AU + PAV) — (AU +w) =PAV —w. or,— AG =w —PAV =W non-mechanica-
—AG = Wron-mechanicd = -—------------- rev. isotherm. isobaric proc.

Thisimplies that decrease of free energy of a system in reversible isothermal isobaric processis
equal to the non-mechanical work done by the system.
When avoltaic cell is full-charged, its G is maximum, but as it gives electrical energy when used,
its G is decreased and when the cdll is totally exhausted, its G becomes minimum.
When the processis not reversible isothermal and isobaric, there occurs same decrease of G but
Whnon-mech DECOMES | €ss between the two specified states.

i-e-, — AG > Wnon-mech.

By definition, G=H-TS = U+PV-TS whichoncomplete differentiation,
dG=dU +PdvV +VdP-TdS—-SdT. But, TdS=dU+PdV.
Subgtituting, we get another basic thermodynamic equation,

dG = VdP — SdT.
So far we have formulated four basic equations. These are:
(1) du=TdS-Pdv. (2) dH=TdS+ VdP.
(3) dA=-sdT - PadVv. (4 dG=-<dT +VdP

Thebasic equationis, dG=-SdT + VdP,
so, for areversible isothermal and isobaric process (reversible phase-change at constant T and P),
AG = 0. Thus for ice — water at 0°C and 1 atm pressure, AG = 0 and
Gice = Guwaer €XiSts so long transition of ice to water continues.

(1) For reversible isothermal process, dG = VdP. When n moles of ideal gasisused inthe

2 2
system, V :%, s0 dG=nRT dFP Integrating within limits, IdG = nRT'[d—:
1 1

P P ) .
G,—G;= nRT InE2 or, AG=nRT lnE2 ---- id. gas, rev. isotherm. proc.
1 1

This relation can be used to calculate AG of a system.
When P; = 1 atm (standard state), G, = G° (standard free energy of the system), the relation
becomes,
G = G°+nRT InP,
where, G isthefree energy of the system at pressure P.
This shows that G varies linearly with InP. Dividing by n, (G/n) = (G%n) + RT InP
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This (G/n) isthe molar free energy and Lewis called it ‘chemical potential” and is denoted by .
So, pu=p°+RT InP, here, p°= Standard chemical potential
and it depends only on T of the system.

More precisely, it should be written as, p (T, P)=p° (T) + RT InP

The gas flows from higher pressure to lower pressure spontaneously. The above equation
suggests that the gas will flow from a state of higher chemical potential to a state of lower
chemical potential and the process will stop when chemical potential becomes equal.

Like other kinds of potential — electrical, gravitational, magnetic etc., chemical potential () is
awaysin the direction from high to low potential.

(2) For isobaric praocess, dP=0 and so, (0G/OT)p=-S =(-)ve
This means that with rise of temperature (T), free energy (G) of the system will decrease
i.e. amount of available energy for doing non-mechanical work will also decrease.
With similar arguments as in work function, we can conclude that the decrease of G per unit
increase of T is highest for gaseous substances and lowest for solid substances.
The volume (V) and entropy (S) of a system are defined as,
V = (6G/dP)t and S= —(0G/T)e.
These are the definitions of V and S in terms Gibb’s free energy of the system.
Therdations also states that G will increase with increase of P at constant T and
G will decrease with increase of T at constant P.

Calculate the change in Gibbs free energy for a process carried out from 300 K to 500 K at
constant pressure. Given, Sy =50 + 12 InT. [NET—CSIR, UGC].

Thebasic equation is, dG = — ST + VdP, Pisconstantso, dP=0.
Theequationisthen dG=-SdT =— (50+ 12InT) dT. Integrating within limits,

idG =—50J%dT +12TInT dT.
1 1 1

or, G- G1=-50 (Tzf Tl) -12 [( T> |nT27T2) 3 (T1| nTy— Tl)]
or, AG = — 50 (500-300) — 12 [(500In 500 — 500) — (300In300-300)] =—24,352 cal.

Thetemperature of one mole of N gasat 2 atm pressureis raised from 300 K to 400 K.
Calculate AG for the process if entropy of N2 gasisgivenby S=A + B InT
with A =25 JK and B =29 JK. (Ans. — 19,494 J) [BU’91, Q 10(b), m = 10]

Point out whether for an ideal gas the following are an enthalpy or an entropy effect:
(i) increase of p with increase of P at constant T
(i1) decrease of p with increase of T at constant P [BU’97, Q 9(b), m = 4]

() We have(a'L%F,)T =V as, V of asubstanceis aways (+)ve hence (a%P)T = (+)ve.

It is definitely an entropy effect aswith increase of P, (\7) decreases and entropy decreases
due to less randomness of the system, non-mechanical working ability (p) isincreased.

(i) (a%T) =-S= (-)ve, it is obviously an entropy effect.
P
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Gibbs-Helmholtz equations

We have by definition, G=H - TS, and— S = (0G/0T)p, so eliminating S,
we get, G =H+T(0G/0T)p --------- (D).
By similar way, we may get, A=U+T (0A/OT)y ------ (2).
These two equations are called Gibbs Helmholtz equations and applied to a given state of the
system.
However, equation (1) can be written in the following form also.

~-H=-G+T| — oG : dividing by T2, —izz—£2+1 —aG = _6 (Ej .
oT ) T T T \oT ), [OT\T)],

G
o (G . 5( T)
Or, H=-T? {—(—ﬂ . Agan, H= (—) o, H=|—F—+| - 3.
_oT ‘ ’
aT T P /rz =] a% P

Since, H is a state function, so RHS of the equation is also a state function.
Thesereations are used for a pure substance or system in a given state.

Now |et us consider, the system undergoes a change of isothermal isobaric process, and for
that, AG=AH-TAS, but, —-S=0G/0T)p and —S,=(0G2/0T)e,
where, S; and S; are the entropies of the systemin theinitial and final states,
G, and G; aretheir corresponding free energies.

S(), —(82*81)= M or, _AS_{M} .
oT P or |,
Replacing AS,
AG = AH + TF(GATG)} isotherm. isobar. proc. 4
P

This equation is very important and it is specially called Gibbs Helmholtz equation.
Rearranging, we can get,

AH _ G(A%) ) (A(%)

T ar ()| T ©

Similar equations with AA and AU can be formulated in the similar way:

[ol4ag) o)

SO L PPN L R L
oT |, ot |, T ai % j

These equations are useful to calculate AG at a given temperature if it is

known at other temperature.

If AH is assumed to be independent of T, then the plot of (AG/T) vs.(1/T) gives a straight line

with slope of AH.

AG, AS and AH of a reaction can be calculated from the measurement of potential of galvanic

cdl by the use of the aboverdations. If n gm equivalent chemical change occurs in the galvanic

cdl of potential Eci, then the electrical energy produced from the cell is nFE, where F is one

faraday (96,500 C /mol.). The above thermodynamic properties of the cell reaction can be

calculated by using the following relations.

AG =— nFEg, Asz—{M} =nF aEi and AH=nFT% -Eq |-
or  |p ar ), or ),
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Calculate AG per mole for freezing of super cooled water at — 5°C, given latent heat of fusion
of ice = 1440 cal mol™.

(A‘%) Ord(sz_i_H

We have, —_AI_ >-dT . Integrating within limits and

P

2
assuming AH independent of T, Id[ATGJ =-AH '[_?_—-2 AG, _A_Gl = AH( 1.1 j
1

, T2 Tl T2 Tl
At 0°C (273 K), the process is reversible phase change at constant Tand P,  so, AG;=0.
Therefore, AG, =AH EN or, AG, _ —-144 i—ij,
T, T, 273 268 268 273

since latent heat for freezing of water = — 1440 cal mol™.

Thus, AG,=—1440 x 268 x S cal mol™?, Or, AG, =—26.37 cal mol™.
268 x 273

For a certain reaction, AG =—a + bT InT where a and b are constants.
Express AH as function of T. [Brilliant Tutorials]

(“7 )| __an

From the relation, we have, £:—2+blnT, %) = > -
T T T

P

Or, _ﬁz 0 +bInT % b:a+?T.Comparingweget,—AH:a+bT.
T oT\ T T T T

Calculate AG for the formation of H2O(| ) from its elements at 25°C, AH; = — 286 kJ.
Entropies of Ha(g), O2(g) and H20(| ) are respectively 130.6, 205.0 and 70.3 JK *mol ™.

[Brilliant Tutorials]
Thereaction for the formation of water is, Hz(g) + ¥2 Ox(g) = H20(D);

AS=Y 7§ =—130.6— 1 x 205.0 + 70.3 =—162.8 JK™.
But AG = AH — TAS = —286 k] — 298 K x (— 162.8 x 10 kJK ) =—237.5 kJ,

For a certain reaction, AG (in cal/mole) = 13,580 + 16.1 T logT — 72.59 T.
Find AS and AH of the reaction at 27°C. [CU’ 87, Q 6(c), m=4]

Given, AG = 13,580 + (16.1/2.303) T InT - 7259 T = 13580 +6.99 T InT — 7259 T.
d(AG)
ar

AG = 13,580 + 16.1 x300 log300 — 72.59x300 = 3,763.83 cal mol™.
AH=AG + T AS =3,767.5 + 300 x 25.73 = 11,509.88 cal mol™

At27°C, AS =—[ } =-[0+6.99+6.99 InT — 72.59] = 25.82 cal K* mol™.
P

The free energy change, AG accompanying a given process is — 20.5 Kcal mol™at 25°C, while at
35°C it is— 20 Kcal mol™ at constant pressure. Calculate the approximate entropy change, AS and
the change in heat content, AH for the process a 30°C. [CU’88]

ASZ{@(AG)} :{AGZ-AG&} —{_20'0+20'5}=-0.05KcalK‘1moI'1.

oT T,-T, 10
At 30°C, AG =—20.25 Kcal mol™. Again, AH=AG +TAS .
Putting the values, we g€, AH =—20.25 + 303 x (— 0.05) = —35.40 Kcal mol™.
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Maxwell’s relationships

We have four basic equations which are the basis of formulation of the Maxwell’s relations.
Theseare:

(1) dU = TdS- PdV, (2) dH =TdS + VdP,

(3)dA =—SdT —PdV, (4) dG=-SdT + VdP,

Each basic equation will produce onerelation. Let us formulate one such relation from
the basic equation (1), du =TdS- Pdv
This gives (0U/0S)v = T. Differentiating again with respect to V at constant S,

o°U  (oT
(3]
oves oV ),

Again from the basic equation, we can write, (0U/0V)s = — P. Differentiating with respect to S at

2
constant V, we have oU = —(%) ----- (B)
ooV oS )y
. . : , : . oMU o
Since U isa state function and so it obeys Euler’s reciprocal relation, = .
oVoS 0V
i i oT —_(oP

Equating, we get thereation, ( év )S = ( AS)V
By similar procedure, we can formulate other relations — one from each basic equation.
These are given here:

(1) dU = TdS - PaV, (a%v )S = —(5%S)V .

(2) dH = -TdS + VdP, (8%P)S = (5V as)p .

(3) dA = — SdT — PAV (5%T)S =(5%V)T.

(4) dG =~ SdT + VP, (Vi) =540)

Theserelations are obtained from the mathematical theorem, dz=M dx + N dy
; oM — (N
and z, M and N areall functions of x and y, then ( ijx _< éx)

A short-cut way to bring out the relationsis given as.

y

If Sand P arein quatient, then put (-)ve signin theterm. / = \!
Thesereations do not refer to a process but express reations ﬁ \
which hold at equilibrium state of a system. These relations W Q P
are very useful asit provides relationships between measurable

quantities (LHS) with immeasurable quantities (RHS). Q)\f . ;j/

For mulation of ther modynamic equations of state

(1) We have basic equation, dU = TdS — PdV. Dividing by dV at constant T, we have

(Z_tj/l = T(S—\?l — P . But Maxwell’s relation is (a%_l_ )S — (aSGV )T .
Substituting, we get the relation, (@j -7 ( el ] _p
N J; aT ),

This is one thermodynamic equation of state.
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(2) Another basic equation isdH = TdS + VdP. Dividing by dP at constant T
coH 0S

and using Maxwell’s relation, we have(—j = T(—j +V.
oP J; oP J;

But Maxwell’s relationis — (a%T)p = (a%P)T . Using therelation, we get,

) -4
oP ). T ),

Thisis another thermodynamic equation of state.

If we calculate (U/0V)r for ideal gas using the above equation, then wefind (6U/0V)r =0
and for vander Waals gas, (OU/OV)T = an?/V2.

This predictsthat U =f (T) only and independent of V for ideal gas

but, U=f (T,V) for vander Waals gasand U isafunctionof T and V.

