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5.1 Introduction

Thermo chemistry deals with the study of heats of chemical reactions. When
a chemical reaction takes place, energy in various forms may either be emit-
ted or absorbed. During many reactions the temperature rises indicating that
heat is being evolved. In others, when temperature falls, absorption of heat
is indicated. Thus, the study of the heat produced or required by chemical

reaction forms the basis of thermochemistry.

The reactions in which heat escapes from the system to the surroundings
are termed as exothermic process that means the surrounding ultimately
becomes hotter. The release of heat leads to decrease in the enthalpy of
a system when the pressure remains constant, thus the enthalpy change is
negative i.e.

AH {0

For such reaction Q is (-) ve.

The chemical processes in which heat is absorbed by the system from the sur-
roundings are endothermic process that means the surrounding ultimately
become colder. Here the absorption of heat leads to increase in the enthalpy
of a system at constant pressure, thus the enthalpy change is positive i.e.
AH )0. For such reaction Q is (+) ve.

Let us suppose that in a reaction, A reacts with B to give C and Q amount of

heat are evolved (exothermic). Therefore,
A+B=C+Q

Similarly if the reaction is endothermic it can be represented as
A+B =C-Q

If the chemical reaction takes place at constant pressure, the heat change is
denoted by g,and when the chemical reaction occurs at constant volume, the
heat change is denoted byg,. But the magnitude of g,and g, may not be equal

for the same chemical process.



For example

C7Hg + 90, = 7CO, 4 4H,0; qp, = —930kcal
qy = —928.8kcal

Since ¢,= AH and g,= Au, so it is our usual custom, to express the heat
changes on the right hand side of the chemical equation in terms of A H and
Au.

Exothermic reaction: C + O, = CO» A H =-94050 cal

Endothermic reaction: Np + O, = 2NO A H=+ 42000 cal.

SKILL TEST
1. What is exothermic process? What is the magnitude of change in en-
thalpy in an exothermic reaction?

2. What is endothermic process? What is the magnitude of change in

enthalpy in an endothermic reaction?
3. Draw the energy profile diagram in an exothermic reaction.

4. Draw the energy profile diagram in an endothermic reaction.

5.2 Heat of Reaction

The heat of reaction is defined as the amount of heat liberated or absorbed
at a given temperature when the reactants are converted into products as
represented by the balanced chemical equation. If gis the heat of reaction,
W is the work done by the reactants during reaction, then according to the

first law of thermodynamics, one can write
qg=AU-W

AU is the energy difference between the internal energy of products and that

of reactants as given below

AU = ZU(P"OdMClS) - ZU(reactants)
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If the chemical reaction occurs at constant volume in a bomb calorimeter
then W = 0 and in that case
q, = AU

Therefore, the heat of reaction at constant volume ¢, is the change in in-
ternal energy of the system during a chemical reaction. However, if the
chemical reaction occurs at constant pressure in an open calorimeter then
W = —PAVand in that case

g = AU —(—PAV)
— AU+PAV = AH

The amount of heat evolved, or absorbed during a chemical reaction occur-
ring at a constant pressure and at a particular temperature, is referred to as
enthalpy of reaction. Let us consider a general chemical reaction where a
moles of A react with b moles of B to produce ¢ moles of C and d moles of

D, which may be represented as:
aA+bB — cC+dD

The change in enthalpy of the system when the reactants are transferred into
products is given by the difference between the total enthalpy of the products
and that of the reactants at constant temperature and pressure. This quantity

is called the heat of reaction.

AH = ZH(pmducts) - ZH(reactants)

AH = (CHC + dHD) — (aHA —‘rbHB)
where Hy, Hp, Hc and Hp are enthalpies of A, B, C and D.

The change in volume A Vis very small for the reactions involving solids and
liquids. Thus, P AVis very small and can be neglected, therefore A His equal
toAU. However, if the reactants and products are gases then volume changes
cannot be neglected and one must specify the manner in which the reaction

is performed. Mostly gaseous reactions are performed at constant pressure



in which change in enthalpy (A H)is measured.
Conditions for which q, = q,or AH = AU
1. When the reaction takes place in a closed vessel the volume remains

constant i.e.
AV = 0.,

2. When only solids, liquids or solutions are involved in the reaction (no
gaseous reactant or product), the volume changes are negligible during

a chemical reaction.

3. When the number of moles of gaseous reactants and products are equal
in areaction, i.e. An = 0
For example,
Hy (g) + Cla(g) — 2HCI(g)

5.3 The Laws of Thermochemistry

The principle of conservation of energy provides a basis for two very impor-

tant laws of thermochemistry:

5.3.1 Law of Lavoisier and Laplace

The first law of thermochemistry is due to the experimental observations
of A.L. Lavoisier and P.S. Laplace (1780). This law can be stated as “The
heat change accompanying a chemical process in one direction is equal in
magnitude but opposite in sign, to that accompanying the same reaction in

the reverse direction.”
Example

1
H>(g) + 502(g) = H,0(l) AH = —68300cal

1
H>O(l) =H»(g)+ EOQ(g) AH = +68300cal
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Suppose two reactants A and B change first into C and D with heat evolution
(q) and subsequently C and D react to produce back A and B in the initial
state with heat absorbed (q/). According to the law, heat content (H) or
energy content (U) of the initial A and B would again return to the same
magnitude. Therefore the net heat content change or energy content change

would be zero.

q+q =0 or q=—¢q

5.3.2 Hess’s law of constant heat summation

G.H. Hess (1840) experimentally gave the second law of the thermochem-
istry which has important applications and is known as the law of constant
heat summation. This law may be stated as “The net heat change (¢g,0rg,)
for a given chemical process, will be the same whether the process occurs in

one or in several stages.

Example
C+0, = COy qp = —94.05kcal
1 /
C+ 502 = CO q,= —26.42kcal
1 ”
C+ 502 = CO, q,= —67.63kcal
C+0 = CO, a4 =4d,+4,

5.4 Different types of heat of reactions

Depending upon the nature of the reaction various types of heat or enthalpy
changes occur in the chemical reactions.

5.4.1 Heat of formation

The enthalpy change occurring when a gm-molecule of a substance is formed

from its constituent elements is called its ‘heat of formation’. When 1gm-



mole of HCI is produced from hydrogen and chlorine 22.06 kcal of heat are
evolved. Hence heat of formation of HClis - 22.06 kcal.

Suppose the elements A and B unite to form a compound C
A+B—C
The heat of formation of C
AHpcy = Hc — Ha — Hp

The enthalpy of a substance depends upon pressure and temperature. The
standard temperature for a thermochemical measurement has been chosen
as 298°K and pressure 1 atom. The standard enthalpy is H’; superscript ‘0’

indicating standard state.
0 0 0 0
AHf(C) = Hr — Hy — Hp

It is not possible to determine the absolute value of the standard enthalpy
(H) of a substance. Therefore to measure the change in enthalpy it is there-
fore necessary to assume some arbitrary value at a given state. It has been
decided to assign the value zero for the enthalpy of every element at 1 atom
and 298°K.

0 0 0 0 0¢.. o0 0

. 0 0
- He = Ay,

Thus, the standard enthalpy of a compound = its standard heat of formation.

5.4.2 Heat of combustion

The heat change accompanying the complete combustion of a gm-mole of
the substance at a given temperature under normal pressure is called its heat
of combustion.

In case of organic compounds, complete combustion is regarded to have

taken place when they are transformed finally into CO, and H,O.
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The example of combustion reactions is

CH, (2) + 20, (g) = CO, (g) + 2H,0 (1); AH2 = 890.3kJ mol !

5.4.3 Heat of neutralization

Neutralization of an acid or a base is always an exothermic process. The
amount of heat liberated when one gm-eqv of an acid is neutralized by a
gm-eqv of base is called the heat of neutralization.
If q calories of heat be evolved when one gm-eqv of acid HA reacts with a
gm-eqv of base BOH.
Then

HA + BOH = BA + H,0 AH = —q

If the acid and the base are both strong, both of them be assumed to be

completely dissociated; hence
HY"+A +BY"+0OH =B'"+A +H,0 AH= —¢

H™ + OH = H,0

Therefore the heat of neutralization is really the heat of formation of gm-
mole of water from gm-ion of hydrogen and a gm-ion of hydroxyl ion.
Therefore the heat of neutralization of any strong acid by any strong base
in dilute solutions is always the same and is equal to 13.7 kcal.

But when a weak acid or a weak base is neutralized, the heat of neutralization
deviates considerably from the value 13.7 kcal. This is because of the fact
that a weak acid or a base is very slightly dissociated and a portion of energy

is utilized in the process of dissociation.

5.4.4 Heat of Solution or Heat of Dilution

The net thermal change which occurs when a gm-mole of solute is com-
pletely dissolved in a solvent is called the heat of solution or more appropri-

ately the integral heat of solution.



The value of the heat of solution, obtained graphically by extrapolating AHto
infinite dilution is called the integral heat of solution at infinite dilution. In
fact, when the solution becomes very dilute the heat change assumes a con-

stant value.

AH, (Kcal)

1 | |
0 500 1000 nH;0

Figure 5.1: Heat of solution graph

Thus during the process of dissolution of a gm-mole of solute, the concentra-
tion continuously changes and hence the magnitude of heat changes would
also vary. Thus the heat of solution at any instant, AH / Anls called the differ-
ential heat of solution.

Since the heat of solution varies with concentration, the addition of a quan-
tity of solvent to a given solution of fairly high concentration would involve
a thermal change. The net heat change associated with the dilution of a solu-
tion containing 1 mole of solute from a concentration C! to a concentration
C? is called the integral heat of dilution.

If a spontaneous process takes place suddenly and heat produced during the
chemical process has no opportunity to be dissipated to the surroundings, ob-
viously the heat will increase the temperature of the resultant system, which

is equivalent to an adiabatic one. Then formation of flame takes place.

5.4.5 Differential heats of solution and dilution

The differential heat of solution may be defined as the change in enthalpy, or
heat content when one mole of a substance (solute) is added (dissolved) to a
large amount of a solution in such a way that the concentration of the solution

remains unchanged. Whereas, the differential heat of dilution is defined as
Chemistryl



the heat change when one mole of a solvent is added to a large volume of the
solution of known concentration in such a way that the concentration of the
solution is not altered. The heat change associated with this process is called
the differential heat of dilution.

SKILL TEST

1. State Hess’s law of constant heat summation. How does it follow from

the first law of thermodynamics?
2. What is heat of solution? In an experiment how it can be determined?
3. What is integral heat of dilution?

4. What do you mean by differential heats of solution and dilution?

5.5 Change in internal energy with temperature:

The Kirchhoff’s relation

It is possible to calculate the heat of reaction at standard temperature (298 K)
and pressure (1 atm) by using the data of standard heats of formation from
table. But several times, the heats of reaction at other temperature and pres-
sures are also necessary. The variation of heat of reaction with temperature at
constant pressure was given by Kirchhoff who derived an expression which
explains the temperature dependence of the heat of reaction. This expression
can be derived in the following manner:

When a system undergoes a change from one step to another then the internal
energy of the system would alter. Hence we can write,

Au = uy —u; [where suffix f and i denote the final and initial state respec-
tively]

Differentiating both sides with respect to temperature at constant volume we

2] (2] -[5],

= CV/ - CV[

get




=  9(Au) =AC,dT

Integrating both side between the limit T°K and 0°K we get

T T
/ d (Au) = / AC,dT
0 0

T
Aur = Auyg +/ AC,dT
0
For process occurring at 71 °K we can write
T
Aur, = Aup+ AC,dT
0
T
= Aup +/ (¢, —¢C,)dr
0
T 5
Aup, = Au0+/ [(ap+bsT+c T+ )= (ai+bT+eT*+-
0

C, increases with temperature and the influence of temperature empirically

given by a power series of 7.

Co=a+bT+cT? 4 [a, b, c are constant]

T
Aur, :A”°+/0 [(a —ai)+ by —bi) T+ (cs =€) T> + - ]dT

T Oc:af—ai
ZAM()—‘r/ [06+BT+'YT2+ ””” ] dT Bbe—b,’
0
Y=¢r—¢i
= Aug + T} + ngz + %(Tf U
Similarly for the process at 7,°K
_ B.o, ¥ 3
AMT2 = AMO+QT2+ ETQ +§T2 SRR
Therefore,
_ _ _ Bz oy Y3 13
(AMT2 AMTI) = OC(TQ T]) + 5 <T2 T ) + § <T2 T; ) N
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If C, values of the final and initial state are assumed to be constant i.e. inde-

pendent of temperature then AC, is also constant.

3
(Aup, —Aur,) = AC, dT =AC,(T»—T)). (5.1)
T

Variation of enthalpy change with change of temperature

If a system undergoes a change from one given state to another given state

then enthalpy of the system would alter. Hence we can write

AH = Hy — H; [where suffix f and i denote final and initial state of the sys-
tem]

Differentiating both sides with respect to temperature at constant pressure

{d(AH)} - {dHf} {dH,}

ar |, dr |, | dT |,
= Cp,—Cp,

=  J(AH) = ACpdT

we get

Integrating both side between limit 7°K and 0° K we get

T T
/d(AH):/ ACpdT
0 0

or, (AHr — AHp) = ACp [, dT
or, AHr = AHy + [ ACpd T

For process occurring at 71 °K we can write
T
AH7, = AHy+ ACpdT
0
T
ZAHo—‘y-/ (Cp/—C[r[) dT
0

T
:AH0+/O'[(a}+b}T+C}T2+ ~~~~~~ )= (a}+ DT+ T+ )] dT



Cp increases with temperature and the influence of temperature empirically

given by a power series of T

Cp=d +bT+T*+- - [a’, b, ¢ are constant]

T
At = Ao+ [ [(d) = al) + (B =) T+ (& =) T2+ -] dT
0

I ’ ’ ’
:AH0+/ [oc+BT+yT2+ ~~~~~~~~~ }dT
0
[where o/ = (a} —a;); B = (b} —b;);’Y/ = (C;c —c;)]
:AH0+oc/T1+%T12+%Tl3+ .........