Again, (@j =0 for ideal gasso, H =f (T) only.
oP );

But for vander Waal’s gas, (@j =b- 2a  3abpP

= t o2
oP J; RT RT
andsoH =f (T,P), that isH isafunction of T and P.

Show that the total differential of entropy in terms of temperature and volume can be

expressed by the equation,  dS= % dT + % dv . [Civil Service Exam, 01]
s=fTv) =, dsz(ﬁj dT+(§j oV
aT )y oV );

But Maxwell’s relation is (8—8] = (E) _Z . And the basic equationis dU = TdS - PdV.
oV ); \al ) p

Taking for one moleideal gas, dU = CydT, the equation becomes Cy dT =T dS- P dV

or, (8_8) = S . Putting these expressions, we get, dS= S daT+ Zav . (Shown)
aT )y T p

By integration of (a%v)T = —P, Derive an expression for work function (A) of vander Waals

gas (include integration constant).
av

V_Z

For 1 mole vander Waals gas, P:i—%. So, IdA:—RTId—V+a
V-b V V-b

Rearranging and integrating we get, A=—RT In(V—D>b)+(a/V) +1IC

Find the value of (a%v )T for vander Waals gas.

Maxwell relation gives, (a%V)T = (a%T)v . For 1 mole vander Waals gas, P = \% —\% .

So, (a%V)T = (a%T)v = v Fj 5 +0. Therefore, (8%V)T = \% .

Derive an expression for the change in entropy for the isothermal expansion of 1 mole vander
Waals gasfrom Vi to V.
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The expression for the entropy change in isothermal expansion is (8%\/ )T :

In the problem (3), we have already deduced, (5%V)T: \% so dS = R\%.

dv A V., -b
v SZ—S_:[In(V—b)]V1 o, AS=RIn V:—b'

Thisis the expression of entropy change in isothermal expansion of 1 mole vander Waals gas
fromVito V.

2 2
Integrating within limits, dez R-[
1 1

i 655 S oS
Derive expressions for (5 AV )T and ( éT )V and show that they are always (+)ve.
What do the results signify? [BU’90, Q 9(b), m = 4+1]
’ i 0S — |oP =
From Maxwell’s relation, we get, ( AV )T = ( AT )v = (+)ve.
Thus P increases with riseof T always at constant V.

Again, dU=TdS-Pdv or, CvdT =TdS- PdVv

s/ )= C / _ -
or, ( aT )V = v T = (+)veaways, asCy and T both are (+)ve quantity.
Theresults signify that isothermal expansion of a gas always leads to increase of entropy and
isochoric increase of temperature also results in increase of entropy.

G
Justify /criticize the following [a(/r)} is a state function. [BU’93, Q 7(c) m= 3]
o\l .
Theabovetermis equal to H and H is a state function so thetermis also a state function.

An adiabatic transformation is always an isoentropic. Justify / criticize.

[BU’94, Q 12(c) m= 4]
The statement is wrong. Only reversible adiabatic processis isentropic (AS = 0),
but irreversible adiabatic process leads to increase of entropy (AS > 0) so it is not isentropic.
(Seethe Text, page ).

Anideal gasis expanded under the condition PV’ = constant. Will the entropy of the system
increase, decrease or remain the same? Justify tour answer.
[CU94, Q 4(a), m=2]
Therelation isvalid only for reversible adiabatic process for which AS = 0.
So, the entropy will remain same.

The maximum useful work obtained in a process is given by the relation
(A) AH-TAS (B) AU — TAS (C)AH+TAS (D) AU + TAS [CSIR-UGC NET]
Ans. (B).

Amongst the quantities grev, W, Gev/ T and gev— W, the state functions are
(A) Qv /T, hev—W  (B) Grev, Grev—W  (C) Grev,, Grev /T (D) Grev /T , W. [CSIR-UGC NET]
Ans. (A).
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Thermodynamic criteria for a spontaneous and equilibrium process.

Thermodynamic principles provide conditions for physico-chemical
equilibrium and spontaneous processes. Various properties like U, H, S, A and G can be chosen
for stipulating these conditions. The condition for reversible process is also a necessary and
sufficient condition for equilibrium. In fact, areversible process consists of a very large number
of equilibrium stages.

A spontaneous process is one which takes place of its own accord; it is an irreversible process
which ends towards an ultimate state of equilibrium.

Let us take a system in which an infinitesimal irreversible process is taking place and the system
is kept in contact with areservoir at temperature T. The quantity g* (small heat change) is
exchanged with the reservoir. Sincethe processisirreversible, the entropy-change (dS) for the

system must be greater than g*/T i.e, dS) g*/T (Clausius inequality)
or, TdS ) g or, TdS—-qg* ) O.

If the system does only pressure-volume work then g* = dU + PdV.
Hence, the Clausius inequality can be expressedas, TdS-dU-PdV >0

Thisinequality is always applicable if the process is spontaneous (which is irreversible) and
work is only mechanical. But when the process is under equilibrium, which is thermodynamically
reversible, theinequality sign is replaced by equality sign and the above relation becomes
TdS-dUu-Pav =0.
When both the stages of a system are considered simultaneously, we may write
TdS—-dU-Pdv >0

Now if volume and entropy of the system is kept constant when the process occurs within it,
(dU)sv < 0.

Thus, for spontaneity of a process occurring at constant S and U, theinternal energy decreases
and at equilibrium, U attains minimum (dU = 0).

Thisisthe familiar condition for a conservative mechanical system that stable
stateis one of lowest internal energy.
The Clausius inequality is du +Pdv-TdS <0
or,

TdS-du—-PdVv >0 or,
dU+PV)sp<0 or, dHsp<O.
Thesignificanceis same asthat is used in case of dUsy <0.

If volume and internal energy of the system remain constant during the process
(the systemisisolated as q = dU + PdV = 0),
Or, (dS)U,v >0.

For the spontaneous process, entropy of the isolated system (in which the process is occurring) is
increasing (dS > 0). When the process in the system attains equilibrium, entropy becomes
maximum (dS = 0).
However, if the system is not isolated (i.e U and V do not remain fixed), the entropy-change
of the surrounding must also be taken into account. The condition then becomes

dSqniv 2 0.

If T and V are kept constant during the process occurring in the system, the above starting
relation becomes, dTS-U)rv>0 or, dU-TSrv<0

or, (dA)T v <0

For a spontaneous process, A of the system decreases and attains minimum at equilibrium.
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When a process occurs in a system at constant T and P

(most physico-chemical changes happen under this condition), the criteria of spontaneity and
equilibrium is expressed in terms of free energy (G) of the system.

We have the general condition, TdS—dU—-PdV >0 or, dU +PdV -TdS <0
or, dU+PV-TSrpr=<0 o, dH-TYrer <0
or, dGr,p<0
This states that for a spontaneous process occurring at constant T and P, free energy (G) of the
system decreases and attains minimum when the process reaches equilibrium.

Criteria
interms
of G

Each condition stated above represents the mathematical form of 2" law of thermodynamics
since they state the feasibility, direction and extent of a process.
The above relations are deduced for small changes, hence for finite or macroscopic changes,
disreplaced by A. These relations are thus,
AUsv <0, AHs p<0, ASy,v =0, AATv<0, and AGrp<O.
It isinteresting to note that the thermodynamic properties of the system are increasing in a
spontaneous process then attaining maximum at equilibrium or decreasing to attain minimum
value.
However, the condition of spontaneity of a process does not say anything about the rate
of occurring the process.

. This condition is deduced as, AGrt,p<0. This can be obtained alternatively as follows:
Special G=H-TSor,dG = dH- T dSat constant T.

consideration But, dH =( at constant P S0, dG =q-TdS = -0,
of the criteria o :
Now two possibilities may be considered.

for Spg;l;anelty When the processis at equilibrium, q=¢q,, and dG=0.

equilibrium of But when the process is spontaneous, ¢=¢,,, and dG = G, .o, —Ue
aprocessa  But, q, )0, forthesamechangeof stateof thesystem. ~ Thus,  dG <O.

constant Thus, for finitereversible process, AGr,p=0,

TandP Theinitial state and final state exist at equilibrium with each other with no net change of G.
Andfor finiteirreversible (spontaneous) process, AGr,p <0 i.e, Gisdecreasing.
When stated jointly, AGT p=<0.
Theinequality sign refers for spontaneous change and equality sign for equilibrium.
This condition is most useful since the most chemical reactions occur at constant T and P.

Comparison Thefree energy criteria for spontaneous change and equil™. are more
of Sand G useful than the entropy criteria. Let us remember these criteria, ASy,v > 0 and AGt p< 0. Itis
criteriafor difficult to keep theinternal energy (U) of a system constant, whereas the temperature and
spontaneity pressure can easily be kept constant. Henceis the greater utility of the criteriainterms of G.
and Another point isthat for asystem at constant U and V  is an isolated system.
equilibrium But for other system, the entropy criterion is (ASsys. + ASsur) > 0. So to use the entropy criteria,
of aprocess we must make measurements not o_nly of the system but also of the sur.rou.ndi ngs. _
But the latter measurement is not so easy. Hence the entropy criterion is not quite useful.
For free energy criteria, only AG of the system is to be measured at constant T and P.

Problem The 2" law states that the entropy of universe (System + surrounding) increasesin a
spontaneous process, (ASsystem + ASsurrounding ) > 0. Give arguments that at constant T and P,
ASqur. isrelated to the system enthalpy-change by ASsur. = — AHgs/ T.
Hence come to the conclusion that — AGr,p > 0 for spontaneous process. [BU’97, Q9(c), m=5].
Answer:  For heat-change at constant T and P between system and surrounding is  AHgs + AHgr. = 0

or, AHsyst + T ASaur. =0 or, ASsur. = — AHWSI /T.
Again, (ASgs. + ASsur. ) >0 or, (ASgst—AHgs/ T )>0
or, — (AHsygs — T ASgqe) >0 or, — AGr,p 2 0. at constant T and P.
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Evaluation
of AH
& AS

Critical
discussion on
the spontaneity
and equil™. of a
process at
constant
Tand P

Some
examples

Reasons for
assuming AH
& AS
independent of
T

Evaluation of AG of a process:
AG of a system in a process is evaluated by the relation, AG = AH - T AS,
T and P constancy are omitted due to simplicity of the term, AG. But T and P constant terms

areimplied.

AH is evaluated by the use of bond energies of the products and reactants or calorimetric
estimation or use of Van’t Hoff equation or emf measurement of cdl in which the reaction
OCCurs.

AS is calculated from the third law of thermodynamics or by emf measurement of cell.

We have, AG =AH-T AS, when AG < 0, the process occurs spontaneously.
Thus, (1) When AH of the process = (—)ve and AS = (+)ve, AG ( 0 always.
Thereactions of this type occurs spontaneously always.

(2) When AH = (—)ve but AS = (—)ve, i.e. exothermic reaction with decrease of
randomness. AG ( 0 only when | AH | ) | T AS |.Thistype of reactions favors
at low T. For example, 2Hx(g) + O(g) = 2 H.0(1).

(3) When AH = (+)veand AS = (+)ve, i.e. endothermic with increase of
randomness due to the reactions. AG ( 0 only when | AH | ( | T AS |. This
type of reactions favorsat high T. The thermal dissociation of the gaseous
substances is this type of reaction, PCls(g) = PCls(g) + Clx(Q).

(4) When AH = (+)ve and AS = (—)ve, AG ) 0 always, so endothermic reactions
with decrease of randomness will never happen.

(A) Feasibility of the process, A + A = Az (dimerisation) with AH = 0.

AG = AH -TAS, but AH = 0 and AS = (-)ve, since two molecules unite to give one
molecule, randomness decreases. Thus, AG ) 0 always and the reaction is not feasible.

(B) Spontaneous vaporization of water at constant T and 1 atm pressure.

For spontaneous vaporization of any liquid at constant T and P, the condition is AG (0
and at equilibrium, AG = 0. Since, AG = AH -TAS, so for AG < 0, the condition is

AH —TAS <0or, T>AH/AS

For vaporization of water, AH = 18 x 540 cal mol™ and AS = 26 cal mol*K™.

Putting the values, T > (18 x 540 /180) K or, T >373.16 K or, T > 100°C.

The condition implies that so long T remains 373.16 K (100°C), the liquid water and
vapor remains equilibrium but when T exceeds 373.16 K vaporization starts
spontaneously. Calculation is made when P = 1 atm. That is when water is heated above
its bailing point, it vaporizes spontaneously.

(C) Feasibility study of the reaction, C(s) + H.O(g) + CO(g) + Hz(g) at 100°C
and 1000°C . (Given, AH = 31,400 cal and AS = 32 cal mol™?)

Let us study the feasibility of the reaction at 100°C (=373 K). We have, AG = AH -TAS.
So, AG =31,400 — 373 x 32 cal =+ 19,464 cal. The reaction does not occur at 100°C.
At 1000°C (=1273 K), AG = 31,400 - 1273 x 32 cal = 9,336 cal.

Thereaction is feasible at 1000°C.

It is to be noted that both at 100°C and 1000°C, same values of AH and AS are inserted in the
calculation of AG, though they vary with T. But variation of AG with T is very high in
comparison to that of AH and AS with T. This is why, for approximate computation of AG,
thevalues of AH and AS are taken independent of T. So, AH and AS of the reaction are
determined at any convenient T and are used in calculation of AG at the required T
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(D) Study of the reaction: NH3(g) + HCI(g) h_<:h>T NH4CI(9).
ig

Forward reaction is exothermic, AH = (—)ve, as bonds are formed. Again when the
reaction proceeds. AS = (-)ve, two gaseous molecules unite to give one solid molecule
of NH4Cl. Randomness decreases. Thus for AG ( 0, weneed |AH| ) | T AS |.
Thereaction isfavored at low T.
Again, backward reaction is endothermic, as heat is required to break the bond of NH4CI,
AH = (+)ve and AS = (+)ve, as randomness increases.
Thus, for AG ( 0,| AH | ( | T AS |. The reaction favorsat high T.

Problem  Civequalitative arguments to explain the fact that for the reaction, Nz(g) <> 2N(g),
(1) AG° at very low T is positive whileits value is negative at very high T. [BU’92, m = 4].

For the reaction, AH® = (+)ve, endothermic, heat is required to break the bond of Hx(g).
AS° = (+)ve, randomness increases as one molecule is dissociating into two atoms.
Thus, AG®° = AH®° — TAS®, at low T, AH® ) TAS® and AG®is positive.

But at high T, TAS®) AH® and AG®is negative.

Answer:

Problem At 27°C and 1 atm pressure, will the vaporization of liquid water be spontaneous?
2) (Given, AH = 9,710 cal mol™ and AS = 26 cal mol™ K™)

Solution AG = AH —TAS = (9,710 — 300 x 26) cal mol™* = 1910 cal mol™.
Since AG > 0 at 27°C and 1 atm pressure, the vaporization of liquid water is not spontaneous.
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First-order
phase
transition:

Derivation
of the
equation.

Changes of phase of a pure substance

The phase-changes of a pure substance such as sublimation, melting, vaporization etc. are called
first order phase transition. These transitions are associated with an abrupt change of first order
derivative of free energy. Though G changes continuously but ( AP)T and ( AT )P will
change discontinuously at the point of transition when plotted against T.
Thebasic equationis dG =—-SdT +VdP  so, ( AP)T V and ( 6T)P

Three criteria of the first-order phase transition, phase a. — phase B are given as:

=S.

)G, =G, (i) V, -V, =0 and (i) S, =S, #0.
Thedifferenceof V, and V, or, S, and S, arevery large.
These criteria are shown by the following diagram of vaporization of water at its boiling point.

L < -

1
[ e}
@

- o= ﬁ ? Y : gi
%‘ \& g Lig. g: Vap Li + Vap.
- 1 - | ll']. '
Lig  “Vap. V. 8 5 =
I ' 1 T T k 1 i1 .
H:O ' Hzo ~u—~/; Ve - ‘_;= large : 1 f}g -§,=1large
L, T I, 1= T, T =

On the other hand, there are some cases of transitions where second order derivative of free
energy of the substance changes abruptly. For example, change of ferromagnetic material to
paramagnetic material at the Curie point, liquid He II to liquid I at the A-point etc.

Clapeyron Equation (effect of P on the transition temper atur €):

If two phases of a pure substance are in equilibrium with
each other, they have same molar free energy at that T and P. when P is changed at constant T, or
T is changed at constant P, one of the phases will disappear. But if T and P are both changed in
such away asto keep the two molar free energies (chemical potentials) equal to each other, the
two phases will continue to co-exist and
remain equilibrium.

Thus for two phases o and 3 of the substance at equilibrium, we
haveG, = Gﬂ . If T and P are changed so that equilibriumis maintained, then, dG, = dGﬂ .

But, dG =V dP—SdT hence, V,dP—S,dT =V sdP—S,dT.

S,-S
or, P_%=>%_ A4S

But for the phase-change at constant T and P, AS = AH

T ’
where, AH = moEr latent heat transition or molar enthalpy of transition.
dP AH
Therefore, — = ——— . Thisiscalled Clapeyron equation.
ar - T(V,-V,)

However molar properties can be replaced and then Clapeyron equation becomes
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Alternative
derivation
from
Maxwell
relation.

Vaporisation
of liquids

Melting of
solid

Melting of ice
— a special

Equation for
vaporization
and
sublimation

dap [ AH
dr TV, -V,) )’

(a%T )v - (a%v)T'

When two phases are in equilibrium (say, liquid and vapor), the vapor pressureis independent of

(apaT)v - (cjl_'Fr) '

Again, if we consider latent heat of transition L as nearly constant, independent of T, then

(aS/V) dV ﬁ

a _|_AH
ar (T, -V,)

Sign of (Cji_i depends onthesignof L and (Vg — V)

From Maxwell’s relation, we get

the mass and hence volume. So,

Therefore the Clapeyron equation is

(2) For vaporization of liquid, L = (+)veand (Vg — V,) = (Vg— Vi) = (+)ve,
hence :—_Flj = (+)ve. This signifies that the vapor pressure of aliquid increases with

temperature. It also states that the boiling point of aliquid increases with increase
of pressure.

(2) For mdlting of paraffin or any solid except ice, L = (+)veand (V| — Vs) = (+)ve,

hence g—_i = (+)ve so melting point of paraffin increases with increase of pressure.
(3) For mdting of ice, L = (+)veand (V| — Vs) = (—)ve, since Vie > Vwaer.
This indicates that :—_i = (—)ve, indicating that melting point of ice decreases with

increase of pressure

Clausius Clapeyron equation:

Clausius simplified the relation for sublimation and vaporization
processes by assuming that vapor obeys perfect gas equation and neglecting the molar volume of
the liquid or solid in comparison to that of the vapor. For the process of vaporization, the

(L
Cl at| —_— = ———= .
apeyron equation 1s dT (T(V _V)J

Since V. \7, hence — LV = L"X arating the variables and integrating,
A dT Tvg — . Separating egrating
we get, J.dp L"I Or InP= —%% +C(IC).

When integrated within limits, we get, InP LV T
B R TT

Thisis Clausius-Clapeyron equation or simply called Clausius equation.
L, isassumed to beindependent of T.
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Utility of
the
equation

Reason in
support of
therule

Problem (1)

Solution

Problem (2)
Solution

Problem (3)

Solution:

Using thisrelation, it is possible to calculate the latent heat of vaporization or latent heat of
sublimation from the vapor pressure at two temperatures.

However if I:V of the process is known, vapor pressure at a given temperature can also be
calculated if that at other temperature is known.

Trouton’s rule: From therédation, InP= —%. +C,

=

wecan put P=1atm, when T =T, (normal boiling point). Thus, 0 = — +C

0|

1
T

or, = RC =constant ~21 (Approx.) for non-associated simpleliquids.

I‘V
b

Trouton made an important generalization from experimental observation that the ratio of molar

heat of vaporization to the normal boiling point is constant for simple and non-associated liquids

and the constant is about 21 cal mol 'K ™.

Therule also states that molar entropy-change of vaporization at normal baoiling point is same and

is about 21 cal mol*K1.

That is, (A_)vap_ atnormaige =~ 21 for all simple and non-associated liquids.

This consistency of entropy of vaporization from liquids to vapor isreadily understood from
Boltzmann hypothesis relating entropy to disorder. The change from liquid to vapor leads to
increased disorder. The entropy of vaporization is zero at the critical temperature because liquids
behave alike not only at their T¢ but also equal fraction of their Tc. Hence different liquids should
have same entropy of vaporization at their boiling point provided there is no association or
dissociation upon vaporization.

The vapor pressure of water is 23.75 torr at 25°C and 760 torr at 100°C.

What will be the heat of vaporization? [Civil Service Exam. 2003]
P L (T.-
Clausius Clapeyron equationis, In—= = L(L=-T
Pl R T1T2
or, In 700 _ Lv(373-298) ' 7= _ 2x373x 298, 700 _ 14 575 geal mol .,
2375 2\ 373x298 75 23.75

Calculate the boiling point of water at a pressure of 75 cm of Hg, given that latent heat of

vaporization is 540 cal mol™.

We know that boiling point of water is 100°C when the pressureis 76 cm of Hg.

76 _18x540(1 1
T(? - ﬁ)

Solving the equation, we get the BP of water is 372.63 K = 99.63°C at 75 cm of Hg

Putting the values in the Clausius equation, we have, In

If the rate of change of vapor pressure of water with respect to T is 2.7 cm of Hg per degree
around 100°C, Calculate the molar volume of liquid water (given specific volume of water vapor
= 1674 cc gm'Y). Calculate also the boiling point of water at a pressure of 75 cm of Hg.

[ BU’91, Q 7(b) m = 6+3]

Given, g—_li = 2.7 cm of Hg per degree around 100°C. Putting the values in the Clapeyron

_dp , .
equation, = = Vo, 27x136x980 dynecm? K= 230x418x107erggm™
dr T(v,-v) 373K *(1674ccgm™ —v,)

Calculation givesv, =5 cc/gm. So molar volume of liquid water = 5 x18 = 90 cc/mole.
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Problem
(4)

Answer :
Problem
()

Solution :

Problem (6)

Solution :

Problem (7)

Solution :

BU’2008,
Q 1(9)

Answer:

2" part: given, 9P = 2.7 cm of Hg per degree around 100°C
or, LR o 7emof Hg/°C, Putting the values, =71 57 or, t1=99.63°C
T -T 100-t,

Derive Clapeyron equation and show that it can be represented by the equation,
P=P* exp[(-AH,,/ R){_%_ — T_l*}] . For liquid — vapor boundary assuming ideal gas behavior

and making certain approximation. [ Civil service Exam, 2001]
Derive Clausius equation, In Pr_Afw {l - i} and get the required form
P R T T* '

At the normal melting point of NaCl 801°C, its enthalpy of fusion is 28.8 kJmol ™. the density of
solid is 2.165 gm cm and that of the liquid is 1.733 gm cm™ What isthe increase of pressure
needed to raise the melting point by 1.00 °C.

[11Sc, Bangalore, adm. test for Int. Ph. D.]
Theprocessis melting, NaCl(s) — NaCl(l).
In the Clapeyron equation, dT = 1.00K, T = 273+801=1074K, AHyn =28.8 kJmol™ . dP="?

} -1 0 -1
Podr x 2 iy 28.8I1Jmol 1><101 ergkd
T(Vi-V) 1074K (—jx 58.5¢ccmol
1.733 2.165
=3.98 x10'dynecm?® = _898x10" 4
76x13.6x 981

Average value of enthalpy of vaporization (kJ/ mole) of water between 363K and 373K
is (a) 42.50 (b)40.80 (c)—40.65 (d)—40.80.

Given vapor pressure of water at 363K & 373K are 529 Torr & 760 Torr.

The correct answer is (b). Use Clausius equation to get the answer.

At 373.6 K and 372.6 K, vapor pressure of water is 1.018 and 0.982 atm respectively.
Calculate the molar entropy of vaporization and AV, the change of volume per mole when
liquid water vaporizes at 373 K. Assumethat the vapor behaves ideally.
[B U, 1994 & 1996]
Clausius equation (assuming vapor behaving ideally) is

P _
In-2=L[T-N)| Putting the values given, In 1018 _ i(;j
P R{TT, 0982 2 (373.6x372.6

or, L, =10,023.7¢ca molt, AS = L% = 10’023'%73 = 26.87 cal K'mol™.

AP _AS _ (L018-0982)atm 26.87ca K 'mol
Now the Clapeyron equation is — = — or, = —
AT AV 1K AV
or, AV = 2687 0082 it =308lit mol .
0.036 1.987

“The Clausius-Clapeyron equation is a special case of the van’t Hoff
equation for liquid-vapor equilibrium.” — Justify or criticize. (2).
dinK, AH : . :
=—— , where AH is the enthalpy of the reaction and Kpis
dar RT
the equilibrium constant of the reaction.

The van’t Hoff equation is,
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BU2008,
Q 4(b)

BU'94 (a)
Q3

Answer:

(b)

Solution:

BU"96
Q5(a).

Answer:

But for the liquid-vapor equilibrium, the Clausius-Clapeyron equation is given by,
dinP AH

= ——, here P is the equilibrium pressure and AH is also the enthalpy of

dT RT?’
vaporization. Thus the statement is correct.

Withincrease of pressure, the melting temperature of paraffin increases but that of
ice decreases. — Explain. (2). Answer: Seethe Text, page 63.