Similarly for the process at 7>°K

!/
AHy, = AHy + o' T + %Tf + %Tf SaRRRERE

lhus,
/ B/ 2 2 y 3 3
(AHTZ_AHT|) = (72_71)+_2 (72 _71>+§<72 _71>+ """

If Cp values of the final and initial state are assumed to be constant i.e. inde-

pendent of temperature the ACp is also constant

T
(AHTz—AHTI):ACp -, dT :ACP(TQ—T]) (5.2)
1

Equation 5.1 and 5.2 are the different forms of Kirchhoff’s Equation.

5.6 Born Haber Cycle

Based on Hess’s law Born and Haber in 1919 developed a simplified and
cyclic method to correlate lattice energies of ionic crystals to other thermo-
dynamic data. For example, the net energy changes during the formation of

sodium chloride from metallic sodium and chlorine gas can be represented
Chemistryl



byAHf.

Na(s) +1/2 Cl,(g) — NaCl

The overall process is thought to take place in following intermediate steps:

Intermediate Steps

1.

Metallic sodium into gaseous sodium atom

The energy required per mole of sodium is “enthalpy of sublimation”

which is represented by (AHy). This step is energy consuming process.

Na(s)+AH — Na(g) (5.3)

Dissociation of chlorine molecule into chlorine atom

The energy required per mole of chlorine is “enthalpy of dissociation”

represented by (AHyq).

Clp(g) +AH4 — 2ClI(g)

1 1
or, ECIQ (g) +§AHd — Cl(g)

54

. Gaseous sodium atom into gaseous cation

The energy required in this process is called Ionization Energy (IE).

Na(g) +IE — Na™ (g) +e~ (5.5)

. Gaseous chlorine atom into gaseous anion

This step involves the release of energy referred as Electron Affinity
(EA).
Cl(g)+e — CI (g)+EA (5.6)

Combination of oppositely charged gaseous ions to form solid



crystal

This involves the release of energy referred as lattice energy (U).

Na™ (g)+Cl™ (g) — NaCl(s) +U
The various energy changes in different steps are as follows:

Ma {s} + %Cl2 — MNaCl {s}; Energy change = AH,

AH, lam,
2
Mafz Zl{g
() (2] -
| IE _|EA
- +e
Ma (g] Cl_(g}

Figure 5.2: Born Haber Cycle for NaCl

The sum of the energy changes taking place during various steps is
equal to AHy i.e, heat of formation of NaCl(s) according to Hess’s

law.

AHf= AH + %AHd +I1IE+EA+U 5.7
Various values for NaCl are as follows:
Heat of sublimation of sodium (AH;) = 108.5 K J mole !
Dissociation energy of chlorine (AHy) = 243.0 K J mole !
IE of sodium (IE) = 495.8 K J mole !
EA of chlorine (EA) = -349 K J mole !

Lattice energy of NaCl (U) = -769.8 K J mole !
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Substituting these values in equation 5.7 we get

AHg

1
AHS—&—EAHd—&-IE—&-EA—&-U

1
108.5 + 3 (243.0) +495.8 + (—349) + (—769.8)
—393K J mole™!

Applications of Born Haber Cycle

Lattice energy of ionic solids

Born Haber cycle helps us to calculate the lattice energy of ionic solid, pro-
vided other thermodynamic data is known. For example, the lattice energy
of magnesium fluoride (Mgl',) can be calculated when the sublimation en-
ergy (AH,) of Mg = 146.4 K I mole ! ; IE; and IE; values of Mg = 737 and
1449 K J mole " 'respectively; dissociation energy (AHq) of fluorine = 158.8
K J mole™!; EA of fluorine = -328 K J mole 'and AHyof MgF, =-1096.5
K J mole™!.

Born Haber Cycle of MgF, can be represented as follows:

Mg(s) + Efg) — MgF, (s); AH;= 1096 5K T mol™

AH, LH,
Mg(=g 2F (g
0 =0
+2e”
B

Figure 5.3: Born Haber Cycle for MgF2



AH; = AH¢+AHg+ (IE;+1IE) +2EA; + U
U = AH;—AH—AHq — (IE|+IE,) — 2EA,
= —1096.5—146.4 —158.8 — (737 4 1449) — 2 (—328)
— —2931.7K J mole !

AH¢Values

Born Haber cycle can help us to calculate the values of AH¢ for unknown
compounds. From the calculated values of AH¢ one can predict whether
the compound is stable or not. If AH¢ value is negative, the compound is
stable. If AHr is positive, the formation of compound is highly unfavorable.
For example, to calculate the value of AHy for hypothetical compound ArCl
the data given is: IE1 for Ar = 1526.3 K J mole !, dissociation energy of
chlorine (AHy) = 243 K J mole !, EA of chlorine is -349 K J mole !, lattice
energy (U) of ArCl (s) is -703 KJ mole .

Born Haber cycle of ArCl (s) can be represented as follows:

Ar(g) + %Cl2 — ArCl{s};

li]
AL E&Hd
Clfg
IE, ( } T
_ | EA
- +e
Ar' {g] 1 {g]

Figure 5.4: Born Haber Cycle for ArCl (s)

1
AHy = IE+ EAHd—&-EA +U

1
= 15263+ 3 (243) —349—-703

= 595.8K Jmole !
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The (+) ve value of AHy indicates that net energy is required for this process.
Hence formation of ArCl is energetically unfavorable.

Electron affinities

The Born Haber Cycle can be used for the calculation of electron affinities
of some elements that are otherwise very difficult to measure.

Heat of formation of a compound may be expressed as:
1
AH¢= AH+ §AHd +IE+ EA+ U

or, EA = AH{—AH, — %AHd —IE-U

AHg, AHf, AHy and IE are determined experimentally and lattice energy
(U) may be calculated by using other equation such as Born Lande equation.
Using the above equation electron affinity may be calculated.

Proton affinities:

The Born Haber Cycle can also be used to calculate the proton affinities (PA)
of some bases. The proton affinity of a species X is defined as the energy

released in the reaction:

X (g) +H" (g) = HX" (g) +Energy (PA)
To calculate the proton affinity of NH3 using Born Haber Cycle for the pro-
cess,
NH; (g) + HCl(g) — NH; +Cl ™ (s)

According to Born Haber Cycle
AHf= AH4y+1E + EA +PA+ U

PA = AHf - AHq —IE —EA - U (5.9)

Various values of NH4Cl are as follows:

Heat of formation (AHy) of NH,4CI (s) = -144.5 K J mole !
Dissociation energy (AH4) of HCI (g) = 433.0 K J mole !
IE of hydrogen = 1312.0 K J mole !



AH,
___________________ U
. H{g}) Clg) |
| IE E4 !

Figure 5.5: Calculating PA

EA of chlorine = -349.0 K J mole !
Lattice energy (U) of NH4ClI = - 649.0 K J mole !

Substituting the values in equation 5.8 we get,
PA = —144.5—-433.0—1312.0 — (—349.0) — (—649.0)

— —891.5K Jmole".
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Review Questions

1. What is the relation between heat of reaction at constant pressure
and heat of reaction at constant volume.

Answer:
In case of gaseous reactants and products and assuming them to be

ideal, it can be written at constant temperature and pressure
PV] = n RT

and PV2 = anT

where njand npare the number of moles of the reactants and prod-
ucts respectively. V| and V,are the volume of reactants and products

respectively. The change in volumeAV, is therefore given by

RT mRT
AV =V, -y =200
P P
RT
= (n2 —m) P

RT
Thus, AV = An—— [where Anis the change in number of moles.]

The relation between the change in enthalpy and change in internal

energy at constant pressure are expressed as:
AH = AU + PAV

On substituting the value of P AVthe expression becomes
AH = AU + AnRT

This relation is used to calculate the enthalpy of reaction from the
energy of reaction at a given temperature. The value of gas constant R

is considered in calories or joules (R = 1.987 calories, or 8.314 joules).



Further, since AH = gpandAU = g,, therefore,
qp = qv + AnRT

where ‘q’ denotes the heat of reaction.

. “Heat of neutralization of any strong acid by any strong base in
dilute solution is always the same, but the value deviates in case
of a weak acid or a weak base” - justify the statement

Answer:

Strong acid and strong base are both strong electrolyte, therefore they
are completely dissociated into their ions in dilute solution. So the
heat of neutralization of any strong acid by any strong base in dilute
solutions is always the same and is equal to 13.7 kcal. But weak acid
or weak base are weak electrolytes so they are partially dissociated
into their ions in solution and some amount of heat is utilized for the
dissociation of either weak acid or weak base, therefore the heat of

neutralization value deviates.

. The molar heat of sublimation of a solid is always greater than the
molar heat of vaporization of the corresponding liquid. Explain.

Answer:
Since the molar heat of sublimation is the summation of heat of melt-
ing and heat of vaporization so it is always greater than the heat of

vaporization of the corresponding liquid.

. State Hess’s law of constant heat summation. How does it follow
from the first law of thermodynamics?

Answer:
The Hess’s law may be stated as “The net heat change (g,0rg,) for a
given chemical process, will be the same whether the process occurs

in one or in several stages.
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Example

C+0, = CO, qp = —94.05kcal

C+ %02 = (O q, = —26.42kcal

C+ %02 = CO, q ,=—67.63kcal
C+0 = CO; ap=a,+4,

From 1st law of thermodynamics, AU = g— W
=q—PAV

AUis a state function. Its value depends only on the initial and final
states of the system but not on the path of the transformation. How-
ever, the values of gand Wdepend on the path by which the change is

carried out.
At constant volumeAV = 0, thus W = 0.
Therefore, AU = ¢

Since, AUis a definite quantity, therefore at constant volume, q is also
a definite quantity. Moreover, at constant pressure, the work done
Whbecomes a definite quantity. Thus, at constant pressure,q (= AU +
PAV), becomes a definite quantity.

Since at constant volume or pressure, the heat evolved or absorbed in
the reaction must be independent of the path of the transformation,
therefore, Hess’s law is only a special case of 1st law of thermody-

namics.

. What is the significance of Hess’s law?

Answer:

Hess’s law is used to calculate:



(a) Enthalpy changes of formation from enthalpy changes of com-
bustion.
(b) Enthalpy changes of reaction from enthalpy changes of forma-

tion.

(c) Lattice energies in the Born-Haber cycle.

6. Why does a (-) ve value of AHmean an exothermic reaction and
(+) ve value of AHmean an endothermic reaction?

Answer:

The reactions in which heat escapes from the system to the surround-
ings are termed as exothermic process that means the surrounding
ultimately becomes hotter. The release of heat leads to decrease in
the enthalpy of a system when the pressure remains constant, thus the

enthalpy change is negative i.e. AH (0.

The chemical processes in which heat is absorbed by the system from
the surroundings are endothermic process that means the surrounding
ultimately become colder. Here the absorption of heat leads to increase
in the enthalpy of a system at constant pressure, thus the enthalpy

change is positive i.e. AH ) 0.
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Worked -Out Examples

1. The molar heat of vaporization of H,O (1) — H,O (g)is 9,700 cal.
At 100° C molar volumes of liquid and vapour are 18 c.c. and 30.2
litres at 100° C and 1 atm. Evaluate AUper mole at 1000 C and 1
atm.

Answer:

Given molar heat of vaporization A H= 9700 cal
Now AH = AU +P (V, — V)

Here P (V, — Vi) = 1(30.2 - 0.018) litre-atm
=730.40 cal

S0 9700 =AU + 730.40

Or AU=8969.6 cal.

2. Heat of neutralization between HCland NaOHis 13.7 K. cal. and
between HCN and NaOHis 3000 cal. at 25° C. What is the heat of
ionization of HCN?

Answer:

Neutralization between HCI and NaOHoccurs in one step as
H" + OH™ = H,O0 AH=-13.7 K. Cal.

But neutralization between HCN and NaOH occurs in two steps,

which are
HCN = H" + CN~ AH=let x K. Cal.
HT + OH = H,O AH=-13.7 K. Cal.

xK. Cal. is heat of ionization. So here

x—137=-3

or x =10.7 K. Cal.



3. Given the following heats of reaction at 25°C

CoH4 (g) +30, (g) — 2CO, (g) +2H,0 (1)
AH = —337.3K.Cal

2H; (g) +02(g) — 2H,0(1)
AH=-136.6 K. Cal

2C¢Hg (g) +70, (g) — 4CO» (g) +6H,0 (1)
AH=-745.6 K. Cal.
Calculate AH for the reaction

C,Hy (g) +H, (g) — CyHg (g)at 25° C.

Answer:

Given

(a) CoH4(2)+30,(g) — 2CO, (g)+2H,0 (1) AH=-337.3 K. Cal
(b) 2H, (g) + 05 (g) — 2H,0 (1) AH=-136.6 K. Cal
(c) 2C¢Hg (2) +70, (g) — 4CO, (g) +6H,0 (1) AH=-745.6 K. Cal

We multiply equation (a) by b and add the product with equation (b)
to get

2C,Hy +70, +2H, =4C0; (g) + 6H,0 (1)

and AH=2(-337.3) + (-136.6)
=-811.2 K. cal.

If from this equation we subtract equation (c) then we get

2C2H4 (g) +2 H2 (g) @CQHG (g)

AH = —811.2 — (—745.6)

=-65.6 K. Cal.

65.6
So for CoHy (g) +Hz (g) — CaHs (g) AH= =" 32.8 K. Cal.
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4. Calculate the heat of formation of ammonia, given the heats of
combustion of ammonia and hydrogen is - 90.6 and - 68.3 K. Cal
mole respectively.

Answer:
Given 3 | 3
NH; + 4_102 - ENQ + EHQOAH = —90.6K.Cal (5.9)

1
H, + 502 =H,0AH = —68.3K.Cal (5.10)

3
Multiplying equation 5.10 by Eand subtracting the product from equa-

=11.85

Thus the reaction becomes

1 3
§N2+§H2:NH3 AH=-11.85 K. Cal.