Deduce thermodynamically thefirst order phase transition. Give illustrations.
Establish the relation (2_:_’) = (2_\?) . Hence deduce the Clapeyron equation. (4+4+4)
\Y T

Seethe Text, page.

Calculate the freezing temperature of water if the pressure be increased by 1 atm,
given L = 80 cal/gm, Prosrc) = 0.9168gm/ccand p,, ey = 0.9998gm/cc. (4).

. .. dP AH
For the process water — ice, the Claypeyron equation is — =. {—J .

dT TNV Ve )
latm ~80cal gm? 7= 1atmx 273K (1.0907 —1.0004)ccgm™*
bt LS dT= =
dT 273K ( 1 1 oo gt —80cal gm

0.9168 0.9996
1x 76x13.6x 981dynecm 2 x 273K (1.09075-1.0004) cc gm'™

—80x4.18x10"erg gm™
Thus the freezing point of water becomes — 0.075°C if pressureisincreased by latm.

or,dT = =—0.075 K.

If in a phase transition the first order partial derivative of G with respect to temperature and

pressure change continuously in going from one phase to the other, will it be possible to obtain

the Clapeyron equation? Give reasons for your answer. (4).
It is not possible to obtain Clapeyron equation.

The equation is, g—_li_) = \Sé :3: . But, (56 aP)T= V  and (5%T)P=— S.

As (a%P)T and (a%T )P change continuously in going from one phase to the other,

so V and Swill change continuously and at the transition point, V, =V, andS; =S, .
Putting in the Clapeyron equation, RHS of the equation becomes meaningless.
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Experiment

Joule Thomson
effect:

Inversion
temperature (T)):

Thermodynamic
condition of the
experiment:

Joule Thomson
Coefficient( Wir)

Joule Thomson Expansion

Let usimagine a cylinder thermally insulated and equipped with two non-conducting pistons
on opposite sides of a porous wall. Thiswall may be porous plug of narrow constriction or a
series of small holes. Between the |eft hand piston and the wall, thereis 1 mole gas at a
pressure P, and volume V1.
B> E The gas passes through the porous wall against the constant
pressure P.. Thisis athrottling expansion.
This processis dow and it allows the gas to be slowly forced
R E = from one chamber to another. The pressure equilibrium is
maintained in each chamber.

Let the volume of the gas after passing through the wall be V.
Theinitial equilibrium state of the gasis (P1V1)
and final equilibrium state becomes (P, V).
However, it is an irreversible process since the gas expands
against constant external pressure.

Experimental results show that when most gases, in a compressed condition are allowed to
expand through orifice or throttle under adiabatic enclosure, they undergo cooling.
However, H, and He are warmed up at room temperature by such process.

Thisis known as Joule Thomson effect.

Y]]

v v,

Porous wall

Experiment shows that temperature-dependence of this expansion effect switch over from
cooling to heating as temperatureis increased. Thereis atemperature, characteristic of the gas,
below which the gas cools down but above which it is heated up by this J-T expansion.

This temperature is called ‘inversion temperature’ of the gas. For Hy, it is 193 K and for He,
it is 53 K. Below these temperatures, the gases can be cooled down by such expansion.

Let 1 mole gas is expanded under this adiabatic process.

“romfirst law of thermodynamics, g=dU +w, but, q=0.
The changein internal energy, dU = U—U1.

0 V,
Thework done, w = I PdV + I RdV =—PVi+ PV,
A 0

since P; and P, remain constant during the process.
Therefore, 0 = (U2—Uyz) + (P2V2 —P1Vy) = (U2 + PV ) — (U + PiV1) = Hza—H: or, Hi = Ha
or, AH = 0.

It means that the processis isenthalpic.
This states that the initial enthalpy and final enthalpy of the gas are equal.
However, oneis not entitled to say that the enthal py remains constant during the process.
Oneis not sureto the enthalpy of the intermediate stages of this non-equilibrium (irreversible)
process. In plotting a throttling process on any diagram, the initial and final equilibrium states
are known and so may be represented by points. However, the intermediate states are not
known and so can not be plotted.

In order to quantify the temperature change due to the pressure change of the gas, we can
define aterm, called Joule Thomson coefficient, £, .

i i = (0T
It is defined as, Myt = ( GP)H'
It isan intensive property sinceit istheratio of infinitesimal changes of two intensive properties.

P.) P, so, dP=P,—P;=(—)ve, hencefor cooling effect, T1) Toand 4,; = (+)ve.
Similarly, for heating effect, T:1( T and x,; =()ve
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When thereisno effect, T1=T> and s, =0.
Therefore,  whenT ( Ti, u;; =(+)ve, and whenT ) Ti, u;; =(-)ve
andatT=Ti, g,y =0

We have enthalpy, H = f (T, P). On partial differentiation,
Concept of =[N are (M) sp=coar «[ | ap,
inversion oT Jp oP ); oP );

temperature (Ti): ¢, = constant pressure molar heat capacity of the gas which is undergoing the J T expansion.
For this process, dH =0

hence, 0=CpdT +(ﬁj dPor, (ﬁj =—i(@j )
oP J; oP ), Co\ 0P J;

But (ﬁj -y @ —_i[@j
P ). Hyt S A T-

Again, H=U+PV.

So -_L[Mj _ _i@j (ﬂ) \ _i{a(PV)}
M= P ). | c.lav)\er); c.l op /.

Thisrelation of ;. consists of two parts.
(a) For ideal gas, (Qj =0 and {M} =0, hence u,;=0.
oV ); oP J;
This means that ideal gas does not undergo any J T effect.
oJ oV
b) For real gas, | — | = (+)veadways, and < — ¢ = (-)ve
(b) ¢ (av) (+) y {aP} )

T T
Hence 1% term = (+)ve always and it is practically independent of P. But value of PV
decreases with increase of P at low T (below the Boyle temperature, Tg of the gas) and low P.

So, @ = (-)ve, and 2" term is also then (+)ve. highT -,
oP J; T =low
Therefore, 41,1 = (+)vei.e thereiscooling effect of thegas.  py .
But at highPevenat low T, PV increaseswithincreaseof P [\ /7 ideal gas
S {M} = (+)veand 2™ term = (-)ve.
oP |,

When the magnitude of the 2™ term exceeds the 1% term, P-
M1 = (—)ve, and there will be heating effect.

However, when T is high (above Tg), PV increases with increase of P always and
o(PV)
oP

the 1%, u,; = (-)ve. There occurs heating effect.

So to conclude, heating effect of the gasin this process may occur at high T and ordinary P
or at highPatordinary T.

Hence in between the cooling effect and heating effect of the gas, there might be
temperatures depending on P at which ¢, = 0.

} = (+)veaways, 2™ term becomes (-)ve. When the 2™ term dominates over
.

These temperatures are called ‘inversion temperatures’ (T;).
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The 2™ thermodynamic equation of stateis, (ﬁj =T (ﬁ) +V.
T P

oP oT
Expression
. 1(oH 1 oV
of : Again, = —| — or, =—|T|— | =-V|.
Mot g Hit C. [GPJT Hit C. { (GT}P }

Thisisthe general expression of

(8) For ideal gas, the equation of stateis PV = RT for 1 mole gas. So, V = RT/P
1
or, (G%T)p: % or, T (G%T)pz RT%3 =V. Therefore, u,; = C_(V ~V) =o.

P

This shows that ideal gas will not suffer any JT effect.

(b) For one mole of vander Waals gas, the equation of stateis (P + % 5 ) (V —Db) =RT.

Or,PV —Pb+(a/V)—(ab/V? =RT. The(a/V ) and (ab / VV?) are correction terms,
their values are very small, henceto replace V, ideal gas equation can be employed

2
e V=RT/P.  ThusPv-_pos o _ P o
RT  RT
or,Vfb+i—%=ﬂ--(A)
RT  RT P
RT a abP R a 2abP
= 4p- = oV - sl
- T (AT)P PO R T R
RT a 2abP RT
av _ _a e . A .
or T( 8T)p_ 5 +RT RETZ Replacing P from equation (A), we get

T(a%T)P:Vb-FE = or, T(a%T)PV:E_b_ﬁ'

RI R2T2 RT R2T2
1 2a 3abP
Thus, = | ——p-—" |- (B
e, (RT RZTZJ (&)

At low pressure of the gas, 3a2_bF: can be neglected and the expression becomes,
R°T

N - N
Hyr = C. ( bj ©

This shows the advantage for 4, for liquefaction of gases. ¢, islinearly related with

reciprocal of T. Hence, lower the temperature of the gas, larger isthe drop in temperature for a
given pressure-change.
(i) At theinversion temperature, i.e. T =T, u, = 0, putting in equation (C),

o:i(ﬁ—b]. or, T,=22
C, \RT Rb

Thisis the expression of inversion temperature of the gas obeying vander Waals equation.
(i) WhenT ( Ti, % ) b, ;7 = (+)ve, there will be cooling effect.

Intermolecular forces of attraction dominates over the repulsive forces (size effects).
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So, during expansion, the intermolecular separation increases and in this process, the molecules
have to work against the attractive forces. A part of the internal energy of the gas is utilized for
this work and the temperature falls.

@iii)yWhenT ) Ti, b) %and M7 = (H)ve Intermolecular repulsive forces (size effects)

dominate over the attractive forces in the gas under this situation and thereis warming
on expansion. For H, and He, ais very small and hence at room temperature,

% ( band u;; =(-)ve, so occurs heating effect.

Problem: Calculate inversion temperature of N2 gas, given that for the gas,
a= 1.40atm lit?> mol 2 and b = 0.039 lit mol ™.

: : 2a 2x1.40atmlit > mol 2
Solution: ~ Wehavethe expression, T = —— X

Ro  0.083lit atmmol * K * x 0.039lit mol

=875K

2 P
More than We have expression (B), Myt = Ci (R—i—b—%j
oneinversion P
temperature: At high P, zaz—_t:_ljcannot beneglected. So atT=Ti, 4;;=0
C. R, R°T,
or. Ozﬁ— _SabP | b—ﬁ 3abP
RT, R°T? RT, RT
Multiplying T.?, wegd, bT,?— %TWST;ZP—O-

Ny =Cve Thisisaquadratic equation of T;.
heat Hence there should be two inversion temperatures of the gas.
This situation is also realized by experiment with N2 gas.
S 0 The above equation contains two variables Ti , P and they
no heat areinterrdated. So if Pis changed, Ti is also changed.
Po Wecan plot T; against P, the curve will be parabalic.
Thus we see that at every pressure (initial) of the gas, there
exist two inversion temperatures — higher T; and lower T;
below lower T; there will be heating and above higher T; there will be also heating.
Only when the initial temperature is below higher T; and above lower T;,

My =(+)ve and cooling occurs.
As the pressure increases, the separation between the two inversion temperatures decreases and
at a certain pressure, P, the two become equal. When the pressure increases further, no more
inversion phenomenon is possibleand £, = (—)ve. The area enclosed by the parabola represents

-

‘cooling zone’ on J T expansion, while the area outside the curve corresponds to ‘warming zone’.
Calculation of two Ti Let for avander Waals gas, a=1.4 atmlit?K 2 and b = 0.04lit mol . Calculate the inversion
of agas temperatures of the gas at 10 atm pressure.

We have the equation, bT,? — Z—S'ﬁ + 3aRtZP

= 0. Now putting the values, we get
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Difference
between
adiabatic cooling
and J T cooling:

Problem (1)

Solution :

Problem (2)

Solution :

0.04T7 - 2><1.4_|_i N 3x1.4x 0.0421><10 _0
0.082 (0.082)
Solving the equation, we have, T. =846.4K and 7.38 K.

When we usetherelation, T, = % and put thevalues, weget T. =853.6K ..

Sothe T. =853.6K isthe higher inversion temperature of the gas.

(1) Adiabatic cooling occurs due to decrease of internal energy of the gas by the adiabatic
cooling
But JT cooling occurs dueto also decrease in internal energy of the gas for doing work
intermol ecular attraction when the intermolecular separation isincreased for this against
expansion.

(2) Adiabatic cooling occurs for both ideal and real gas at any experimental temperature.
But JT cooling occurs only for real gas and that also when the experimental
temperatureis below its inversion temperature. Thereisno J T cooling for ideal gas since
it has no intermolecular attraction.

For CO,(g) at 300 K and 1 atm pressure, (Z—ﬁj =—10.2 cal mol™* atm™* and

N
Cp=8.919 cal mol* K™, Calculatethe J T coefficient (1, ) of the gas at the
Wehavetherelation rz;; = —i[ﬁj
Co \OP J;
n & . ——x(-10.2 cal mol ™ atm™)
8.919 cal mol ~ K~
=1.1436 K atm™.