Multiple Choice Questions

1. In exothermic process
(@) AH (0
(b) AH )0
(c) AH =0

(d) none of these

Answer:
(@)
2. In endothermic process
(a) AH (0
(b) AH)O
(c) AH =0

(d) none of these

Answer:

(b)

3. Heat of neutralization of a strong acid with a strong base is con-
stant since
(a) salts are formed

(b) only H* and OH ~ions react in each case

(c) strong acid and strong base react completely

(d) none of these

Answer:

(©)

4. When the change in number of moles of gaseous products and
reactants is zero, then
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(@) AH = AU
(b) AH)AU
(c) AH (AU

(d) none of these

Answer:
(@)
5. Heat of neutralization of any strong acid by any strong base in
dilute solution is always the same and the value is
(a) 14.5 K. Cal.
(b) -13.7 K. Cal
(c) 13.7 K. Cal.
(d) 15.5 K. Cal.

Answer:
©
6. Heat of combustion of a substance can have
(a) only (-) ve value i.e AHis (-) ve
(b) only (+) ve value i.e AHis (+) ve
(c) some times (+) ve, some times (-) ve value

(d) none of these

Answer:
(@)
7. If enthalpy of product is greater than that of reactants
(a) the reaction is endothermic
(b) the reaction is exothermic

(c) either exothermic or endothermic



8.

10.

(d) none of these

Answer:

(@)

Hess’s law is an application of
(a) second law of thermodynamics
(b) first law of thermodynamics
(c) third law of thermodynamics

(d) zeroth law of thermodynamics

Answer:

(b)
The enthalpy change occurring when a gm-molecule of a sub-
stance is formed from its constituent elements is called its

(a) heat of combustion

(b) heat of neutralization

(c) heat of formation

(d) none of these

Answer:

(©

The net thermal change which occurs when a gm-mole of solute
is completely dissolved in a solvent is called

(a) heat of dilution
(b) heat of neutralization
(c) heat of solution

(d) none
Chemistryl



Answer:

(©)



Exercise

1.

6.

7.

What is exothermic and endothermic process? Discuss with ex-
ample.

. What is the relation between heat of reaction at constant pressure

and heat of reaction at constant volume?

. State Hess’s law of constant heat summation? Explain how it can

be used to calculate the heats of formation.

. What is heat of neutralization? “Heat of neutralization of any

strong acid by any strong base in dilute solution is always the
same, but the value deviates in case of a weak acid or a weak
base” - justify the statement.

. Write notes on

(a) Heat of formation

(b) heat of combustion.
Write note on Kirchhoff’s Equation.

State the law of Lavoisier and Laplace.

1.

The enthalpy of formation of gaseous H,O at 298K and 1 atm
pressure is -241.82 kJ/mole. Calculate the AH; of H,O gas
at 373K. The heat capacity of H, (g) , O, (g) and H,O (g) is
33.58JK 'mole !, 28.84 JK 'mole !, and 29.37 JK 'mole ! re-
spectively. Assuming that heat capacity is independent of tem-
perature.

. The enthalpy change (AH) for a reaction

Az (g) + 3B, (g) —2AB; (g)

Is -100 KJ at 298K. What is AU at 298K?
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3. Calculate the standard enthalpy change(AH?) for the reaction
CH, (2) + 20, (g) = CO2 (g) +2H20 (1)

The standard enthalpies of formation of CH4(g), CO,(g) andH,O
(1) are -75.2 KJmole !, -390.5 KJmole !, and -285.7 KJmole ' re-
spectively.
4. From the following data, calculate the enthalpy of the formation of
C,Hs0OH at 298K.
(a) C,HsOH + 30, — 2CO, + 3H,0 AH1 =-1380.7 KImole !
(b) C + O, — CO, AH2 = -394.5 KJmole ! (3) H, + 0, —
H,O AH3 =-286.6 Kimole !

For hints & solutions of selective problems log on fto

www.matrixeducare.com



THERMODYNAMICS

Objectives

o First Law of Thermodynamics

e Second Law of Thermodynamics
¢ Entropy

e Free Energy

e Clausius Clapeyron Equation

e Gibbs Duhem Equation


Dr. A. K. Barick
Text Box


6.1 Simple mathematical expressions

Some simple formulae are often used in thermodynamic discussions.

6.1.1 Maximum minimum:

y=f(x)
: dy .
1. First of all we have to calculate I of the function.
X

d
2. Put d_y = 0, solve for x(obtained one/more values of x)
X
dy o ... .
3. Note for what value ofx, — changes its sign from positive to negative.

This is the condition for maximum value of the function.

d . .o .
4. For what value of x, s changes its sign from negative to positive. This

is the condition for minimum value of the function.

o d o
5. For some value of x it will be seen that d_y does not changes its sign.
X
This is the condition for neither maximum nor minimum of the func-

tion. This is known as the particular point of the function.

y=x>—5x*+5x°
dy
dx

d
or, 0=>5x* 20+ 15x(but d—y —0)
X

= 5x* —20x% 4+ 15x2

or, 5x°(x*—4x+3)=0

or, 5x2{x2—3x—x+3}:0
or, Sx*{x(x=3)—1(x—3)}=0
or, 5x*(x=3)(x—1)=0

d
Ifl<x<3 .'.—y:®ve
dx

d
Ifx>3 .'.—yZEBve
dx



So the minimum value will be

Y = 3°-5x3%4+5x%x33
= 243 —-405+135
= 378 —-405
= =27

d
Ifo<x<1 ,',—y:EBve
4 dx
x> 1 .'.—y:®ve
dx
So the maximum value will be

Y = 1P-5x1*+5x13
= 1-5+5=1

d

When 0 <x < 1 ,',—y:EBve
4 dx
x<0 .'.—yZEBve
dx

6.1.2 Partial Derivative:

Suppose a quantity Zis a function of two independent variables x and yi.e.

Z:f(xvy)

If the co-ordinates(x, y)change by the amount dxanddy, then the change in
the value of Zwill be given by

0Z 0Z
- (8) ().

oZ
Where <B_> is the rate of change in the magnitude of Zwhen yremains
X
)7

0Z
constant. Like wise <B_> is the rate of change in the magnitude of Zwhen
Y/ x

xremain constant.
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Suppose

x=f(y2) (6.1)
y=f(xz) (6.2)
From (6.1) we get,
ox ox
dx = <$>Z dy+ (a—z>ydz (6.3)
From (6.2) we get,
(9 dy
dy = <$>de+ <8_1>de (6.4)

From equation (6.3) we get,

ox dy 8y> } <8x>
— (&) (2 ol Y g
dx <8y>z{<8x>zdx+<az xdz + Py , Z
or, dx—<%> <@> dx = <B_x> <B_y> dz+<a—x> dz
dy/. \ox/, dy/ . \9dz/, dz/,

1. (a) Supposedz=0,dx # 0
ox dy\
-(5). (3). -0
CAR VA N
dy /. \ox Z_

o0x 1
Gy e

ox

or,

Let, PV =RT,x=P y=VandZ=T

oP 1
(w%@ oo



(b) Suppose dx =0 and dz # 0

ox dy ox
i = — 1} =0
(ay>z (az>x+ (az>y
«(5), (%), (%)
"\dy/, \ 0z x_ 0z y
or (%) (@) ___
"\oy/,\oz), (81)
y

ox

ox dy )
(a—y>z (a—)x(a);‘l ©7

Let, PV =RT, x=P, y=vand z=T
oP e\ oT
(&), (), (5e), = o

2. Let us consider 1 mole of an ideal gas

or,

PV = RT
RT
p = =
%
Y o1
P v ), W \v
1 RT
L _RT
TR v 3 (1
(a—P>T - {a—P (;)}
1 RT
=RT |~ | = -7 (6.10)
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B8, (B

2
—— = | = | [Weknow PV =RT]
P22 PV

(g—"j)T _ ﬁ(ﬂfoved)

RT

oP RT
RT [V R
PV (0T 1%
T==% (a?)vzﬁ (©.13)

(6.11) x (6.12) x (6.13) =
oP oV oT _ RT RV
), “\ar),“\ep), = V27 PR

RT

= ———(Weknow PV =RT)
PV

= —1(Proved)

6.1.3 Perfect Differential:

Let P and Q in the figure 6.1 have co-ordinates (x, y)and (x + Ax,y + Ay)
respectively. Suppose the transition from P to Q can be effected in two ways
along PRQ or PSQ.

In the path PRQ, we first change the variable x o x + Ax, y remaining con-
stant to reach the point R. Then x being kept constant as x + Ax the variable

yis altered to

y + Ay, till Q is reached. Then at R, the value of Zwould be 72, = Z; +



7oyt Ay )]
Ay

s fs) Pacs |y N

G
[73(x. ¥ a9l

o X

Figure 6.1: Perfect Differential

%)
ox /,

So at Q,

9%

dy
0Z;
<a )yAx Ay

) e e ()

az
—s—(ay'a)Ax Ay .. (6.14)

e
s

=71+ <%> M+<%>A
ox v dy

Similarly if we follow the path PSQ, the co-ordinate at the point S, would be
x,y+ Ayand the value of Zat the point S would be

z‘:zl+<%> Ay
dy /.,

So when the point Q is reached
(%),
Z3 = Z'+ Ax
ox
_ 0Z; J 0Z;
a4 () 2 (Gl (5)2]+)

. 821 821 aQZl
_Zl+<a_y>xAy+<ax>Ax+<a 5 >A Axoo (6.15)
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From (6.14) and (6.15) we get

P2 peay— TP Ay ax
dy ox YT o dy Y
0%Z, 9%Z,
o, —m— = ——
dy.dx Ox.dy
9’z 4
That is, if dZ; is a perfect differential, then o _ 24
dy.d0x  0dx.dy

Conversely, we can conclude that dzwill be a perfect differential when it is
found that

1. Z is a single valued function depending entirely on the instantaneous
values of x andy, (i.e. its magnitude at any moment or in any given
state is solely determined by the instantaneous values of x and yat that

moment in the given state).

2. dzbetween any two specified points or states is independent of the path

of transition.
3. §dz for complete cyclic process is equal to zero.
0’z Z

dy.ox - 0x.dy’

yy carried out in either order become equal to one another.

i.e. the second differential of Zwith respect to xand

Let us consider 1 gm mole of an ideal gas.

PV =
T:

(3), -
o |(55)] -

T 1
oV.oP R

Yo > < x| 35

or,

(6.16)



PV
R
ary P
(&), = ¥
d
(), =

9 [T\ P
oP \ov ), R
or,
9T 1
PV R 6.17)
From (6.16) and (6.17) we get
9T 0T
av.ap — apay \Freved)

6.1.4 Heat and Work:

If the piston of a cylinder containing a gas is quickly pushed, then the tem-
perature increases. If the temperature is not allowed to increase, the pressure
increases. If we increase the temperature at constant volume, the pressure
will increase. And if the pressure is increased at constant volume, the tem-
perature will increase. These suggest that there is a relationship between
temperature and pressure.

But a thermodynamic approach is to develop a relationship between pres-
sure and temperature through observations without assuming anything about

molecules.

6.2 Thermodynamic System

A system is defined as an object or a quantity of matter, i.e. a part of the
universe.

The system is enclosed by a boundary which separates it from the rest of the
universe.

All other parts of the universe, out side the boundary of the system, are called
the surroundings.

The boundary walls of a system may be of two types;
Chemistryl



1.

2.

The diathermal walls: permit the transmission of heat through them,

example :- a liquid contained in a glass vessel.

The adiabatic walls: do not allow any heat to enter into or to come
out of the system. Example: a liquid contained in silver mirrored

double walled Dewar flask.

e When a system undergoes a change, one or more of its thermo-
dynamic variables would also change. If as a result of series of
changes, the system returns to its initial state, its thermodynamic
parameter would also return to their original values. Such a pro-
cess is called a cyclic process.

e If a change takes place in such a way that the temperature re-
mains constant through out, it is called an isothermal process.

e On the other hand, if the change occurring in a thermally in-
sulated system which does not permit heat exchange with the

surroundings, is called an adiabatic process.

Thermodynamic Systems

1.
2.
3

Isolated system

Closed system

. Open system

Isolated System: Isolated system means a system when it is incapable

of exchanging either matter or energy with the surroundings.

Closed system: Closed system means a system where exchange of
energy with the surrounding is possible but no matter exchange is pos-
sible.

. Open system: Open system means a system which is capable of ex-

changing both energy and matter with the surrounding.

6.3 Extensive and intensive property

By extensive property we mean that energy of system will change with the

quantity of material present.



Example: Volume, surface area, energy.
By intensive property we mean that this is independent of the quantity of
material present.

Example: Temperature, pressure, density etc.

6.4 First Law of thermodynamics

The relation between heat and work is the origin of first law of thermody-
namics. This law may be stated as — Whenever heat is obtained from work
the amount of heat obtained is proportional to the work done, or conversely
if heat is transferred to work, there is a proportionality between work ob-
tained and heat disappeared. However, this law is derived from experiment.
Different scientists gave different statements on the basis of experiments.

1. Helmholtz’s statement:

The different forms of energy are interchangeable, but whenever en-
ergy of one kind disappears an equivalent amount of another kind or

kinds makes it appearance.
2. Clausius statement:

Various changes and transformation may occur but the total energy of

the universe must remain constant.
3. Ostwald’s statement:

A machine which does work without any supply of energy from out-
side is known as perpetual motion of the 1st kind. Ostwald enunciated
that perpetual motion of the 1st kind is impossible.
All the statements are identical in significance. All signify basically that —
“Energy can neither be created nor destroyed, but can be converted from one

form to another”. Thus 1st law is actually the law of conservation of energy.

6.4.1 Algebraic formulation of 1 * law:

Let a closed system is state ‘A’ having internal energy U;change to state B.

Let us assume that during transformation ‘g’ cal of heat was absorbed from
Chemistryl



surroundings and ‘W’ amount of work is done. Now heat absorbed by the
system is positive and heat given out from the system is negative.

If Uy= internal energy is state B.

Then net energy before transformation = U; + ¢

Net energy after transformation = Uy +W.

By the principle of conservation of energy
= U+qg = Uf +W
q = (Ur=U)+W
g = AU+W [AU =U;—-Uj]
Thus differential form is
dgq=dU +dw

Heat absorbed is equal to change in internal energy plus work done.

Skill Test

1. What is thermodynamic system?
What are the different types of thermodynamic system?
What is open system? Give an example.

What is extensive and intensive property? Give example in each case.

ook v

State 1* law of thermodynamics. Derive the mathematical form of 1%

law of thermodynamics.

6.5 Internal Energy (U)

A thermodynamic system by virtue of its very existence must possess a store
of energy.

Example:

1. zinc and Copper sulphate in a Daniel Cell react producing electrical

energy.

2. aliquid freezes into solid yielding heat energy.



3. Steam expands from higher to lower pressure yielding work of me-

chanical energy.

4. Carbon monoxide unites with oxygen to produce CO, and heat energy.

Definition: Internal energy of a thermodynamic system is the inherent en-
ergy possessed by the system within itself and it is denoted by the symbolU.
Origin of internal energy comes from the molecular movement of the work-
ing substances of the system. Thus in a gas, the kinetic energy of the random

moving molecules are responsible for the internal energy of the whole gas.

6.5.1 Characteristics:

There are some special characteristics of the internal energy.
1. Extensive property
The internal energy is an extensive property [open system =f(n)]

2. When a system changes from a thermodynamic state A to a thermo-
dynamic state B, its internal energy will also change. If Uy and Ug
indicate the internal energy of the two states then the change in inter-
nal energy

AU =Up— Uy

3. State function

Magnitude of the internal energy is dependent only on the state of the
system. Again, in case of a gas of constant composition the state is
defined by three parameters P, V and T. For those being related by an
equation of state and any two parameters are regarded as independent
quantity;

U = f(State)

U=fPV),U=fV,T);U=f(PT)

Perfect Differential

Internal energy U of a given system depends only on the state of the

system and hence is dependent on any two (say P, Tor V, T or P, V) of
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the three common variables (P, V, T). dUis then the perfect differential

U U
oP.0T 9T .oP

(a) Uis asingle valued function depending on the instantaneous val-
ues of Pand T.
(b) dUbetween any two specified points or state is independent of

the path of transformation.

(c) dU for complete cyclic process is equal to zero.
o*U o*U
(d)

oP.OT OT.0P.
and P carried out in either order become equal to one another.

i.e. second differential of U with respect to T

(e) U is a function of two independent variables P and T i.e.
AU = a—U AP + a—U AT
oP /), aT ) p

4. (a) Absorption of heat usually increases the internal energy of the

system.

(b) Rejection of heat by the system decreases the internal energy of

the system.

(c) But changes in internal energy in a cyclic process are zero.

6.5.2 Physical significance

If a system absorbs heat at constant volume (dV = 0)
Then W = [ PdV =0
So from first law of thermodynamics

dg = dU +dW

or, dq =dU + PdV

At constant volume dV=0
(dq)y = (dU)y +0

or, (dq)y = (dU)y



Thus the function of internal energy is such that its change is equal to the

heat absorbed by the system at constant volume.

6.5.3 Mathematical expression for change in internal energy
U = f(State)

= f(T,V)

If the temperature and volume of the system changes by dT and dV, then the

corresponding change in internal energy is expressed by,
oU oUu
dU = | =) dT+| =] dV
aTr /, v ),
0 oU
= (%) ar+ (&) av
aTr /, v ),
oUu 1 [ dq
= nCydT — | dV |H Cy =-| =—
wcvat +(5g ) av [t v n<aT>v}

Since Cy or molar heat capacity of a gas in constant volume is defined as the

energy required to raise the temperature.

From first law of thermodynamics

dg = dU +dwW
dU = dg—dW
dq

= TdS — PdV [Since by definitiondS = ?]

Differentiating both sides with respect to volume at constant temperature we

WY _p(38) _p
av ), T \aV/;

A oP
Since from Maxwell’s relation | — = =
1% T v

get
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Thus

oP
dU =nCydT + |T|{ =— | —P|dV
oT v
For ideal gas PV =nRT
nRT
P=——
1%

oP R
— | = n—[for closed system]
or), Vv

dU = nCydT+ {TX%R—P} dv
= nCydT +[P—P|dV
= nCydT

dU = nCydT

or, AU =n CV(T2 - T])
For real gas

For real gas obeying Vander Waals’ equation we have

n’a
<P+ W) (v—nb) =nRT

Differentiating both sides with respect to temperature at constant volume we

oP _ nR 0
oT V_V—nb

2
r (9P _ nRT__p, e
or ), V —nb V2

get



Thus

= nCydT +

w = acvars[r(2) o]
|

P—&———P} av

n
dU = nCVdT—‘rWdV

U 3 Vzdv
/dU = nCv/dT—&—nza/W
U Ti Vi

1%

1
o, (Uy—U))=nCy(Th,—Ty) —n a{ }
Vi,

1 1
AU =nCy(T, —Th) — —_——
or, nCy(T,—Ty) na{v2 Vl}
For isothermal process dT=0
For ideal gas the change in internal energy in isothermal process is (AU )7 =
nCy x0=20

For real gas the change in internal energy in isothermal process is

(AU)r =nCy x0— : :
nla|———
Tty Vo W

or, (AU)r = n? F—l}

Vi oV,
Skill Test

1. What is internal energy of a system?

2. Whether internal energy is an extensive or intensive property — Ex-

plain.
3. What are the characteristics of internal energy?
4. What is the physical significance of internal energy?

5. What is the expression of change in internal energy for nmole of ideal

gas?
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6.6 Enthalpy or Heat Content (H)

Enthalpy of any thermodynamic system is the measure of the total energy of
the system.

In case of a gas, the product of pressure (P) and volume (V) is expressed
as energy. The sum of these two energy terms associated with the system
namely the internal energy (U) and PV energy is known as enthalpy or heat

content.
Heat content = Internal energy + (Pressure x Volume) energy

H=U+PV

6.6.1 Characteristics :

There are some special characteristics of enthalpy.
1. State function : Magnitude of enthalpy is dependent only on the
state of the system. As in case of gas, the state is defined by three

parameters, P.V and T. So we can write mathematically
H = f(State)

= H=f(P,T)

= f'(RV)
=f"(v.T)

2. When a system changes from a thermodynamic state A to B, its en-
thalpy will also change. If Hqand Hg denote enthalpies in the two
states then the change in enthalpy.

AH = Hp — Hy

3. Extensive Property

Since the volume (V) and internal energy (U) are dependent on the
number of moles present in a gaseous system and their motion. Thus

enthalpy must be dependent on mass of the gases.



In open system
H = f(n) [n = number of moles present in the system]
. Perfect Differential

Since enthalpy is only dependent on the initial and final state of the
system and not on the manner in which the change is carried out, is

called the path independent and hence it is a perfect differential.

AH] = AH]]

1

/\ Q B
Py, V1. T1) (P2, V2, Ta)

I

Let a change takes place by path I from state A to B. Suppose change
of parameter (say V) takes place first followed by the change in the
other parameter (say T) to reach state B from A. Again by path II
change takes place from state A to B but the change of parameter takes

place in the just opposite way to that of L.

In both cases, we shall find the change in enthalpy is identical. So
mathematically,
o’H 0°H
oV.oT ~ 9T .oV
(a) His asingle valued function depending on the instantaneous val-

ues of Vand T.

(b) dH between any two specified points or state is independent of

the path of transformation.

(c) dH for a complete cyclic process is equal to zero.
@ F’H _ OPH
oV.oT OdT .oV
and V carried out in either order become equal to one another.
Chemistryl
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6.6.2 Physical Significance

If a system absorb heat at constant pressure (dP = 0)
So from first law of thermodynamics
dq=dU+dw

or, dq =dU + PdV

at constant pressure
(dg)p = (dU)p+PdV

Again, from the definition of enthalpy

H=U+PV

or, dH =dU +PdV +VdP

At constant pressure dP =0
(dH)p = (dU)p + PdV

or, (dH)p = (dq)p

Thus the function enthalpy is such that its change is equal to the heat ab-

sorbed by the system at constant pressure.

6.6.3 Mathematical expression for change in enthalpy

H = f(state)

= f(PT)

If the temperature and pressure of a system changes by dTand dP respec-



tively then the corresponding change in enthalpy be
H H
8_ dP + a— dT
oP /), oT / p
oH d
— (Z) ap+ (XY ar
oP /), aT J p
oH 1 /9q
= nCpdT — | dP |HereCp=—| —
" +<aP>T { renr ”<8T>J

From definition of enthalpy

dH

H=U+PV
or, dH =dU + PdV +VdP
=dq+VdP

d
— TdS + VdP [Since by definition dS = ?‘]]

Differentiating both sides with respect to pressure at constant temperature,

oP ), ~\oP/,

Since from Maxwell’s relation
B) ()
oP), oT ) p
N () Ly
oP), oT

aV
nCpdT + {—T (a—T>P+V} dP

we get

dH
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For ideal gas

PV = nRT
vV o— nRT
P
oV _ nR
aT), P
nR
dH = nCpdT + {—TxFJrV} dP
=dH = nCpdT +[-V+V]|dP
=dH = nCpdT

Integrating left hand side between Hjand H, and right hand side between

H> Vi
/dH:nCp/dT
H, T

or, (H2 —Hl) = nCp(T2 —Tl)

Ty and T, we get

or, AH=nCp(T, —T{)
For real gas

For real gas obeying Vander Waals’ equation is
n’a
P+ V2 (v—nb) =nRT

PV 4+ n*a Prb n3ab
or, — — Pnb—
1% V3

p oV 5 1 oV 0 2,40 2 1% R
or, _8 P+n al\ —— _8 P— —n-a -3 _8 ) =n
<8V ) { nza 2n3ab} n
or, oT P V2 V3

negligible

or <8V> _ nR
B a_T _—2
poop_ N

=nRT



P=y2
wr(2) o
’ o/ p <P+’12_a> @
V2 V2
nRT

- nRT 2n’a
V—nb V2

_ nRT
[ L2
V—nb V2RT

is quite small and so negligible

1%
or, T <B_T>P = (V —nb)

1%
dH = nCpdT + {—T (a—T>P+V} dp

=nCpdT + [—(V —nb) +V]dp
= nCpdT + [~V +nb+V] dP

dH = nCpdT +nb dP

Integrating LHS between H; and H, and RHS between Ty and T> and P to P>

we get,
Hy 3 P
/dH:nCp/dT+nb /dp
H T Py

or, (H2 —H]) = nCP(TQ - T]) —‘rnb(PQ —Pl)
or, AH = nCp(T2 — T]) +nb(P2 —Pl)
For isothermal process dT=0

For ideal gas the change in enthalpy in isothermal process is (AH )7 = nCp X

0=0
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For real gas the change in enthalpy in isothermal process is
(AH)T =nCp X 0+nb(P2 —Pl)

(AH)T = nb(PQ —Pl)

Skill Test

1. What is enthalpy of a system?

2. Whether enthalpy is an extensive or intensive property — Explain.
3. What are the characteristics of enthalpy?

4. What is the physical significance of enthalpy?

5. What is the expression of change in enthalpy for n mole of ideal gas?

6.7 Heat Capacity (C)

Definition: Molar heat capacity (C) is the amount of heat required to raise
the temperature of 1 mole of the substance through 1°K

Mathematically C = 3—;{

Where dgis the amount of heat required to raise the temperature d7 for 1
mole of the substance.

Unit

Cal degre(f1 mole™!

There are two types of heat capacity

1. Molar heat capacity at constant pressure (Cp)

2. Molar heat capacity at constant volume (Cy)

C %q oH t stant pressuredH, d
= — | == at con ur =
P T ), T ), p p=daqgp
0 U
Cy = (8_;]"> ) = <B_T> ) , at constant volume dqy = dUy

oH oUu
ar-cr = (57),~ (&),



By definition

H = U+PV

(30, - (), ()
oT ),  \OT /), oT ) »

U aV U
Cr—Cv = (a?)ﬁ”(a?):(a?)v

Again, U = f(V,T)

v - () ()
(), - (),5)(3),
o (), (0) (30 o), 3,
- (9,3) (),

Again from 1% law of thermodynamics

dg = dU+dw
dU = dg—dw
— TdS—PdV

), - (3,
v ). v /),
From Maxwell’s relation we know that
WY (),
1% T oT v
oP 1% 1%
v = Ha—T)V‘P} (a—T>ﬁP<a—T>P
() () (%) p(
oT v oT p oT p oT p
oP 1%
e = 7(5), (3r),
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6.7.1 Discussion

oT
(+)ve. Cp > Cy

oP oV .. .
1. T,| == ) and | == ) are always positive. Thus Cp — Cy is always
14 oT /) p
2. At absolute zero, i.e. when T = 0°K

CP—CV :OOI”CPZCV
But it is a hypothetical case.