Find out the relation between 1, and (Z—Ej . My for avander Waals gasis given by
T

1 ( 2a

Myt = — (— = bj . Calculate the value of AH in calorie for te isothermal
Co \RT

(300 K) compression of 1 mole of N2 from 1 to 500 atm. (a = 1.34atm |it> mol2 and

b = 0.039 lit mol™?) [C U, 1986]

For the answer of 1% part, see the text.

Therdationis u;; = —i(ﬁj or, (ﬁj =—CpX l;; = _(E_b)_
T T

C.\ oP oP RT
2 2
IdH =—(§j J.dP o, AH= —(E—b} (R-R)
1 RT 1 RT
= [ﬂ - 0.039)(500—1) lit atm mol™
0.083x 300

=—10.353 x (2/0.083) cal mol*=—8.51 cal mol™
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Problem (3)

Solution:

Problem (4)

Solution:

Calculate (5%P)H for avander Waals gas at 27°C and 1 atm. pressure and mention its

significance. Given, Cp=5 cal mol* K™, a= 2 atmlit* mol and b = 30 cc mol™
[C U, 1999]
But, Cp=5cal mol*K =5 x 0.082/ 2 =0.205 lit atm mol*K* and b = 30 cc mol*

= 0.03 lit mol™ we have the relation, Hyr = (G%P)H = Ci (% —b).
P

e (1) - L2

_ 1 2x 2atmlit > mol 2
0.205lit atmmol * K| 0.082lit atmmol * K ™ x 300K
=0.634 K atm™*

—0.03lit mol ‘1}

It signifies that the gas will be cooled down at 27°C and 1 atm. pressureby J T expansion and per

atm pressure drop, the temperature drops by 0.634 K.

Show that J T expansion is an isenthal pic process. What conclusion can be drawn from the
sign of JT coefficient (zz;7)?

Derive an expression of y,; for a gas obeying the equation, P (V —b) = RT.

Comment on the result you obtain. [CU’ 90, Q 5(a), m = 2+2+4+2]
For answer of the 1%, 2™ and 3" parts, see the text. Answer of 4™ and 5" parts are
RT R

- i A WAL oV -

given here. From the equation, V 5 +b or, ( éT)p 5
RT 1
Or, T( AT)p 5 V —b. Therefore, 1, c {T(m) —V}
P P
= i[V— b-V]=- L = (-)ve aways.
C, C,

Theresult shows that the gas will be heated up always by the J T expansion and it hasno T;.

PRINCIPLES OF THERMODYNAMICS — N CDEY

75



Introduction

I mportant
deduction

Nernst
postulate

Change of
AG and AH
with T are

opposite

THIRD LAW OF THERMODYNAMICS
e Nernst heat theorem :

In 1902, T. W. Richards studied the free energy change and enthal py change of a number of
chemical reactionsin reversibly in electrochemical cell using the relations,

oE
AG =—nFEs and AH=nF T( cell j -E :|
’ () -

The emf of the cell is determined by potentiometer at very low temperatures. He found that the
value of AG and AH are approaching each other (i.e. AG — AH) rapidly with lowering of
temperature and at extremely low temperature (up to about — 27°C), AG becomes equal to AH
(i.e. AG = AH)

Gibbs Helmholtz equation gives very interesting conclusions from the above experimental results.

The equation s, AG=AH+T F(AG)} |
o |
Since at T — 0K, AG = AH, hence T [G(AG)} _ 0. When T = 0K, T[G(AG)} o
or Jp aT  |p

whether, [G(LG)} is zero or any finite value. But the equality, T[G(AG)} =0
or |, or |,
holds true for some range above and in the neighborhood of OK.

o(AG
Hence, {%} =0,as T #0. Thisis an important deduction from the experimental results.
P

In 1906, Nernst made bold postulate that for a process in condensed system

[G(AG)

—} = 0in the vicinity of absolute zero temperature (up to about — 27°C).
P

oT
The constancy P may be omitted, since the effect of P in the condensed system is very small.
Thus we may write, LtT — OK, % =0.

That is, at extremely low temperature, AG would be constant and independent of T. Richard’s
experiment further shows that not only at T — 0 K, AG = AH, but they approach equality for the
processes at the neighbourhood of 0 K and some range above. This helps Nernst further to

a(AH)
suggest ——71=0,LtT — OK.
Thus, for condensed system, Nernst postulates are stated as,
LtT — 0K, M and LtT — 0K, MZO,
oT oT

These two postulates, we call Nernst Heat Theorem. This pair of simple relations has far-reaching
implications in condensed phase of the system.

As we have seen, absolute zero temperature is unattainable so we shall use the limit T— 0.
Heremainsaliquid as T goesto zero at one atm. All other e ements are solids in this limit.

It could be shown that when AG decreases with lowering of T, AH at the same time increases and

vice-versaand when T isvery low, AG — AH.
To prove that we have, Gibbs Helmholtz equation,
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Another
argument of
justification

AS =0 for
processes
near OK

Limitation
of the
theorem

Modified
statement of
the theorem

2
AG=AH+T M . So the change with T, 6(AG) = G(AH ) + 6(AG) +T 0 (AZG)
oT oT oT oT oT
2
or, M =—T 0 (AZG) . Both terms have
oT oT T M5 = e -T A5 =f+e

opposite signs, and since AG is converging &3 Al
(tending to meet) to alimiting value, so lopeant &3 / Al //
curvature have the same sign. That is, and —-—-4'/\ and _—-:::x

o(AG) . 8%(AG) . aH P G

and >— havethe samesign.
oT oT
T — T —>

AH
This shows that 8(§TG) and 8(6T ) have opposite signs.

i.e. if AG decreases then AH increases with lowering of T and vice versa.

We have therelation, AG=AH-T AS or, T AS = AH -AG.

For afinite T, we havein aprocess say, AS = (+)vei.e. AS ) 0 then, AH ) AG so with lowering
of T, AH decreases and AG increases, and when Lt T — 0K, AG = AH.

Again for a process with AS = (-)ve, i.e. AS ( 0 then, AH { AG thus with lowering of T,

AH increases and AG decreases, and when Lt T — 0K, AG = AH.
This concludes that variation of AG and AH as T is lowered will have opposite sign.

Implications of the theorem:
(1) AS = 0 for processes near 0K:
One of the basic equationsis, dG=-SdT +V dPbut at constant P, dG=-SdT
For theinitial and final states of a systemin a process, theforms are, dG: = - S, dT and
dG, =—- S dT S0, dG; —dG1= - S, dT + S, dT or, d(szGl 27(82781) dT

o, d(AG)=-(AS)dT or, % =— AS. P is constant but omitted for simplicity.

But Nernst theorem states LtT — 0K, % =0
hence, we can infer that LtT — 0K, AS =0.
Or, S = S

It meansthat in the vicinity of absolute zero temperature, the processes occur without change
of entropy. Thus in chemical reactions, reactants and products have the same entropy if it
occurs near OK (in condensed state).

Nernst heat theorem suffers some limitations.
(a) Let usimagine a mixed crystal which is to be formed from a pure crystal A and a pure
crystal B at OK, then for this mixing process,
Pure A + Pure B — Mixed crystal.
The entropy change of the process, ASmix. = S (mixed crystal) — S (pure A) — S (pure B)
=—nR (X, In X, + Xz InXg) = (+)ve and not zero.
(b) Again, if a super cooled liquid is converting into crystalline solid at 0K, the entropy decreases
and AS < 0 since the randomness in super cooled liquid is greater than in the crystalline solid.
But Nernst theorem states that Lt T — 0, AS = 0, so there is limitation in the statement of the
theorem.

The above limitations of the theorem were removed by Simon and the Nernst-Simon statement is
‘For any isothermal process that involves only pure substances and each in internal equilibrium,
the entropy change goes to zero at T goes to zero.’
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ACp=0for
processes
at near OK

Expression
of ACpof a
process at
near OK

Expression
of AS of a
process near
OK

An example of thistype of processes is the reversible phase transition involving pure crystalline
solid, such as, S, — Sp  at thetransition temperature and pressure.

Mixed crystals are not pure substances or super cooled liquids are not in their internal
equilibrium. So the Nernst heat theorem is not applicable.

(2) ACp =0 for processes at near OK:

oH
The constant pressure molar heat capacity is defined in thermodynamics as, Cp = (a—_l_j .

The change in the properties of a systemin a processis, Asz(a(aA_l_H)j :
P

ACp and AH are the change of constant pressure molar heat capacity and enthalpy of final state
and initial state of the system for the process respectively.

But Nernst theorem statesthat, LtT — 0K, 8(6AH) =0, hence Lt T — 0K, ACp=0.
T

It implies that heat capacities of theinitial substance (reactant) and final substance (product) for a
process are same when it occurs at near OK.

Application: Calculation of AG of a process from thermal data:

Cpr of asubstance can be expressed in the form of power series of T.
Cr =a+bT +CT? + -
wherea, b, ¢, eic areviria coeffici ents of the substance in the condensed state.
Hence, ACpr=Cp —Cp = (—a) + (b= b1)T + (2~ c) T? + -
or, ACp= a=a+ B T +y T?+ ---- where o, B, y etc. depend on the nature of the
initial state and final state of the system for the process.
Butat T=0K, ACp=0 S0, putting this we get, o= 0.
Hence, the expression of Cp of a process near 0K is, ACp=BT+yT?+ -

We may recall one basic equation, dH =TdS+ VdP.

Or, CpdT =TdS + VdP
but at constant pressure, ds=(Cp/T) dT.
o a(AS) _ AC, o

Considering the change for two states of the system, T = —— . Constancy P is omitted.

. . . : AC,
Separating the variables and integrating, j ( :
or AS = (integration constant).
But at OK, AS=0,and ACp=0, hence, ASo = 0.

2

Putting ACp=BT+yT?+ -, AS:J.[ﬁT+7/TT+ de.

Values of B and y are determined from the equation, ACp= B T + vy T? + ---- by measuring ACp
values of the system for the process thermally at two temperatures.
Therefore, AS can also be calculated from the values of  and y for the system by using the

expression, AS=,BT+%T2+———
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Again, ( - j = ACp, Using the expression of ACp and integrating,
. 2 T
E?Zfoa” we get, { d(AH) = j BT +yT2 +———)dT
ﬁg;fﬁ o, AHT=AHO+§T2+%T3+
AHo of the process can be obtained from the AHt and 3, y values of the process.
Expression of Now, we may proceed to find expression of AG so that it can be calculated from the thermal data

of the system for the process.
AG ofa We haverdation, AG = AH — T AS. Now inserting the expression of AS and AH of the process

process near ,3 ¥ y
0K from above, AG=(AHo+ETZ+§T3+———)—T(,BT+§T2+———).
Or, AG:AHo—%ﬂTZ—%yTB— ............ (

This equation is utilized to calculate AG of a process from the thermal data f, v, and AH, etc. (by
thermal data we mean measurement of properties like AH, heat capacities).

Example: Calculation of transition temperature of sulphur:
For the process of transition, S, — Sg, we can write ACp=f T.
Measuring heat capacity of the two forms of sulphur at a known temperature, 3 can be
obtained. The value of B is found for the process, p =2.30 x 10 cal mol™*K2,
Again AH is determined for the process at any temperature and thus AHo

(enthalpy-change at OK) canbe evaluated from the relation, AH = AHg + gT and
AHo = 1.57 cal mol™.

Worked out: Now , AG = AHo — gTZ.

But at thetransition point, T = T, and AG, =0, since the two forms of sulphur

arein equilibrium. Hence, 0=AH0§Tf

SV 4 T\230x10%camo ik O T 9K

The experimental value is 368.4 K, so the matching is excellent and this verifies
Nernst heat theorem.

2AH, \/ 2x1.57cal mol
o, T = =

Nernst heat From Nernst heat theorem, we have Lt T — 0K, ACp=01.e. heat capacities of all substances
theorem is a (reactants or products) at 0 K temperature must be same.

precursor of ACp = C,, (product) —C, (reactant) = 0 or, C, (product) = C, (reactant), at OK temp.

third law of  This must hold good what ever may be the chemical nature of the products and reactants.
thermodynamics This suggests that Cp of any substance itself may be zero at OK.

This also finds justification from the quantal principle. At this very low temperature,
heat energy of a solid consists of only vibrational energy and vibrational energy levels have
energy gap so high that thereis insufficient energy to provide even for change of one vibrational
level. So solids can be heated near OK without absorbing appreciable amount of energy.