3. Thus for water at 4°C under a pressure of 1 atom, density (d) is maxi-

mum and volume (V) is minimum

a="
V

=0

1%
But differential of a minimum quantity = 0 or < ) =
P

or
Cpr—Cy =0
or, Cp :CV

4. For ideal gas

PV =RT [for 1 mole]



R R
=T X — X —
Vv P
RT
=RX— =R
PV

5. For real gas

For real gas obeying Vander Waals’ equation

(P + %) (V. —Db) =RT [forlmole]

RT a

V—b V2
P\ R
or), V-—b

vl pp- 9 _gr
v V2o

1% a [V ab(=2) (oV\
”(a—T>P V2 <a7>p_°_—v3 (a?)fR

p(VY _ @ (VY [2ab [V o
°t"\or /), vz\or /), v3 \ar

P
VN |p_a  2ab]
oT ) » V2oV

|
neglectingthisterm

aV [P a } R
or, | =— ——| =

aT / » V2

8V> R R
o, | =— | = 7

%4 V2 V2
R
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R R
X
V—-b RT 2a
V—b V2
RT R

T W_b) " RT 2a(V —b)
m{l‘ V2RT }

—1
:Rx{l_w}
V2RT

=T X

Expanding and neglecting the higher power terms

2a(V —b))

Cpr—Cy=Rx (1
Pty X<+V2RT

2aV 2ab
=Rx |1+

V2RT V2RT
!

neglectingthisterm

—r(1+22
- V2RT

g1+
o RTV

2ap RT

6. For real gas without intermolecular force of attraction

For real gas obeying Vander Waals’ equation is

a
<P+ W) (V —b) =RT
Inter molecular force of attraction represented by %being assumed to
be absent,

ie. — =0

V2
P(V —b) =RT



RT

7P:
Or, (V—b)

P\ R
or ), V-—b

vV
”(a—f>P‘°:R

Again PV — Pb=RT

=R
. For a gas having molecules like geometrical point, then b = 0.
Thus Vander Waals’ equation is

(P + %) V =RT

a
PV—&-V—RT:O
(), (5), oo
or /), V2\oT/,
[0)¢ (a_v> :L
) )
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R B R
RT 2a\ RT : 2a
Vv V2 1% RTV

RT oP R
AgainP:——i< ) ==

v v2\ar), Vv
oP )%
C”‘Cva(a—T)V(a—T)P
R R
=7 X — X
%

RT | 2a
\% RTV
—1
2
—Rr{1-=¢
RTV

2
Cpr—Cy =R (1 + %) (Expanding and neglecting higher power

terms.)

Skill Test

1. What is heat capacity?

2. What is the unit of heat capacity?

3. What are the different types of heat capacity?

4. Derive the expression of change in heat capacity.

5. On which condition Cp = Cy.

6.8 Change of State

The change that take place in nature are termed as natural or spontaneous
process c¢.g. flow of water from upper level to lower level, falling of a body,
passing of heat from a body at higher temperature to a body at lower temper-
ature.

This change may take place as a result of some unbalance in intensive prop-

ertiese.g. Pand T



This can be explained with the help of storms or cyclones. Normally the
pressure is same everywhere. If for some reason the pressure of a particular
place is lowered, air will rush in from outside leading to very high rate of air
flow and this causes the storm.

Let us suppose that some gas is kept in a cylinder covered by a movable
weightless piston. The gas exerts some pressure at the piston and this pres-
sure at the specific volume may or may not be identical with atmospheric
pressure. If they are different the piston will move in the direction of lower
pressure. Because the properties like volume, gas pressure will change ev-
ery moment. Then after a certain time the gas pressure will become identical
with the external pressure, then the piston will not move. The pressure, vol-
ume and temperature of the gas will not change with time that means a state
of equilibrium has been reached. This means an equilibrium state is one
where properties are not changing with time. This definition is sufficient for
isolated system.

But this definition is not sufficient for non isolated systems. For non isolated

systems, a system is in equilibrium when

1. the properties do not change with time

2. removal of the system from contact with the surroundings causes no

change of properties.

If condition

1. is satisfied and condition

2. is not satisfied, then the system is in a steady state.
Example
A metal rod in contact at one end with a large body at 180° and in contact
with another large body at 160° at the other end is in a steady state.
A state can be at equilibrium or thermodynamic equilibrium if it is at me-
chanical, thermal or chemical equilibrium.
If there is imbalance of force between different parts of a system and between
the system and surroundings, then there is no net observable movement and
the system is at mechanical equilibrium.

This does not mean that the pressure or force is same everywhere. It means
Chemistryl



that there is no disbalance e.g. a column of water.

If the temperature is same throughout the system and there is no difference
of temperature between the system and the surroundings then the system is
at thermal equilibrium.

If there is no thermal equilibrium, heat will move form high to low temper-
ature and this may lead to mechanical movement also. Balance of pressure
and temperature is sufficient for the equilibrium of non reacting system.
But if there is chemical interaction, there can’t be equilibrium even if there is
no imbalance in P and T. Thus if the chemical composition is same through-
out and unchanging , the system is at chemical equilibrium.

Once a system is in equilibrium and the surroundings are kept unchanged,

DViTy PV, Ty

no motion will take place. There will be no change and hence no work. Work
can be done if some intensive properties are changed.

Let the initial state of a system (A) be designated by P;, V1, T1 and let the
external pressure be made P,. There will be change until the gas pressure is
also P».

Let the new state B be designated as P, V; and T5.

The change may be isothermal (7} = T5), isobaric (P; = P»)or isochoric
(Vi=W).

If we go from state A to B, and then again come back to state A, the change
is cyclic. A change or a process may be reversible or irreversible.

If the system and surroundings are restored to their initial conditions after a
cyclic change, then the change is termed as reversible.

A system may undergo a change of state from state A to B by a single step
or through a specified sequence of intermediate steps. The state B has again
to be changed to A by traversing the same sequence in reverse order for the

purpose of checking whether the change is reversible or not.



If after such a cycle the surroundings are not restored to their initial condi-
tion, then the change is irreversible.

Let us suppose that a certain amount of ideal gas is kept in a vessel

m,

M=m | mp

PV, T

and is covered by a piston. Let the pressure, temperature and volume be
Py, T and V| . The system is at equilibrium and hence the external pressure
is equal to P; also.

Let say two boxes of sand of mass M is placed over the piston. Now the
external pressure is suddenly reduced toP>. This is achieved here by raising
one box of sand corresponding to massm;.

As a result of this finite unbalance, the condition of mechanical equilibrium
is disturbed. Due to raising one box the piston moves outwards at a high
speed and as a result there may be a difference of temperature near the piston
and away from it. Due to friction, some heat may be released. Same thing
will take place during compression. Even if the piston is frictionless and
there is no change of temperature, the universe can not be restored to its
original condition after a cyclic change.

Then the work done by the system is, Wyp = P>(V> — V}) and the work is
positive.

It cannot be returned to initial state A unless some extra weight is added. Let
the sand box of weight m; be again placed over the piston so that there is
now mass of weight M. The piston is lowered and the initial volume V; is
reached.

The work done against pressure P; is now
Wpa = P (V1 —V2)

Wpga 1s obviously negative.
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Naturally work done in the whole cycle is
ch = Wap +Wpa 7é 0
That means it is proved that, in irreversible change

Wey #0

6.8.1 Work done in isothermal reversible process

Suppose n moles of a perfect gas are enclosed in a cylinder by a friction-
less piston. The whole cylinder is kept in a large constant temperature bath
atT°K. Any change that would occur to the system is isothermal. There is a
latch at the top B, and the piston can not move beyond that. The volume of
the gas when the piston is at B isV,. When the piston is at the point A, the

volume of the gas isV;. The aim is to expand the gas from volumeV; fo V,.

But we can carryout the process in the following way. Let the pressure P
be reduced by an infinitesimal amountdP. Let the new pressure be Pl/ =
P] - dp

The work would be dW = (P; —dP)dV.
The change in volume would be small and equal todV .

The new pressure be again reduced slightly so that it changes to P/ = Pl/ —
dP

Then the work would be dW = (Pl/ —dP)dV

The process may be repeated by such infinite number of successive steps that

the gas may be expanded from volumeV;to V5.

The net work for all the minute stages would be

Vs Vs
/dW =Y (P—dP)dV = /PdV—/deV
Vi Vi



Since d pand dV are infinitesimal quantity, dPdV is negligible

\%)

/dW = /PdV
Vi
v, V2nRT %
or,W:fpdv:fn—dv:nRTln—2 PV =nRT or,P = ——
Vi Vi V V] V
V.
W = nRT In—=
Vi
Py
=nRT In—
P,

) Vo P . . .
Since 72 = Fl there is an isothermal expansion of perfect gas.
1 2

Relation between AH and AU
At constant pressure
AHp = AUp + PAV

For gaseous system
PAV =P(V;—V;)

= n/RT —n;RT
= (ny —n;)RT
= PAV = AnRT

Skill Test

nRT

1. What is the difference between equilibrium and steady state?

2. What is mechanical equilibrium? Give an example.

3. What is reversible and irreversible process?

4. How will you prove that in irreversible cyclic process W,, # 0?
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6.9 Out come of first law of thermodynamics

1. Isobaric process
Isobaric process i.e. process at constant pressure (dP = 0)

From 1* law of thermodynamics we have

dgp = dUp+dWp[Suffix P denotes constant pressure)
= dUp+ (PdV)p
= dHp
H = U+PV

dH = dU+PdV +VdP
dHp = dUp+ (PdV)p+0
(dH)p = dUp+ (PdV)p
Thus heat absorbed at constant pressure is utilized partly to increase
internal energy and rest is used in work done.
2. Isochoric change
Isochoric change i.e. process at constant volume (dV = 0)
From 1* law of thermodynamics we have
dqgy = dUy + (dW)y|[ Suffix Vdenotes constant volume]
or,dqgy = dUy +0
or, dgy = dUy

Thus heat absorbed at constant volume is fully utilized to increase

internal energy.
3. Isothermal Change
Isothermal change i.e. process at constant temperature (d7 = 0)

From 1* law of thermodynamics we have

dgr = dUr +dWr



6.9.1 Ideal gas

dgr =0+dWr
= d(]T =dWr

Thus total heat is utilized to do work at constant temperature.

Reversible Process
(O1)rev = (Wr) 1y
Vs
— / PdV
PV

V-
* nRT nRT
:/—dV PV =nRT or,P = —
Vv Vv

Vi

V.
— nRT In 2
Vi

P
=nRT In—
P

Irreversible Process
(QT ) irrev — (WT ) irrev

Va
= Lapplied /dv
Vi

= LFapplied (VZ -V ))

RT RT
P (n_ — n_) [Applied pressure = final pressure =P»]

P, Py
P
— nRT (1 _ —2>
Py
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6.9.2 For real gas (obeying Vander Waals’ equation)

nza

dUT = de N dHT =nbdP

dgr = dUr +dWr

nza

Reversible Process

Va av P,Va
(QT)rev :nza/W"‘r / pPdv
Vi P,y

Fav /7 uRT 2
) n na
_ ad M) gy
"a/v2 +/<V—nb) v2>

Vi Vi

For Vander Waals’ equation we know that

2
n-a
<P+ W) (V—nb) =nRT

p nRT n%a
r, P = - —
© V_nb V2

V2 p) Va
, [av v, [dv
(QT)rev:na/W-‘rnRT V—nb_na %)

Vi \% \%
Va
dv
= nRT /
V —nb
Vi
V2 —nb

(QT)rev = nRT In Vi —nb

dWT = d(]T — dUT
\%3 \%)
dv , [dV
=nRT / n

V—nb “ vz
V| VI




Here (QT)rev 7é (WT)rev
Irreversible process

Fav 7
(QT)irrev = n2a /W +P2 /dv

Vi Vi

11"
= n’a {——} +P,(Voa—V1)
\% Vi

1 1
2
— - P _
—na{v2 VJ-&- » (V2= V1)

1 1 nRT  n*a
2
= — —— —— |\, =V
"a{vl V2}+<V2—nb vf)“ %

6.10 Adiabatic Change

Adiabatic change involves no heat transfer (dg = 0)

From 1% law of thermodynamics
0= dUadia + dWadia

or, (dU)adia = _(dW)adia

6.10.1 Adiabatic Work

We know for adiabatic process
Wadia = —AUudia

= —nCy dT (for ideal gas)
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= —nCV(TQ —T])

T\ = Initial temperature
:nCV(T1 —Tz) .
T, = Final temperature
PiVy PV,
=nCy | — ——— R=Cp—C
. V( nR nR ) [ p=Cvl
Cy R Cp
=—(PV, - PV, —=—-1
R (PLVI —PVa) (Cv Cy )
1 R
= ——(PV1 —PV) <—=Y—1>
_ Cy

6.10.2 Inter relation between thermodynamic parameters

Reversible Process
In an adiabatic reversible change g =0

So from first law of thermodynamics
AU = —W

= dU = —dW

= nCydT = —PdV

RT RT
[from ideal gas PV = nRT = nCydT = —anV p= ”7]

1. Now integrating left hand side between temperature 77 and T, and

right hand side between volume V| and V, we get,

T Vs
av
/nCVdT = —nRT ——
%
T; Vi
T ar vdy
or,nCy [ — =—-nR [ —
T; T Vi 14
2 Va
o,Cy In-==—RIn— [Cp—Cy =R



o,bn=-—=——Ih— ——1=—
T Gy Vi Gy Cy
T RV R

or,In=2 = —In— or(y—1)=—
n & W C

or,
7, v
T VQY
T Vlyf1 = T2V2’Y71 = T3V3y71 = = Constant
So the general formula is T7VY~! = Constant
. We have Tlvﬁ*‘ = TQVQ\F1
From an ideal gas, we know P,V| = RT| and P,V, = RT,
PV T
PV, T
I, PV,
or, — = ——
L PV
vi\"' PW» D
or, [ — = ===
Va PV T
virl P
or, —71 = -
vy PV,
or, ViV = pav) !
or,
PV =PV, (6.19)
So we can write Py VQY = PQVQY = P3V3Y = = Constant

So the general expression is PVY =Constant.
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3. From equation (6.18) we get T} Vlyf1 = TQV;(*1
From equation (6.19) we get P Vly = PQVQY
vitl o

From equation (6.18) we get —— =
vy bmn

v\l
or, | — ==
%) T

P T
P\ (DY
or, | — ==
P, T,
Y Y
or d - = L 1
> pY— Y
Pl P2
) T]Y TQY T3Y
So we can write T = 1 = T = = Constant
Pl P2 P3
Ty

So the general expression is = Constant.

Pr-1
Irreversible process
We have AU = —Wiypey

= nCVdT = _P(Av)irrev

= nCy(Th —T) = —P2(Vo —V)) [P, = final pressure]

nRT nRT
=>nCV(T2—T1):—P2< 2_ 1)

) Py

P
:>I1CV(T2—T1) =—nR|T,—T }T
1

P,
:>Cv(T2—T1) =—R| T, —-T }T
1



6.10.3 P -V Curve

d
Now the slope of P — V curve is obtained form i

For adiabatic reversible change

K/
P=—
VY
dP — W K/
av adia B vl
P
For isothermal change
K
P=—
14
P\ K P
av)., V@ VvV

In both, the change in the slope is negative since 7y is greater than 1. The slope

of adiabatic P — V curve will be steeper than isothermal curve as follows

dp P dP
).~ "\v) "\
adia isothermal
d d
() () ™7
av adia av isothermal

Isothermal

Adiabalic
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6.11 Cyclic Change

Cyclic change i.e. system returns to its original state

?{ dg = ?{ dU + 7{ dw
Since in a cyclic process the state does not change, so the change in internal
?{ dU =0
7{ dg =0+ 7{ aw
or %dq = %dW

= qg=W

energy is zero.

Thus net work done is equal to the heat evolved in a cyclic process.

6.11.1 Adiabatic reversible process

We know that work done in adiabatic process

Wa :/PdV

1%
i ! Vi = Initial volume of the system
Vi

Vo = Final volume of the system
For an adiabatic reversible process PVY = Constant = K(Say)

P=—
(741

Vs K
Vi

v
5
_fy+1 v




Vi
==
1—vy !
K - 1
= {VQ v Y}
Y

Let the initial pressure and volume of the system be P and V;, and the final
pressure and volume of the system be P, and V; respectively.
P Vly = PQVQY = constant = K (say)

1

1— 1—
Wiadia) = m[l’zvzy v, T=Pviv

‘

= [PV, — P V]
=Y

This is the expression for work done in adiabatic reversible process.

6.12 Joules Experiment :-

p—

Gay Lussac and, later on, Joule carried out some interesting experiments to
find out the internal energy change of a gas. Two bulbs A and B connected
by a stop-cock at the middle were kept immersed in the water of a bath.
Initially the bulb A was filled with a gas and B was practically evacuated.
When thermal equilibrium was established, the stop-cock was opened. The

gas was readily passed into B. Since gas expands against a zero pressure.

Work W = 0
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Very careful and repeated observations revealed no change in the tempera-
ture of the bath or the bulbs : i.e. dg =0
Hence from 1% law

dU =dg—W =0

U=f\V.T)
U U
dU = <W>T av+ (—T>VdT
dT =0 dU= (a—U> 4V =0
14 T
But U
v #0 <W>T —0 (6.20)
o (), (%), (),
g\av ), ~\er ) \av ), ~
But ap ou
(7),70 (%), @20

It was later found, from Joule and Thomson’s experiments, that the above
mentioned relations are strictly true for ideal gases. For real gases (%) :
is a small positive quantity.
Besides, ideal gases obey Boyle’s Law
Hence

d(PV)

Further, the enthalpy, H = U + PV

(3r), = (), + (o),

But for ideal gases, each term on the right hand side equal to zero,

a—H = 0and tl 8_H> =0
o) = and consequently | ~ =

The behaviour of ideal gases, may then be summarized as

M



oH oH
© (a?)f <W>T:°

Skill Test

1. Derive the expression of heat absorbed in reversible isothermal pro-

cess for ideal gas?

2. Derive the expression of heat absorbed in irreversible isothermal pro-
cess for ideal gas?
3. Show that for Vander Waals’ gas (Q7),,, 7 (Wr) .-

4. Derive the expression of work done in adiabatic reversible process.

5. What is the relation between temperature and pressure in adiabatic

reversible process?
6. Discuss about the slope of adiabatic and isothermal P-V curve.

7. Justify the statement — “ the net work done is equal to the heat evolved

in a cyclic process”.

6.13 The Second Law of Thermodynamics

From the first law we know that

1. the different forms of energy are interconvert able
and

2. when one form of energy disappears an equivalent amount of another
kind must appear.
But the first law does not indicate whether a transformation (or transfer)
would at all occur and if it occurs to what extent or in which direction the
transformation would take place.
The 2nd law of thermodynamics has been stated by different scientists in
different forms as:

1. Clausius’s statement
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It is impossible for a self acting machine (unaided by any external
energy or agency) to convey heat from a body at lower temperature to

another body at higher temperature.
2. Kelvin’s statement

It is impossible by an engine to derive mechanical work from any por-
tion of matter by cooling it below the temperature of the coldest of the

surroundings.
All these statements differ in language, but signify the same idea.

“Work can be obtained when heat flows from higher temperature to

lower temperature”

3. It is impossible to construct an engine, working in a cycle, which can
convert heat completely into (the equal amount of) work without pro-

viding change elsewhere.
4. Ostwald’s statement

It is impossible to construct a perpetual motion machine of the sec-
ond kind, i.e. a machine which will continuously take up heat from a
reservoir (there by gradually cooling the reservoir) and convert it fully
into work.
Heat can not be completely converted into work i.e. conversion of heat into
work without compensation is impossible.
Thus all the statements signify the same idea: “Engine of unit efficiency
cannot be developed”.
Conclusion
Work can be obtained from heat only when heat is allowed to flow from a
body at higher temperature (source) to a body at lower temperature (sink).
Under this condition, only a fraction of the supplied heat is converted into

work.

6.14 Carnot cycle

According to 1st law of thermodynamics, heat can be converted into work.

But it says nothing about —



1. The condition of conversion and

2. The extent of conversion
The brilliant French engineer Sadi Carnot in 1824 developed a cyclic process

and explained clearly how and to what extent work is obtained from heat.

Requirement

1. System: Perfect gas, enclosed in a cylinder, fitted with weightless,

frictionless movable piston.
2. Surroundings:

(a) High temperature thermostat (source) ? supplier of heat
(b) Low temperature thermostat (sink) ? acceptor of heat
(c¢) Thermally insulated jacket

(d) Process: The process is cycle process

What is an Engine?

Engine is an inanimate material agency which works in a reversible

process and can convert one form of energy into another
(a) Heat engine which converts heat into work.
(b) Galvanic cell (i.e. Electro chemical cell) which converts chemi-
cal energy into electrical energy.

Thermodynamical Engine

Carnot cycle involves 4 stages which can be represented diagrammati-
cally as follows, where the pressures and the volumes are being plotted

as ordinate and abscissa respectively.

Indicator Diagram

At the start, the working substance is kept in the source till it attains
the temperature of the source. Thus the temperature of the system

becomes T.
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B (P.V.T)

(P3.V3.T')

(P4.Va, T

Figure 6.2: Indicator Diagram

Let the corresponding pressure and volume beP; and V;. This condi-
tion of the system is represented by the point A in the diagram. Then
the system is subjected to the following operations, also represented
in the P-V] indicator diagram. The total enclosed area (m ABCD)

represents the work obtained.
Operation - 1

The cylinder having 1 mole of gas and the gas is allowed to expand

isothermally and reversibly from the volume V; to the volume V5.

The heat absorbed by the gas = Q (say)
%

The work done by the gas W = RT In 72
1

%
Since the gas is ideal, we know, Q = RT In 72
1

Operation I1

The cylinder is next taken out of the thermostat and kept in a thermally
insulated enclosure. The gas is allowed to expand further from volume
V, to volume V3 adiabatically and reversibly until the temperature falls
down to that of the sink T!

The heat absorbed by the gas =Nil.
The work done by the gas = C, (T - T

(Cy is the heat capacity of the gas).



Operation I11

The cylinder is then placed in a thermostat at temperature T' (sink);
the gas is compressed isothermally and reversibly until the volume

changes to V4 from V3

The heat given out by gas = Q' (say)

V4
The work done by the gas = RT'In V3

[Since V4 is smaller than V3, the work is negative which means work

is done on the gas]
Operation IV

The cylinder is now thermally isolated as in operation II. The gas is
then adiabatically and reversibly compressed to its initial volume V
and its original temperature T is attained. The gas thus comes back to

its initial state.
The heat absorbed by the gas = Nil
The work done by the gas = C, (T'-T)

The net work done by the gas in the complete cycle,
V. V.
w :RT1n72+cv (T -7 +RT‘1n74+cv (T' —7)
1 3

1% 1%
— RTIn 2 + RT'In2
Vi Vi

But considering the adiabatic changes in operation II and IV we get

v =T'v{ . (6.23)

vyt =TV (6.24)
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Vv, V.
Dividing 72 = 73
1 4

-~ W=RT lnE—RTllnE
V Vi

1
CR(T—TN\ 1 2
=R(T T)lnv1

The efficiency of the process is given by the equation

%)

W R(T—T‘)ln71 T_Tl—l 7!
n_Q - RTlnE T T
Vi

T-T!
W = Qx T

This relation expresses the maximum amount of work obtained from
the heat flowing from T to T'. This is the mathematical form of the

second law.

Corollary 1

If the process be completely adiabatic i.e.

(a) No heat is absorbed (taken from the source 0).

.0 =0then Wy =0

.. No work can be obtained.



(b) No heat is rejected to the sink i.e. Q/ =0

w o= 0-0
0-o - T—-T/
T
o/ T/
or, 1—6 = —?
o/ T/
or, E = T
o, 0 = oL
T/
W T=T
. max T
= Q—/xTxT_T/
T/ T

i.e. no work can be obtained.

Hence to have work, heat must be supplied to the system from the
source and more over some heat must be rejected to the sink by the

system i.¢. heat must flow from source to sink.
Corollary 11

(a) If the process is carried out under isothermal condition,

T-—T/
=0

ie. T =T" then Wpax = (0]
i.e. no work can be obtained by opening the engine under isother-
mal condition.

(b) If T' > T then Wpyax = —ve
i.e. work is done on the system.

(¢) Butif 7 > T then Winax = +ve
i.e. work is done by the system.

Thus heat can be converted into work, provided heat is allowed to flow

from high temperature (7) source to low temperature (Tl) sink.
Chemistryl



Corollary 111
Since to have to work, some heat (Q) must be rejected to the sink

,-,Q—Q1 must be < Q
W<Q
0—-0'
o
-~ n(l

<1

i.e. 100% conversion is not feasible. Thus only a fractional quantity of
T-T!

supplied heat can be converted into work and this fraction is

T-—T!

Whnax = Q
the mathematical statement of 2nd Law of thermodynamics.

, For these reasons, the Carnot cycle is regarded as

Corollary IV
IfT'=0thenW =Q

or,N=— =1

Q

The absolute zero is that temperature of the sink when an engine oper-
ating between the sink and the source produces 100 % efficiency. But
as absolute zero cannot be achieved in practice; the complete conver-

sion of heat into work is impossible.

*Again net weight involved = Q + 0 — Q! + 0
=Q-q!

But the process being cycle

Net work = Net heat

Q_Ql = Winax
(T 2
=R(T T)lnv1

SKILL TEST

(a) State second law of thermodynamics.



(b) What is the expression of efficiency of a reversible Carnot cycle?

(c) If the process is carried out under isothermal condition, then how
much work is done from reversible Carnot cycle?

(d) At absolute zero what is the efficiency of Carnot cycle?

(e) How will you show that Carnot cycle is the mathematical form

of second law of thermodynamics?

6.15 Entropy

The second law leads to a definition of a new thermodynamic property,
called entropy. Like internal energy and enthalpy it is a state property

and it helps in the understanding of the condition of a system.
d
dq is not a perfect differential but ?q is a perfect differential

(a) Suppose one mole of a perfect gas undergoes a reversible ex-
pression from volume V1 to volume V2 when the temperature

changes from 7} to T,.Then from the first law

dq = dU +dw

or,dq = dU + PdV
or, ['dg = [I"au + [ Pav

T T
_ / CydT + | RTdInv
T T

\%)
ZCV(TQ—Tl)—‘r RTdInV
Vi

The integral on the right hand side ‘ZZRTd In V can not be eval-
uated unless we know the relation between 7 and V. If T be con-
stant (i.e. isothermal change) the integral will have one value,
and if T changes during the process, the integral will have dif-
ferent values. Thus, the magnitude of f;] dg depends on the way

the expansion is carried out.
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Now dividing the equation by 7, we have

1 T T Vs
/ d_q :/ Cvd— + RdInV
1 T T T Vi

=Cyln % + Rln%

That is, the [ d—;] for a given change from state I to state II can
be evaluated without any reference to the path of transformation.
Hence [ d—;] is independent of the way the change is carried out
though [ dgq is not.

(b) We can also arrive at this conclusion in other ways.

A
4
i ET,
Fl
I D
g
qu_z ?
g

Figure 6.3: P-V diagram

Here AB and CD are isothermal stages at temperature 77 and 75
; BC and DA adiabatic stages. Let dgq; , be the heat supplied to
the working system at 77 and dg, be the heat rejected by it to the

sink at 7. All steps are reversible. We know in a Carnot cycle.

dgi—dgy _Ti—T
dqi T




dg, _ dg
T; g3
(dq, 1s negative as it is rejected by the system)

b

Now let us confine our attention only to the change of the system from
the point A to the point C and attempt to find out the ratio of the heat

change to the temperature at which the thermal change occurs.

We can proceed from A to C either along ABC or along ADC

Along the path ABC, we have the isothermal AB, when heat change dgq;,

takes place at 71, followed by adiabatic change BC having no heat change.
Heat ch d d

Hence’ w = ﬂ_i'_(): ﬂ
Temperature T; T;

Along the path ADC, the adiabatic AD involves no thermal change; but along

the isothermal DC, heat absorbed would be dg, at temperature 75.