In other words, Lt T — 0K, Cp= 0. [dq = Cyv dT, but Cy is very small and so small heat supplied
(dg) canraise T to an appreciable amount.
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2 X
From the expression of Cy (= Cp) = 3Rﬁ ~3R x2 e atlow T where, x= "o
e — KT
This shows that Cp decrease rapidly with decrease of T as the exponential term becomes zero
much ahead than X getsinfinite value and Cr is equal to zero when T approaches to zero.
Thatis, Cp=0 a T — 0K
e Planck Formulation of the Third Law of Ther modynamics:

L et ustake the basic thermodynamic equation, dH = TdS + VdP

but, dH = CedT,
putting we get, CedT = TdS + VdP.
Again at constant P, CedT =TdS, or, dS= Ce dT.

T

From Einstein approach of Cp, weinfer that ?P is zero or afinite positive quantity, as T— OK.

S T
Therefore, integration of the entropy term we get, j das= I %dT
S 0
C
or, Sr—So= [ 22dT |,
.l
where, St and S, are the entropy of the system at temperature T K and 0 K respectively.
T
Since Cp is positive or zero, hence I %dT = (+)veor 0.
0
hence, St — S = positive or zero.
Thisrefers that Sr) S,

i.e. entropy of a substance at any temperature, T must be greater than its entropy at O K.
Thusat 0K, the entropy has its smallest possible algebraic value Sy, the entropy at any higher
temperatureis greater than So.

Max Planck in 1913 made a striking proposal and stated third law as,

Plank statement “The entropy of a solid or liquid is zero at absolute zero temperature’
of third law Thus for condensed system, (i) Nernst theorem states, LtT — 0K, AS=0
and, (i) Planck law states, LtT—>0K, S=0.

It is obvious that the third law does not contradict the heat theorem rather it supports and makes
the later quantitative. At OK, solid reactant or solid product each has zero entropy and hence
entropy change (AS) is zero.
Planck’s generalization may be true for solids but not for liquids. Since statistical mechanics
shows that entropy becomes least when the substance is present in a perfectly arranged crystalline
state, the Planck’s relation is,
S=kInW, W isthethermodynamic probability.

For S=0, W must be 1 only when there is one arrangement of the molecules.
Thisis possible only when the system is pure and perfectly crystalline state. In the case of super
cooled liquid or in case of solid solution or mixture, even at 0K, W ) 1 and entropy (S) will be

some what greater than zero.
Thus for pure and perfectly crystalline substances (W = 1), S=0at T =0.

L ewis and Randall Statement of the Third Law

Lewis and Randall stated the law more precise way as under:

“Every system has finite positive entropy but at the absolute zero of temperature the entropy may
become zero and does so become in the case of a pure crystalline substance.”

PRINCIPLES OF THERMODYNAMICS — N CDEY 80



Application of the Law : Deter mination of Absolute Entropy of a Substance
T

The above expression of entropy isSr—So = J' %dT
0

where Sy is the entropy of the solid at temperature T and pressure P atm. When P =1 atm, it is
called standard entropy of the solid at temperature T and denoted by S? :
Soistheentropy at O K and it is equal to zero according to the

third law of thermodynamics. T
T T
CP

Therefore, Sr._J;?dT or, Sr_!;CPdInT. S .

T
S. isdetermined graphically by plotting % against T rf ﬂ

h

or C, against InT and finding the area enclosed between the two —3 T

temperaturesOto T K

Since the change in the state of aggregation (melting or vaporization) involves an increasein
entropy, this contribution is to be included in the calculation of the entropy of aliquid or of a gas.

Thus, for the entropy of aliquid above the melting point of a substance,

T AH gon ¢
§ = [ S gy A, (o) gy
. T T, T

m )

Similarly, for a gas above the BP of the substance,

To AH oo 1 AH,, T
Sr _ J' Cp(s) dT + fusion " J‘ Cp(l) dT + vap +J'Cp(g) dT
o T T T T, T T

m Tn

=AS; + AS, + AS3 +AS4 + ASs

To calculate the entropy, the heat capacity of the substance in its various states of aggregation
must be measured accurately over the range of temperature. The values of the heats of transition
and the transition temperature must also be measured. All these measurements can be done
calorimetrically.

Measurements of the heat capacity of some solids have been made at temperature aslow as a few
hundredths of a degree above OK. However, ordinarily, measurements of Cpare made downto a
low temperature which frequently lies in the range from 10 K to 15 K. At such temperature, Cp
follows Debye T- cubed law accurately.

3
Cv = A A , where A is universal constant
A Cp

= 464.5 ca mol™* K?, T
and 6, iscalled Debyetemperature, acharacteristic T

constant of the solid.

Determination of Cy at any appreciably higher temperature T
givesthevalueof 6, . Substituting this value of @, of the
substancein the above equation it is passible to calculate Cy
in thevicinity of 0 K.

At the extremely low temperature, the difference of Cr and Cv
is negligible and so these values can be taken for Cr aswell.
The hike of thecurveat Tmand at Trisdueto C,(I) > C.(s) >C,(9) .
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Example: Evaluation of Sy of a substance in the gaseous state at 25°C.

The evaluation of Sy at 25°C is done by adding the AS values keeping in mind that Sp = 0.

(1) AS of the solid from 0K to 10K and to the melting point of the solid,

10K T,
C.(s f C.(s
£5:= S (9~ S (9= | Cel® gr 4 | Cel® gt
" 0K T 10K T

1% Cp is calculated by using Debye T* relation and 2™ Cp is determined by actual experiment.

(2) AS for thefusion of the solid at T temperatureis given as,

AHus'on L
AS:= 8, ()-8, (9=—""=—""

Thisis done by simple calculation of molar latent heat of fusion ( I:f ) and the
melting point (Tm) of the solid.

(3) AS for raising the temperature of the liquid from T to Ty, of the substance,

TG
ASs=AS,=S, (1)-S, (1) = IPTdT.
Tm
Where Cp(| ) isthe molar heat capacity of the liquid
(4) AS for the vaporization of the liquid at its T,

AHe L,
ASs= AS4:SFb(g)_SFb(I):T—:T_'

Where E is the molar latent heat of vaporization of the liquid.

(5) AS for raising the temperature of the gaseous substance from Tp, t0 298 K,
298K

C
A53= A8, = Sy (0)- 5, (@)= [ 22T
Ty
Where Cp(g) is the molar heat capacity of the substance in the gaseous phase.
Adding all these AS values, we get the entropy (Szesx) Of the substance at 25°C.
If the solid exists in different allotropic forms,

AH, .
AS = —transition g ¢4 be added to the ASt values,

trans
To comparethe Sy values of different substances, it is better to express the molar entropy at 1 atm
pressure (standard state). This gives standard molar entropy ( S? ) of the substanceat T
temperature.

Problems: Calculate the entropy of ethylene gas at 25°C. Given the following data:
(i) 0K — 15K (by extrapolation with Debye T* law), AS =0.24 cal mol™* K
(i1) 15K — 104K (graphically, using Cp(s) vs. T plot), AS =12.25

2

L L, 3237

(i) Fusion at 104K (= Tm), AS = L 3237 orAS =7.70
T, 1694

(iv) 104K — 169.4K (graphically, using Cp(l) vs. T plot), AS = 7.90 ,,

_ L, 3237
v) Vaporizationat 169.4K (=Tp), AS = | —=——
() Vep T (TB 169.4

(vi) 169.4K — 298K (graphically, using Cp(g) vs. T plot ), AS =5.12

} orAS =19.10 ,,

2

Thus molar entropy of ethylene gas at 25°C =0.24 + 12.25+7.70 + 7.90 + 19.10 + 5.12
Or, Sxosx (ethylene, g) =52.31 cal mol™ K™,
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Test of the third law of ther modynamics:

(2) Thethird law of thermodynamics predicts that in the neighborhood of OK,
the heat capacity (Cp) and coefficient of thermal expansion (o) would vanish.
These have been confirmed experimentally in many instances.

[a= Exgad ,but Maxwell relation states that NY __[SS

V\oT aT 8P

But third law states that at OK temperature, S= 0 for any perfectly crystalllne solid whatever

may be the pressure. Therefore, (%j =0 andsoa=0.]

T

(2) Thethird law may be used to calculate the change of entropy in the transformation of one
form of a substance to another form.
The calculated value corresponds to the experimental results.
Let us consider the change of one crystalline form (X) to another crystalline form (Y) at the
transition temperature (T:), X — Y. Since AG = 0 for the process,
AH,

hence in the equation, AG =AH —TAS, or
t

where, AH; = enthalpy of transition, i.e S-S =

t
S, — S, can be determined from the enthalpy of the transition and the transition temperature.
Thethird law statesthat the entropy value at OK is zero for both X and Y,

0, S-S = jC(Y)dT jc(x)dT

Thus, at the transition temperature (Tt), both Sx and Sy can be determined using the third law.
These two values of AS are found to be same.

Example: White tin — Grey tin at 298 K. The third law entropy of white tin and grey tin are
11.17 and 9.23 in cal mol™ K™* respectively.
Solution: Thus, AS = Screytin— Swhitetin = 11.17 —9.23 = 1.94 cal mol™ K™
The value of AS is obtained from measured enthalpy of transition and free energy
of transition. The value of AS at 298 K is found to be 1.87 cal mol™* K™,
Theresult is quite satisfactory with the third law value.
Residual entropy — Apparent deviation of third law:

In most cases, entropies determined by heat capacities agree well with those
determined by statistical method. In few cases, there appear discrepancies; the third law entropies
(obtained from heat capacity) are being slightly less than the statistical entropies.

That these substances have actually residual entropiesat O K.
It appears that the substances which appears to deviate from the third law, are not pure and
perfectly crystallinein the Lewis-Randall sense of the term. Some of such cases are given here,

(1) Super cooled liquids: Glass, glossy materials, plastics etc have residual entropies.
For example, glossy glycerine has residual entropy of 5.6 cal mol™ K™,

(2) Salid solutions: Different atoms and molecules are distributed in random way and
so they haveresidual entropy. Such as AgCI-AgBr.
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(3) Mixture of isotopes: It is same as above. Cl, at OK consists of solid solution of
CI®—cCr®, CI®—Cr¥ and CI¥— CI*¥ molecules. Weignorein chemical reactions

as the products also have residual entropy like the reactants.

(4) Nuclear spins: Hydrogen is a typical example. Hydrogen is a mixture of ortho-form
(nuclear spin parallel) and para-form (nuclear spin anti parallel).
At ordinary temperature, the two forms remain in equilibrium.
But near OK, hydrogen should remain completely in the para form (lowest energy form).
In practice, asthe temperature is lowered, the shift towards the para form is sluggish.
Even near OK, hydrogen still is a mixture of the two forms and it has nuclear spin entropy.
(5) Geometrical arrangements or orientations. Examples belonging to this type are CO, N0,
NO and COCI; where the sizes of the atoms are comparable. L et us take the CO molecules.
They can arrange in solid as CO and OC.
CO OC CO ocC
OC CO OC ¢«c
The dipole moment of CO isvery small (0.1D) so the energy difference between the two
arrangements is small. Due to free rotation, one arrangement can easily pass into other.
The Boltzmann distribution of population in the two different energy levels corresponding
to the two orientations of the moleculeis given by

i _ e*(EI_ez%r _ e(ez—el%_ _ A%T .
n2
At the normal freezing temperature (66 K), when the crystal of the substanceis formed,
A %(T isvery small and L eA%T — &” > 1. Thecrystal is formed with approximately
n

2
equal number of carbon monoxide moleculesin two different orientations.

Ag,
Butas T — 0K, A%T becomes significant. At 0K, e ha — €" >,

That is, if thermodynamic equilibria were maintained, all the CO molecul es would adopt the
same orientation of lower energy. How ever, to have incorrectly oriented CO molecules rotate
180° in the crystal requires substantial activation energy which is not available to the molecule
at low temperature. The CO molecules remains locked into their nearly random orientations as
T islowered. That is, the rotations are frozen.

If the randomi zation were equal in the arrangements, then the entropy of 1 mole of the
substance would be, S=kInW , where W is the number of ways by which Avogadro number

of molecules can take the orientations with equal proportion and it is 2™ i.e, W =2".
Sotheentropy, S=kInW=kIn 2" = kxN,In2=RIn2=1.386 cal mol* K™,

But experimental value of theresidual entropy of COis 1.0 cal mol™ K™. This suggests that
one orientation prevails over the other and compl ete randomization does not occur.
(6) Unsymmetrical hydrogen bindings: @ an
Examples areice, KH2PO, etc. Ice had residual entropy
of 0.82 cal mol™*K™* at OK and thisis dueto different
ways of orientation of water molecules. Inice, each
O-atomis tetrahedrally surrounded by four
H-atoms — of these two are covalently bonded and
other two are hydrogen bonded. Thus each O-atom has
two H-atoms are near and two other H-atoms are
relatively far located. O: Oxygen atom, o: hydrogen atom

Two ways of arrangements are shown. — : covalent bond, ---- : H-bond.