Heat ch d d
Hence eacange_o dgy _dgy

" Temperature o o
Since from reversible Carnot cycle, we have

dgi _ dq>
T T

. . dq.
Thus the ratio of heat change to the temperature i.e. ' is the some whatever

erev is

path may be followed by the system in its reversible change. Hence

regarded as a perfect differential. Moreover, if we consider the four steps of

d
the entire Carnot cycle, the sum of ?q values would be

dq dq, dq>
= = 40+ (-221)+0
T Tl+ +< T2>+
_ da_da
T T,
= 0

dq
H — =0
ence ) T

dq
N g
or, §

or, $ds =0
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In any reversible cycle process, the net increase in entropy of the system is

Z€10.

Definition of entropy

The heat change dg and the temperature 7" are thermodynamic quantities.
Therefore, we can say that the system has a thermodynamic function whose
change, measured by ?q is independent of the path of the transformation
of the system. This function has been called entropy by Clausius and is
denoted by the symbol S.

Its change dS is measured by the ratio of the reversible heat change and the

temperature at which the heat change occurs i.e.

_ dqrey
T

ds

Characteristics:

1. Itis a thermodynamic function
2. Its magnitude depends only on the thermodynamic parameters of the

system viz. P, V, T etc. i.e. f(state)ie. f(PV), f (P.T),f (V,T)

3. The entropy change dS is a perfect differential. Its value depends only
on the initial and final states of the system, independent of the path of
the change.

4. (a) Absorption of heat by a system

Hence dq is (+) ve
o Tis (+)ve
. dS is always (+)ve
Thus with absorption of heat, the entropy of the system in-
creases.
(b) Rejection of heat by a system
Hence dq is (—) ve
- Tis (+)ve
c.dSis (—)ve



Thus with rejection of heat, entropy of the system decreases.
(c) Reversible adiabatic process

Hence dg =0

-.dS=0

Thus in adiabetic process, entropy of the system does not change.

Hence the reversible adiabatic process is regarded as isoentropic.

Unit of entropy
dS = Grev
T
B Unit of heat
~ Unit of temperature
= cal degf1
1 cal deg*1 = 1l entropy unit=1eu
Inter relation with Au
dU =dqg—dw
=TdS— PdV
Inter relation with AH
H=U-+PV

We have, dH = dU + PdV +VdP

= dH = dg+VdP
= TdS+VdP

Expression of entropy of n moles of a gas

By definition, we have entropy change

dqrey
T
dU +dw

T

ds =

[from 1st law of thermodynamic is dQ = dU + dW ]
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For ideal gas,

CydT + PdV
ds = %['.'dU = nCvdT and dW = PdV; Here we consider that
the gas is ideal.]
dT RT dV
=dS= nCV? + nT? [for n mole of perfect gas PV = nRT]

S=nCyInT +nRInV + §... (6.25)

nRT
= nCVT +annT+SO
=n(Cy+R)In T+nRInnR—nR1In P+ Sy

— nCpln T —nRInP+S)...(2) [Sé _ +nR1nnR} (6.26)

PV /
= nCpln—R —nRInP +§,
n
= n(Cp—R)InP+nCpInV —nCplnnR + 5}/

=nCynP+nCplnv =5y ..(3) [}/ = 5| —nC,Inng| (6.27)

Thus it is apparent that entropy ”S”’can be expressed in terms of the parame-
ters (P,V,T) of the system.

Since the value of the constants Sy, Sé, S(/)/ can not be obtained from the
parameters alone, consequently the absolute value of the entropy 'S’ can not

be ascertained.

SKILL TEST

1. What is the definition of entropy?
2. What is its physical significance?

3. What is the magnitude of entropy change, when a system absorbed
heat?

4. What is the magnitude of entropy change, when a system rejected
heat?

5. What is the entropy change under reversible adiabatic condition?

6. What is the relation betweenAU and AS?



7. What is the relation betweenAH and AS?

8. Show that entropy change in irreversible process is appositive quantity.

Entropy change in irreversible process

Since entropy is a function of state only, the entropy change of a system from
a given state I to given state II is always the same and is independent of the

path. Only if the path is reversible, the change in entropy will be given by

dg,
AS =S —S; =
11 1 ‘/] T

Hence in order to compute the entropy change of a system in an irreversible
process, we can take the system from state I to state II along any reversible
path and then divide the heat absorbed at each point by the temperature and
sum up the quotients. That means in any irreversible process there would be
a net increase in entropy.

Suppose a heat reservoir at temperature 77 is brought in contact with a second
reservoir at a low temperature7;. Let a small quantity of heat ¢ is flowing
from Tj to 7.

The decrease in entropy of A = Ti
1

The increase in entropy of B = Ti
2
9 4
.. Net entr h == —=
opy change LT,
h—-T1,
= X —
L1

= (+4) ve quantity.
Hence irreversible flow of heat leads to an increase in entropy.

Irreversible isothermal expansion of an ideal gas

Suppose n moles of an ideal gas is enclosed in a vessel A of volume V.
The vessel is connected through a stop-cock to a completely evacuated ves-

sel B of volume V,. The temperature is 7" and the system is insulated. If
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A B
T

Figure 6.4: The described section

the stop-cock is opened, the gas would spontaneously irreversibly expand
to the volume V| + V,.The work Wis zero, and the heat supplied (g) from

surroundings is zero. Hence AU is zero and temperature remains unaltered.
q=AU+W =0
Now if this expansion of the gas were carried out reversibly at 7% from
volume V) to volume (V) 4 V2), the heat absorbed
Vi+W,

Grev =AU +RTIn
1
Vi+W

=0+RTIn

1
" Vi+V.
Assystem = % = RIn ! 2

Vi

Since dS is a perfect differential, AS;,(sysem)Would be the same.
The surroundings has no thermal change, hence ASy,,, = 0.

Hence in the irreversible expansion of the gas,

ASuniv = Assystem + ASsurroundings
Vi+V,
R AT g
1
Vi+Va
1

=RIn

(+)ve

Irreversible isothermal expansion of an ideal gas increases the entropy of the
universe.

dqrdqy

An irreversible cycle process

Consider a cycle process, similar to that of the Carnot cycle, in which one or



— v

Figure 6.5: Irreversible cycle process

more of its stages are performed irreversibly. Let ABCD denote the cycle in
which AB and CD are isothermal stages. Let us further suppose, the absorp-
tion of heat dq}by the system at temperature 77 from the source along AB is
irreversible. The rest of the stages are carried out reversibly. The asterisk (*)
would indicate the irreversibility. Otherwise the transformation is reversible.
The heat dg, is given up to the sink at temperature Talong CD.

This is an irreversible cycle and hence the efficiency of the engine is less
than that of the Carnot cycle.

dqy —dq> < h—-1

dqy T;
dq> T,
or, 1 — - —=
dq; T;
dg, dq}
— ——>0 6.28
r, T T, > (6.28)

When the cycle is completed, the engine has returned to its initial state,

ASsystem =0
dq; d
Itis —ﬂfor the source and ﬂfor the sink.
T 1,
d dq}
Hence, for the surroundings, Z% = % — %Which is from 6.28 greater
2 1

than zero i.e. positive.
The heat change of the sink is reversible. The heat dg] from the source was
taken by the system irreversibly. The source has lost dg} and its entropy has

decreased. The entropy change of the source from A — B would be
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4,

ASsource = — T,
dg» dqi
W ASqyr = ———>0
e can say ASy o T
In the irreversible cyclic process therefore
ASuniverse = ASsystem + ASsurr

0+ ASgurr >0

In an irreversible cyclic process, there would occur a net increase in entropy.

The physical significance of entropy

The state of equilibrium really means a state of maximum disorder or chaos.
For example, if we put a quantity of yellowish green chlorine gas at a corner
of the floor of the room, the gas though heavy would spread in all direc-
tions until it would be most chaotically distributed in the entire room and the

equilibrium would be reached.

Again if we arrange a number of red and black balls on a tray in a particular
pattern and then shake the tray the balls would mix up in the most disorderly

fashion.

These are all natural processes and the reverse process is not possible in
nature. Moreover, these processes which always have a tendency to attain the
state of equilibrium are irreversible and thus leads to entropy increase. That
means when the system approaches to equilibrium, the greater is the disorder
and irreversibility and when equilibrium is reached, it has the maximum
disorder. The entropy also goes on increasing and reaches its maximum

value at the equilibrium state.

Thus, entropy is a measure of the disorder of the system or it may be called

a measure of the mixedupness of the system.



Change in entropy in irreversible process

Reversible process is an ideal one which is rarely attained in practice. The
actual processes like chemical reactions are normally far from reversible and
are irreversible.

Let us consider a system changing its state reversibly as well as irreversibly.
U being a thermodynamic function, dU is independent of path i.e. value of
dU will be same whether the process is carried out reversibly or irreversibly.

Thus for an infinitesimal change

AUy, = dUjppey
dqirrev — AWirrey
AWey — AWiprey = (+) ve

= dqrev — AWrey

= erev - inrrev

erev > dqirrev[sincedW,ev > dVVirrev]
dq"ev dgirrev
T = T
dqrev dqirrev
C——=dS .dS>—.. 6.29
T > T ( )

Thus from this relation 6.29 dS for irreversible process can not be calculated.
Only a qualitative idea is possible but not the quantitative value

e.g. dqirrey = 1500cal at 300k

AS > 5But actual value is unknown

But dS being a perfect differential, its value is always same, i.e. independent
of the way of the process — reversible or irreversible. Hence the value of
dSof a system for an irreversible process is same as that if the same change
of state is carried out in any reversible path.

Expression of AS

When a system exists in an initial state, its entropy becomes
S; =nCyInT; +nRInV; + Sy
Now if it goes to final state, then the entropy becomes

Sf = nCy lan —‘ranan—‘rS()
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Thus the change in entropy associated with the process

Vr
§7—Si=nCy (lan—lnT)+nR(anf—an)AS—nCVln?+ann

(6.30)
Tf nRTf/Pf
=n(Cp—R)In = +nRIn ————
n(Cr=R)n7 an/B
Con L —uRin L+ nRin £ 4 nRin 2
= n n——n H n H n H—
" T; Py T;
Coln 4 urIn B 6.31)
= n— _— .
=nCp T, n Pf
P:V: PiVi
= nCpln—L f/l—ann—f
n P,'
P 1% P
:nCpln—f+nCpln—f—ann—f
P; 1% ;
=n(C —R)lnﬁ—&—nC lnﬁ
n(Cp P P 7
1%
— nCy ln - + nCpln Vf (6.32)
l

ThusAS is independent of the integration constant but dependent on ther-
modynamic parameters only. So when system changes from one state to
another, the corresponding change in entropy can be ascertained from the

parameters only.

Entropy change (AS) for reversible process

For ideal gas (n moles)

dg,
q " (by definition)

Entropy change in isothermal process

we have, dS =

Vv P;
(AS); = nRIn-L = nRIn -t
Vi Py
d Pdv nRT
Alternatively, (AS); = be:f dSt = qT = f_ =/ =/

dV dv \% P;
fvf anan:ann—

i Py



Entropy change at constant volume i.e. for isochoric process
P
(AS), =nCyIn ?f =nCyIn Ff (Assuming Cyto be independent of temper-
i i

ature)

Alternatively

dqy Ty dT Tf
(ASV—/ (dSV—/ T nCv/T[ ?:nCvln?

i
Ty Py
. (AS)y, =nCy1n 7" =nCyIn P

Entropy change at constant pressure i.e. isobaric process

T 4
(AS), = nCpln ?f = nCp 1n7f

i i

Alternatively,
d(]p ndeT
T T

Integrating left hand side between the limit S; and Sy and right hand side

(dS)p =

between T;and Ty

(dS p=nCp f (Assummg Cpis independent of temperature)
Ty Vi
= (AS)p =nCpln—= =nCpln—
(AS)p =nCpln T nCp nvi

For n moles of a real gas (obeying Vander Waals’ equation)
We have by definition

dqrey dU+PdV 1 n’a nRT n*a
= = = = CydT + —-dV —— |dV
A= T T |\t ) Ty S e
1 n*a nRT n*a
= — |nCydT + —=-dV dV — —dV
T {" vl Tty T V2 }
dT dv
= nCy— R
ey +n V —nb

Integrating both sides we get

/dS—nCv/—+n /V—nb
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S=nCyInT +nRIn(V —nb) + Sé/ [S(/)/integration constant]

Hence change in entropy

S = nCyin 2 4 pRin 2L ="
=n n— n n
My Vi —nb

Entropy change at constant temperature i.e. isothermal process

Sy Vi dv
ds = nR
S; ( )T " V; V—nb
Vi —nb
(AS = R1

Entropy change at constant volume i.e. isochoric process

We have from definition

qu - de o nCvdT

ds =
Sy Ty dT
ds = nC/ —
/. @s)y g
T
(AS)y = nCvln%

1

Entropy change at constant pressure i.e. isobaric process

qu de o ndeT

das), = 24P _
(dS)p i T
Sy Tr dT
(dS), = nCp / <
S; T; T
T
(AS)p = nCpln%

1

Entropy change of a mixture of gases
Two or more gases when brought in contact would immediately diffuse into
one another and mix up irreversibly. Such a spontaneous irreversible process

would of course lead to an entropy increase.

Let ngand ng gm moles of two gases A and B be mixed at a constant temper-



ature T and under pressure P. Before mixing, their entropy are

Sa =n4 [Cp,InT —RInP+ 5]
Sg =ng [Cp, InT —RInP + S}

After mixing the total pressure remaining constant (P), the partial pressure
are P4 and Pg;such thatP = P4 + Pg. The entropies of the two components in

the mixture are:

Sagm) =14 [Cp, In'T —RInP4 + 9]
Sp(m) = 5 [Cp, InT — RIn P + Y]

The entropy change due to mixing

ASy = Sa(m) + SB(m) —Sa — SB

=nsCp, InT —nyRIn Py —&—nASg +nBCpB InT —ngRIn Py
+npS% —naCp, InT +nsRInP —nsSQ —ngCp, InT
+nBR1nP—nBS%

AS,, = —naRInPy —ngRInPg + ngaRIn P+ ngRIn P
RIn A _ ppRin 28
= —naRIn— —ngRIn —
AR TP
The total amount of mixture moles.