O = ===
[ T
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Problem(1):

Ans

Problem (2):

Ans

It could be shown that thermodynamic probability for the two the orientations at OK is 1.5.
The entropy, S=R InW = 2In1.5 = 0.81calK *mol™.
Thus it appears that for the application of third law, the substance must be in perfectly
crystalline state and should be in a single quantum state.

Unattainability of absolute zero:
Thethird law has also been stated in an eegant fashion as:

“It is impossible to attain absolute zero temperature in a finite number of operations.”

That is, we can not, by any process occurring in finite dimensions,
cool a body to absolute zero temperature.

By considering the functions of areversible - .
refrigerator, we can easily arrive at the above HIR T U | ibstamee to be cadea
statement. Let us suppose a substance at a low T] = (T

—_— I

temperature (T' K) is being cooled further by
withdrawing heat (Q") fromit.
We can use areversible refrigerator working between TK and T'K (T ) T").
The minimum amount of work (w) needed to extract Q" heat from the cold substance is given as:
The efficiency of the refrigerator,

Q_ T of WzQ,XT—T'
w T-T'

Now as the temperature T'is lowered, more and more work would be needed to extract the same

’

amount of heat Q', sinceas T' is decreasing, (T_I__T) increases rapidly.

If the temperature of the substance (which isto be cooled) islowered to OK (i.e. T' = 0K),
then infinite amount of work would be required. That is, any finite amount of work would not be
sufficient to cool the body to OK. Hence, absolute zero of temperature can not be attained.

Write down the Lewis-Randall statement of third law of thermodynamics and justify it from
the concept of thermodynamic probability.  (4) [BU ’92]

For statement, seethe Text, page

This statement finds justification from the concept of thermodynamic probability.

When a pure substance remains in a perfectly crystalline state, al the lattice points arein
perfectly ordered form. At OK temperature, the lattice points are al in the lowest energy levd,
so, the thermodynamic probability,

N, |
W = =1. thePlanck relation, S=kInW =kIn1=0

[N,|00
i.e the entropy of a pure and perfectly crystalline substance at OK is zero which is also the
statement of Lewis-Randall.

T2 law predicts that Lt. T—0, Cv = 0. Justify this also from the third law of thermodynamics. (2)
[BU °92]

3
TheT3lawis, C, = A[T] , Where A is Universal constant = 464.5 cal mol K™
05

and 6, is Debye temperature which is a characteristic of the substance.
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Ans

Problem(4):

Ans

Problem(5):

Ans

Problem(6):

Ans

Problem(7):

Ans

Thethird law also states that the entropy of a pure substance is zero at the absolute zero
T

C .
temperature. Hence Sy = j ?P dT , thuswhen T =0, Sy = 0, and this can happen only when
0
Cp=0. At this OK temperature, Cp = Cy .
Thus T? law justifies the Planck’s statement of the third law of thermodynamics.

At 25°C, the third law entropy of water is about 82 JK *mol™* less than that of bromine at the same
temperature. What does this signify? 2 [BU ’92]

Since both are liquids and at the same temperature, hence the data given signify that liquid water
isin more ordered state than liquid bromine. Thisis due to the H-bonding in the liquid water that
forms the water molecules in intermolecular association resulting more ordered state than liquid
bromine.

Calculate the entropy change accompanying the mixing of 1 mole of a substance A with 1 mole
of another substance B, the process being carried out at T = 0. Does the result go against or in
favor of the Nernst heat theorem? Explain. (2%%) [BU *92]

The entropy change, AS =2.772 cal K. Seethe Text, page,
This goes against the Nernst heat theorem as the theorem states that at T = O, the process
will occur without entropy change.

Write the expression for the Standard entropy ( S? ) of a gas aboveits boiling point. (2) [BU 93]

T ~O AHO . T ~O AHO T ~0
Seethe Text, page s? :J' CF_’I_(S) T + Tfuson + J- CE,r(l) dqT + Tvap +J-Cp_|$9) T

0 m T b Ty
Show that heat capacity remains unchanged in any transformation in the vicinity of absolute zero.

(2 [BU *93]
We know that [Mj
aT  Je

thus, as T — 0, ACp = 0 or Cp(product) — Cp(reactant) = 0 or Cp(product) = Cp(reactant).
This means that heat capacity remains unchanged in any transformation in the vicinity of absolute
zero.

0(AH)

= ACp, But Nernst law states that ( j =0whenT — 0
P

Is there any need for a third law of thermodynamics? Discuss the Nernst heat theorem and point
out its significance. 4% [BU 98]

2nd law of thermodynamics provide the calculation of AS of a process.
For reversible phase transition, X — Y, we can only calculate AS of the process using the

AH
relation, AS = t

but, AS =Sy — Sx,
t

thus, the individual absolute value of Sx and Sy cannot be determined by the use of the 2™ law.
Only 3 law can provide method to determine the absolute value of entropy of a substance
i.e. absolute values of Sx and Sy are known only from the 3" law.
(Seethetest of 3" law, page, ).
2" part; State the Nernst heat theorem.
The significance of the theorem is that at extremely low temperature, AG and AH would be
constant with change of T. Two values tends to equality as T—0.

This instantly leads to AS =0 as t = OK.
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Problem(8):
Ans

Justify / criticize: Entropy of asolid is zero at zero Kelvin temperature. (3) [BU ’99]

The statement is not fully correct. Only when the solid is pure and perfectly crystalline state and it
remainsin one quantum state (W = 1), the entropy of the substanceis zero at zero Kelvin
temperature.

When the solid is in mixed state (alloy), its entropy is not zero but has (+)ve value.

If the solid is not in one quantum state, the solid has some residual entropy.

(seetheresidual entropy).
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MULTI-COMPONENT OPEN SYSTEM WITH VARIABLE COMPOSITIONS

In open system, both mass and energy are exchanged with the surrounding.
So, the extensive properties of the open system depend, besides the other variables, on the mole
numbers of the components present in the system.

Let us consider a multi-component open system which contains n; moles of component As,
n. moles of component A, n; moles of component As etc. at constant T and P.

Thevolume (V) is an extensive property and henceV =f (T, P, ny, ng, ---- 1)
On partial differentiation, we get,

o = (Ver), 1+ (Veel, (Vi) 0 Vi),
Vo),

But, (5\7 j =/, , called partial molar volume.
anl T.P.nj,,
Thefree energy (G) is also an extensive property like volume (V).
SO, G=f (T, P, ny, ny, Nz ------- )
= (0G oG oG oG
SO’ dG_ ( éT)P,nj dT * ( aP)T,ﬂj dP * ( Anl)‘r’p’n. ; dnl * ( %anT’p’n. 2 an *

oG
' ( T j an.

But, (G%QJ = 51 called partial molar free energy and it is called chemical potential
T.P.nj;

of the 1¥ component ().

(8% j = chemical potential of the ith component ().
n T,P.,n

j =i

Thus,

Therefore, dG = (G%T)P’nj dT + (5%P)T’nj dP + pi dny + p2 dnp + padng + ----—+ ; dn.

(a%T)p,n,. =-S5 and (G%P)T,n,. =V

So the expression of dG for the multi-component open systemiis,
dG =—SdT + VdP + pg dng + p2 dnz + pzdng + ------ + wi d,

or, dG=—SdT +VdP+ > u; dn;.

But,

Chemical potential is an intensive property of the system and defined as change of free energy of
the component when 1 moleis added to infinitely large system so to keep the compasition of the

system fixed. It may also be defined as the change of free energy when infinitesimal amount, dn
of theith component is added to afinite system and then calculated per mole,

Hi = (a%r\ jT,P’nj;ti |

It is the actual free energy per mole of the component in the system. Its unit is energy /mole and
so Joule/mole or cal/mole. Its dimensionisM L?T ?mole™.

Chemical potential of a component is a measure of escaping tendency of the component from
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the state whereit exists to another available state. Thus, a component (i) moves spontaneously
from its phase (o) to phase (B) if 2“ ) 1 . Flow of the component stops and attains equilibrium

when 1 = u” . This |eads to the conclusion that when a substance remains in different phases

at equilibrium, the chemical potential of the substance will be samein every phase.
Thisidea plays vital role in formulating the thermodynamics in general phase equilibrium.

L et us take the volume as the quantity as for explanation. The molar volume is denoted by
V% and partial molar volume by V. of theith component.

(a) Molar volume (\7i°) isthe volume of 1 mole of the ith component wheniit isin pure state

while partial molar volume (\7i ) isthe actual volume of 1 mole of the component that
occupies in a multi-component system at a given composition.

(b) In case of ideal systems, where either there exists no interaction between the constituents
(ideal gas) or all interactions are of same magnitude (ideal solution), the two volumes are same

i e vV, =V,

I
In non ideal systems, dueto intermolecular interactions, the partial volume (\7i) is not equal to
the molar volume (\7iO ). The extent of interaction depends on the nature of the components

presents and their reative amounts (composition). Since V. isnot sameinall compositions thus

for non-ideal system, \7i° # V. atgivenT and P of the system.

Gibbs -Duhem equation:

The free energy change for open system at constant temperature (T) and pressure (P)
is given by dGrp = dn +p,dn, +----+ ppdn = 3 p,dn,.

Now, if the addition of each component is of same proportion (A X) of initial moles, then free
energy change will also be the same proportion of itsinitial value. That is,

if dn, = nAx, dn, = n,Ax, dn =nAx, then,dG = GAX. Therefore,
G; p AX= gy X WAX A+ 1, X AX A+ -+ + g x NAX+ of, G p = g4y + g0, +- -4 g+ (1)
Crp=2un;.
On complete differentiation, we get,
dG; p = pdn +ndg + p,dn, +n,d g, +---+ gdny +ndg +--
Subtracting equation (1) from the above, we have 0 =ndgy +n,dz, +---+ndg +-- .
or, 0= Xn,dy,

This equation is called Gibbs-Duhem equation.

oG o 0°G
We have, Wi = ( Aﬂ jT’P’nM S0, ( laTjT’P’nM = o ani

Again,  dG=—SdT+VdP+ Y u dn, o, (5%T)Pn» =-S
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5/ ) = —S . called partial molar ent f theith t
I, , artial molar entro| (0] e 1th component.
an aT ( on oy - p py p

0°G _ 0°G

As G is perfectly differential quantity, it obeys Euler’s theorem i.e. =
dT on, on, oT

Hence we have the effect of T on y; as, (Gy / T) =-S5 . Bysmilar way,

we can formulate (aﬂ%Pj _Vi where, V partial molar volume of the ith component.

These two expressions signify that chemical potential of a component decreases with rising
temperature and increases with increase of pressure since §| and V, are always positive.

For open system, the terms containing the change in mole numbers of the components are
included in the basic thermodynamic equations. So the equations are:

(1) dG=—SdT +VdP+ > 4, dn; and p= (a%ﬂj

T.Pny,

(2 dA=— SAT-PdV + > u; dn, and w= anj
TVn

ar})SPn
(4)du=Tds —PaV+ Y i dn,  and p= (a\% j

(3)dH=TdS +VdP+ > sz, dn, and W= (5H

S,V,nJ¢|

Expression of chemical potential () in ideal system:

| - 6%/ _v v KT
(1) For pureideal gas: ( OP)T, =V. Bu, V= P’
substituting and integrating, we get,
p(T,P)=p°(T)+RTINP,
where, u°(T) isstandard chemical potential of the substance at temperature T, and
u (T, P) isits chemical potential at T and pressure P.

(2) For an ideal gas mixture: The expression is, pi (T, P) = ,uio (T)+RTInp,
where, pi = partial pressure of the ith component in the ideal gas mixture and
,uio (T )= dandard chemical potential of the ith component at temperature T i.e,,
it isthe chemical potential of the pure ith component at temperature T and 1 atm pressure.

(3) Chemical potential in terms of mole fraction ( X ):
We have, pi =X X P.
When partial pressure, p; is replaced by molefraction, X , the expression of chemical potential
is (T, P)-,u,(T)+RTIn(x,><P)
=[x (T)+RTInP]+RTInx
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or, (T,P)= x’(T,P)+RTInx,
where, #°(T,P)= u’(T)+RTInP, caled chemical potential of the ith component in pure

stateat T and pressure P.
Since, X ( 1,50,In % ( 0. Thus y; (T, P) 12 (T,P). That is, chemical potential of a
P P component in a mixture is less than that in pure state
under thesame T and P.
Osmosis can be explained on the basis of the above concept.
Explanation Chemical potential of the solvent in solution is lower
of osmosis than that in pure state.
Thus solvent will flow spontaneously from the higher
chemical potential to the lower chemical potential,
e »P/“ Semipormeable & (1py  1-& fromthesolvent side to the solution sidethrough the
1 (TE) metmbrane B semi permeable membrane. It is osmosis.
Expression This expression of p can be utilized to calculate the free energy change due to mixing of two
of AGrix ideal gases at constant T and P.
ASmix and AGnix. = Gmix. — Gpure = (nl M1+ N2 UZ) - (nl lLl](_) +n, /,lg)
AHmix =m (g +RTINX) +mp (us +RTINX,) ~ (g +n, 1))
= mRTInX +mRTInX, =nRT (X InX + X, InX,).
Or, AGmix. = NRT Y, X InX . Since, X (1,InX (0. Therefore, AGmix. ( O.
AG .
Again, ASpix. = — M , or, ASmix.= —nR Y X InX )y 0.
oT b
&), AHmix = AGmix Sl T ASmix = 0
" TaZ s The greatest decrease of free energy and greatest increase
Greatest 1 /_F—\ x‘\\ of entropy occur when equal number of moles of the
decreaseof G wdmel &H, L components are mixed up. This can be shown as follows.
and increase fo O
of Sinthe i3 “\\w/ AGrix. = NRT (X InX+ X, InX,). But X, =1- X,
mixture 0, AGmx = NRT [XIn¥+ (1 -%) In(1-x)].
f a5 1 Differentiating AGmix With respect tox, at constant T and P
we get,
AG_
[M} = ORT[InX, +X, %+ (- (1~ %) + (1~ %) x ——— (-]
(2 X 1-x)
=nRT[Inx,—In(1-% )] =nRTIn|_%_|=0
1-x
Thus, for AGmixattainsminimum, In|_% |=0, or, | _ % |=1,
1-x 1-x
or, x, =05 and X, =1- x,=1-05=05.

Likewise, it can be shown that for the ideal mixture, ASmix attains maximum when equal number
of moles of the components are mixed up i.e, X =X, =0.5
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Show that in a binary system, the decrease in free energy of mixing is maximum if x,= X, = 0.5
(where x, and X, are the mole fraction of the 1% and 2™ components respectively)
[IIT, KGP 1999]
Since, the solid or liquid state remains under equilibrium with its vapor, chemical potential of the
substance in condensed phaseis also given by:
w (T P)=u’(T)+RTInP,
where, P isthe vapor pressure over the condensed phase of the substance.
When the substance remains in a mixture, it is, w(T,P)=x’(T)+RTInp.
where, pi is the partial vapor pressure of the substance in condensed state.
We canwriteintermsof X, £ (T,P)= u’(T,P)+RTIn X .
Since molar conc. () is directly related to mole fraction ( X, ),
hence, 4 (T,P)= u’(T,P)+RTInc,
where, ¢ = molar conc. of the component in the condensed mixture.

ou 7
We have, ( 4P)T =V.

But for real system, V istobe replaced interms of T and P using real gas equation but it is not

very easy mathematically. To remove such difficulty and to retain the same functional formasin
ideal system, G.N.Lewis expressed the form for real gaseous system as,

n= u°() +RTInf
where, f isthefugacity (fictitious pressure) of thereal gas as called by G.N.Lewis.
Fugacity (f) measures the chemical potential of areal gasin the same way as the pressure
measuresit inideal gas. Thus, it has the same role as pressure but not exactly equal to pressure.
It israther called corrected pressurein real system.

Chemical potential in real system:

Fugacity is related with the pressure by the relation, (f/ P) = v, called fugacity coefficient.
When,
Departure of the value of y from unity measures the extent of non-ideality of the gas.

Fugacity of a gasis measured by therelation In y = %

v =1, f=P, and the system is ideal. When y # 1, f # P, the gas is not ideal.

where, B is the 2" virial coefficient of the gas.
1 BP,
For vander Waalsgas, B=— b—i . Thus, y =€ Thr o, f=P eBF/RT.
RT RT
For mixture, theith component will have i = ,uio +RT Inf;,

The expression of chemical potential in thereal condensed system is given as,
W (T,P)= 1’ (T,P)+RT Ina,
where, a = activity of the ith component in the mixture,
a= X y; where y, = activity coefficient of the ith component.
yi =1,a = X, solutionisideal and when y, # X, solution is non-ideal.

and,
When,

,uio (T, P) =standard chemical potential of the ith component

i.e. chemical potential of the pureith component , i.e. X — 1
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Standard statesin thermodynamics: For all states of aggregation (solid, liquid and gas),
standard state is defined as the state of unit activity (a= 1).

For ideal gas, standard state is the state of unit pressure (1 atm, now 1 bar) at a specified
temperature.

For real gas, it is the state of unit fugacity (f = 1) at a given temperature.

For liquid, standard stateis the pureliquid at unit pressureat agiven T.

For solid, it is the state of pure solid at unit pressure at the given T.

For ideal solution, the solvent’s standard state is the pure solvent ( Xy, =1) a unit pressure

(1 atm) at the given T and solute’s standard state is at unit molar concentration.
For non-ideal solution, activity = 1 is taken the standard state at a given temperature.

PRINCIPLES OF THERMODYNAMICS — N CDEY

93



Statement
of the law

Concept of
temperature

M easurement
of
temperature

Set-up of
temperature
scale

Formulation
of the scale

Description
of the
thermometer

Reading of
temperature
inthe
thermometer

ZEROTH LAW OF THERMODYNAMICS

Thislaw is derived from experience and states that

‘Two systems that are each found to be in thermal equilibrium with third system
will be found to be in thermal equilibrium with each other.’
Or, in other words, it is,

‘If A is in thermal equilibrium with B, and B is in thermal equilibrium with C, then A is
also in thermal equilibrium with C’

Like as, systems in mechanical equilibrium have a common pressure, it seems possible that there
is some thermodynamic property common to systems in thermal equilibrium.
This property, we call temperature (T).
Thus, two systems in thermal equilibrium have a common temperature.
But, when the systems are not in thermal equilibrium, they have different temperatures.
Thus the zeroth law of thermodynamics can beillustrated in terms of temperature.
Since A and B are each in thermal equilibrium with C, hence Ta =Tcand Te= Tc.
Then Ta must be equal to Tg, and A and B arein thermal equilibrium. This means that if A and B
are brought in contact to each other via conducting wire, therewill be no flow of hest.
This law is formulated after the 1% and 2™ law of thermodynamics.

Moreover, astatement of the zeroth law logically precedes the other three, henceit is the zeroth
law.
Thislaw allows us to define the concept of temperature as a thermodynamic state function.

To measure temperature of a system, we use commonly liquid mercury thermometer that is kept
in contact with the system. The volume change of the mercury is noted when it becomes in
equilibrium with the system. This volume change gives the reading of temperature from the scale
of the thermometer.

To set up atemperature scale, we need a reference system (r) which, we call thermometer.

We choose the reference system to be homogeneous with fixed composition and a fixed pressure.
Further we require that the substance inside the thermometer (called thermometric substance)
must always expand when heated. This requirement ensures that at a fixed pressure, volume
always increases with temperature (say linearly).

Thisiswhy, liquid water is not suitable since it contracts at temperature below 4°C and expand
above 4°C when heated at one atmosphere pressure.

We can thus definetemperatureas T = Q V. + R, where V. is the volume of fixed amount of
liquid mercury at 1 atm and Q, R are constants, with P being (+)ve.
Once Q and R are specified, a measurement of volume (V) can givetemperatureT.

The mercury in thermometer is kept in a glass container that consists of a bulb and narrow
capillary tube. Let the area of cross section of the tube is ‘a’, then,

T=QVi+R=Q(Vuw+a)+R=(Qa |+ (QVwbp+R) or, T=SI+A

where, Sand A are constants for the thermometer. To fix Sand A, we define temperature of
equilibrium between pureice and air saturated liquid water at 1 atm pressure as 0°C and we
define temperature of equilibrium between pure liquid water and water vapor at 1 atm pressure as
100°C. These paints are called ice point and steam point. Since our scaleis linear with the length
of the mercury column, we mark off 100 equal intervals between 0°C and 100°C. We can extend
the marks above and bd ow these temperatures.

Now having this thermometer with us, we can determine the temperature of any system B.
To do so, we put system B in contact with the thermometer through a thermally conducting wall,
wait until thermal equilibrium is reached and then read the thermometer’s temperature from the
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graduated scale. Since B is in thermal equilibrium with thermometer, B’s temperature equals that
of thermometer.

It isto be noted that how the arbitrary way the thermometer scale is defined. This scale depends
on the expansion of mercury liquid. If we take ethanol as thermometric substance, then expansion
of ethanol can be taken to measure the temperature. But these two thermometers would show
little bit different temperature when used to record the temperature of the substance. Further,
apart from ssimplicity, thereis no other reason to choose linear relationship T and I. Since
temperatureis a fundamental concept so it should be less arbitrary. This can be obtained when
ideal gasis proposed in absolute scale.

If the systems A and B have same temperature (Ta = Tg), i.e. they arein thermal equilibrium and
B and C have different temperatures (Ts # Tc), then although the numerical values of the
temperature in the two thermometers, based on liquid mercury and liquid ethanol, may be
different yet A and B have same temperature and B and C have different temperatures in both the
thermometer.

Other properties utilized in measuring temperature:  Electrical resistance, light emission of hot
bodies can be used to measure the temperature of a system.
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Mathematical interlude:
Some simple calculi are often used in thermodynamical treatments.
A prior familiarity with these would be helpful.

(1) Partial derivatives: Let aquantity z is a function of two independent variables of x and y.
That is, z= f (x, y). If the coordinates x, y change by very small amounts dx and dy, then the

changeinthe value of z is given by dz:(gj dx + z dy ---------- (1)
ox), oy ),

OX oy

change of z for unit change of y when X remains constant. The subscript X and y indicate the
constancy during the change of the others.

L et us suppose the three quantities X, y and z arerdated asf (X, y, z) =0,
then we have X =y (y, z) and y = ¢ (z, X), then we can write,

OX OX
dx = (5j Z dy + (Ej y dz ------- @)

and dy = (@] dz+(%) dX ------mmeee-- (3). Substituting equation (3) in (2) we get,

- A
where, (%j is the change of z for unit change of x at constant y. Similarly, (a—j isthe
y X

oz

(G (5 (e
(3 (%) o [3)%) (2) Je =

Now the equation (4) is generally truefor all values of X,y andz
Let us consider x and y as independent variables so that d X and dz may have any value.

() Let ussupposedz =0 but dx #0,

Two 8x] (ayJ [axj [ayj (axj 1
i th ,d =| — — g dX y | — —_— :1 , | — = e m———————— 5
mporar o= 3 () (3 (2] 1o 5] 2
oX),

(b) Let us take dz # 0 but d X = 0, then Hg) (gj +(%j }:O
oy)\oz), \oz),
o503, ~(3) | o+ (3) -
oy)\oz), \oz), 0z), (82]
y
S EIEE) -
oy),\oz),\ox),

Theideal gas equation PV = RT may be used to prove therelation.

One proof
of the Here f (P, V,T)=0and (Ej = —EZ, (ﬁj = B and (gj = \—/ . Thus,
equation Ny V ar ). P oP), R
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Thisis called cyclic rule.

Per fect differentials:

Let us consider a quantity z whose value is determined solely by two other
variables X and y at any moment in any given state. That is, if X andy are given a particular
value, the valueif zisthereby fixed. If X andy vary, then zwill also vary. Thus X andy are
called independent variables while z is dependent variable. Thus z is also a single-valued
quantity. dz is called perfect or complete or exact differential. Mathematically, wesay, z=f ( X,
y)

Thechangein z can be estimated provided the derivative of the function z with respect to X and
y areknown. The derivative is the rate of change of dependent variable (z) with the independent
variable (X or y). Thus,

0z

(a—j = Rate of change of z with X at const. y and [?J = Rate of change of z withy at
X y
y X

constant, X
Therefore, the change of z for change of X at constant y is equal to the rate of change of z with
X at constant y multipliedby d X i.e. dz= % dXx anddz = Q dy.

0X /), oy ).

But if both X andy are changed simultaneously, then the total change

dz=(%j dx + % dy.
oX ), oy ).
Thisis called total differential of the function z. To make the meaning of the exact differential

clear, let us represent graphically the variables x and y along two axes right angles.
At point P, the valueof z is z and it is determined by the variables x and y.

At the point Q, the magnitude of zis z, and it is determined by (X" and y").

Then, dz= z,- z, will always have the same value determined by x,y,x" and y’.

dz is perfect differential and dz is independent of the path of transformation. It is obvious that if a
change from P to Q is brought about by the path (1) and reverse change is effected by path (I1),the
magnitude of z will come back to the same value, defined by X andy at P. Hence for a complete
cyclic process of change reverting to the original state

> Az=0or, §dz: 0. In another way, v Path III Q
it is possible to show that if dz is perfectly i e, ¥)
. . 0’z 0°z
differential, then, = . 'T Path I
OXoy  oyoX P v
This is called Euler’s reciprocal theorem. —
X —
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