. nA ng
Hence the mole fraction x4 = — and xg = —
n n

Py Py
Now — = d—=
ow X4 an XB
Hence the entropy change AS = —ngRInxs —npRInxg

Dividing both side by (n4 +ng) we get

AS - = np
— = AS=-— Rlnxy — Rlnxp
(na+ng) na+ng ng +ngp
.. Entropychangepermole = —xsRInxy —xgRlnxp
. AS = —x4Rlnxs —xgRInxg —xcRlnxc...........

In general mixing for any number of gases

AS,, = —inRlnxi = —Rinlnxi
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Entropy of universe (i.e. world) is increasing
In universe there are two types of processes.

1. Thermally reversible process

2. Thermally irreversible process
All natural processes like,

1. The falling of fruit from a tree
2. The flowing of a river down hill
3. The rusting of iron

4. The dissolution of sugar in water etc. are irreversible process

For reversible process there is no net change in entropy but for irreversible
process net entropy increases.
ASuniverse(i-e- WOI‘ld) = (ASuniverse)rev + (ASuniverse)[rrev

=0+>0
=>0

Thus the second law of the thermodynamics is stated as “The net entropy of

universe (i.e world) increases and tends to maximum”.

SKILL TEST

1. What is the expression of entropy change in isochoric process for ideal

gas?

2. What is the expression of entropy change in isobaric process for ideal
gas?
3. What is the expression of entropy change in isothermal process for

ideal gas?

4. Entropy of universe (i.e. world) is increasing and tends to maximum.

— Explain.



6.16 Available work function

Introduction

Every thermodynamic system possesses

1. Internal energy (U)

2. Total energy (also called enthalpy or heat content) i.e. H =U + PV

and

3. Entropy (S) — which is the measure of the unavailable energy of the
system.
The actual value of the unavailable energy is the product of temperature and
entropy. Thus, unavailable energy =7 % §
Again any kind of energy which can be converted into useful work is termed
as “available energy” while the other portion of the energy (which can not

be transferred into useful work) is termed as unavailable energy.

Free energy

When the energy of a system is not in equilibrium with the surroundings, the
balance of energy is only available for doing work and this is known as free
energy.

Holmbholtz free energy or work function (A)

The portion of the internal energy which can be utilized to carry out useful
work i.e. available internal energy is called Helmholtz free energy or the
function (A).

Thus,

Internal energy = Available internal energy +unavailable internal energy

= Helmbholtz free energy + (Temperature xentropy)

U=A+TS
=A=U-TS
A=U-TS (6.33)

Characteristics
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1. A being a thermodynamic function and it is a function of state i.e.
A=f(V.T),A=f'(PV)etc

2. So its magnitude depends on the thermodynamic parameters
(P,V&T)

3. Change in work function (dA) is a perfect differential

4. Tt is an extensive property i.e. its value depends on the quantity of

matter involved.

5. In acyclic process change in work function is zero. This is because it
is state functioni.e. §dA =0
Physical Significance of A
If a system undergoes a reversible isothermal change from one state to an-

other, then
(AA)p = (AU)p —TAS
= (AU); —T x q;fv = — (W) 7
= _(AA)T = (WmaX)T

Thus, work function A is such a thermodynamic function that its decrease
for an isothermal reversible process represent maximum amount of available
work.

Discussion

1. If the change is not isothermal, the change in work function ‘A’ will

not be equivalent to the maximum work.

2. Whenever a system undergoes an infinitesimal reversible change, the

corresponding change in work function.

dA =dU —TdS —SdT

dg,
— dU —dq—SdT {.'dS: ‘JT}
rdg=dU +dW
— _PdV — SdT 4 *
— dU + PdV

Thus the value of A changes with change in temperature and volume i.e.



Corollary

1. For isochoric process

(dA), = —SdT

0A
o« (3r), =

0A
ws==(5r),

The entropy of the system represents the rate of decrease of maximum

work function with respect to temperature at constant volume

2. For isothermal process

(dA), = —PdV

A
or, W T—

which gives a relation between thermodynamic parameter Pand ther-

modynamic function A.

Expression of Aand AA

On integrating For n moles of ideal gas

PV =nRT
/dAT = —/PdV nRT
P_
Case -1

For ideal gas

nRT
/dAT = —/—dV
|%

or, A7 = —nRT InV +nA [Ay is the integration constant for 1 mole of ideal

gas]
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Integrating within limits

A2 V2 nRT
dAr = —/ —dV

Al v V
V.
or,(Ay—Ay); = —nRTIn—=
Vi

V
or,(AA)r = nRTIn -1
V2

P
= nRTIn—= = —Wx

Case II

For real gas obeying Vander walls’ equation

2
Ar = —nRT In(V —nb) + nv_a +nAg [Ap is the integration constant for 1

mole of real gas]

Integrating within limits
Az V2 [ nRT  n’a
dAr) = — ——— —|dV
~/‘\| ( T) ~/V| {V_nb Vz}
Vo —nb 1 1
(A —Ay) = —(AA), = — |nRT1 20| ———
or, (A —Ay) (AA) 7 {” n(Vl—nb>+na{V2 VIH

Case 111

For gas obeying the following equation
P(V —nb) =nRT

On integrating we get,

A7 =nRT In(V —nb) +nA, [Ag is the integration constant for 1 mole of real

gas]



Integrating within limits

" aa /V2 KTy
/4. ( )T - Vi (V_nb)
Vz—nb
Ay —A = (AA);, = —nRT1
(=) = (@), = —krin (2217
— aRTIn (1P
Vo —nb
Case IV
. . n’a

Gas obeying equation P+V— V =nRT

2
On integrating we get

2
Ar = —nRTInV + % +nA,

Integrating within limits

Az V2 (nRT  n?
(dA)y = —/ (”——¥> v
A Vi %4 %4

Vs 1 1
or, (A — A1) = (AA)y = — {nRTanI ey (72 _ 71)}

SKILL TEST

1. What is Helmholtz free energy?
2. Whether Helmholtz free energy is an extensive or intensive property?
3. Prove that (AA) 7 = —Wpax.

4. How will you show that Helmholtz free energy is a state function?

Free Energy
Introduction
Every thermodynamic system possess

1. Internal energy (U)
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2. Enthalpy i.e. total energy or heat content (H)
H=U+PV

and

3. Entropy (S) which is a measure of the unavailable energy. The actual

value of unavailable energy is the product of temperature and entropy.

The unavailable energy =T x §

Gibb’s free energy

The portion of a total energy of a thermodynamic system which can be uti-
lized for doing useful work i.e. available total energy is known as Gibb’s
free energy or thermodynamic potential of the system symbolically repre-
sented by G

Thus,

Enthalpy = Available enthalpy + unavailable enthalpy

= Gibb’s free energy + (Temperature xentropy)

H=G+TS

orG=H-TS

Characteristics

1. G is a thermodynamic function hence it is a single valued function of

the state of the system or in other words it is a function of state i.e. G
=f(P,T).
Consequently its magnitude depends on thermodynamic parameters.

(P, V and T) and can be expressed in terms of these parameters.
2. Change in thermodynamic potential, dGis a perfect differential.

3. It is an extensive property i.e. its value depends on the quantity of

matter involved.

4. In a cyclic process the net change in Gibbs free energy is zero i.e.;
$dG = 0.

Physical significance of G



If a system undergoes a reversible change under isothermal and isobaric con-

ditions from one state to another state then,

(AG)rp= (AH)rp—TAS [. H=U-+PV
- (AH)7.p = AU + PAV]

— AU+ PAV —TAS[- AS = %qm — TAS]
— AU — g+ PAV
= —W+ PAV[Fromlstlawg = AU +WAU —q = —W]

o1, — (AG)T_P = Wrotal — Wnechanical
= Woonmechanical [Where PAVis the mechanical work involved in the system
itself during transformation and W denotes maximum total work output]
Whonmechanical 15 the work received for any external use exclusive of the me-
chanical work e.g. electrical work.
The Gibb’s free energy (G) is such a thermodynamic function that its de-
crease for isothermal and isobaric reversible process represents the non me-
chanical work available during the transformation of the system.
Thus — (AG)T’ p = Welectrical
Discussion

1. If the change is carried out under non isothermal and non isobaric

conditions, then the change in thermodynamic potential is not equal to

non mechanical work.

2. Whenever a system undergoes an infinitesimal change, the corre-
sponding change in Gibbs free energy is given by

dG = dH — TdS — SdT
= dU + PdV +VdP—TdS —SdT
= dq +VdP—dq—SdT
—VdP—SdT

Thus value of ‘G’ changes with pressure and temperature. So it is a

function of pressure and temperature.
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ie. G=f(PT)
Corollary

1. For isobaric process

(dG)p = —SdT

G
(),

The entropy (S) of a system represents the rate of decrease of Gibbs

free energy with temperature at constant pressure.

2. For isothermal process

(dG), = VdP

6\ _,
or, a_P T—

which gives a relation between thermodynamic parameter V with ther-

modynamic function G

Expression for G and mG
/ (dG), = / vdp

Case -1 o7
For ideal gas [dGr = fanP

Gr = nRT In P+nGy

Again integrating within limits we get,

G2 P nRT
(dG)y = / I ap
Gy n P

P V
(G, —Gy)y =nRTIn= =nRT In—
or, P] V2

=—Whax = (AA)T
Case 11



For real gas obeying vander Walls’ equation

[ (dG)p = [VaP
—J {g—s—n(b—%)} dP

For n moles of a gas

<P+ @> (v—nb) = nRT

V2
n’a n3ab
Or,PV+——pnb——2 = nRT
v 1%
n’a nab  nRT
o, V+ — —nb— = —
PV pv? P
nRT n*a
o,V=——+4+nb——
P PV
. ndab
We weight the term vz as it is very small and assume that
PV ~nRT
v - nRT n (b a )
. = n RT
a -

If (b—i) — B! we have
RT

Gr = nRTInP+nB'P+nG,

Integrating within limits we have
G2 Py (nRT
dG :/ <—+n31>dp
G 9= [ \p
P 1
of, (G2 —Gy)p = nRTlnF +nB (P, —Py)
1

P,
or, (AG); = nRTlnF? +n (b — %) (P,—Py)
Case II1

Gas obeying the equation
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P(V —nb) =nRT
P(V —nb) =nRT nRT
V= T—&-nb

/ (dG), = / Vdp

RT
Gr=J ("Tmb) dpP
= nRT InP + nbP +nGy

Integrating within limits we get

G2 P (nRT
dGr = / <— +nb> dp
G Py P

or,

P
or, (G2 —G); :nRTln}Tz—&—nb(Pg—Pl)
1

P

or, (AG),; = nRT In Fz +nb(P,—Py)
1

Case IV

For gas obeying the equation

%)
2a
PV + — =nRT
n‘a nRT
or,V+—=—
PV P
_ nRT n?a
- P PV
ot _ nRT n%a _ nRT  na
P nRT P RT

J(dG); = [vdp

_ (.nRT _ﬂ> ip
P RT

na -
=nRT InP — —P + nG
n n RT +nGy



Integrating with limits.

G2 P2 (nRT  na
dG), = / ———|d
/G| ( )T P ( P RT) p

P, na
, (G — G =nRTIn———(P,—P
01‘( 2 1)T n nPI RT( 2 1)

SKILL TEST

1. What is Gibbs free energy?

2. Whether Gibbs free energy is an extensive or intensive property?
3. Prove that (AG) 7. = —Whon—mechanical-

4. How will you show that Gibbs free energy is a state function?

5. Prove that (AG) 1 = (AA) ;.

6.17 Gibbs Helmholtz Equation

Introduction

The equations relating work function (A) with internal energy (U) of a ther-
modynamic system and Gibb’s free energy (G) with total energy (H) of
the system as well as respective change for a process are known as Gibbs
Helmbholtz equation.

Thus internal energy = Available internal energy + unavailable internal en-
ergy

= Helmbholtz free energy + Temperature x entropy

U=A+TS

of,
A=U-TS (6.34)

Whenever a system undergoes an infinitesimal reversible change, the corre-
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sponding change in work function

dA = dU — TdS — SdT
= dU —dq—SdT
— PdV —SdT

At constant volume i.e. dV =0

. (dA), = —SdT

Substituting the value of S in equation 6.34 we get

o))

AUTaA 6.35
+ 37 . (6.35)

This equation which co-relates work function (Helmholtz free energy) with
internal energy is commonly known as Gibb’s Helmholtz equation. Again if
the system changes reversibly from one state to another state, the change in
work function

AA =AU —TAS — SAT

At constant temperature

(AA), =AU —T (S;—5;)

L (), { (7))

_AU+T{aa {(Ap)y }}

(M), =AU +T L% (AA)} (6.36)
\%



where dA; and 0A rare the changes in Helmholtz free energy at constant vol-
ume for an infinitesimal change in temperature for the initial and final state
respectively. SrandS; are the entropies of the system at final and initial

states.

Again we know

i’ A
=7 (=) + -
A+TS U
5 U
. {BT (A/T)L/ S (6.37)

Thus the above equation is another form of Gibbs Helmholtz equation

Again {a% (AA/T)} T {aiT (#ﬂ v

- (7)), ()],
- -[#]-[#]
. {U }: _au

. L% (AA/T)} __av (6.38)

Similarly,
Total energy = available total energy + unavailable total energy

= Gibb’s free energy + Temperature X entropy

H=G+TS

SG=H-TS.. (6.39)
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Again
G=U+PV)-TS (6.40)

Whenever a system undergoes an infinitesimal change then corresponding

change in Gibbs free energy is given by

dG = dU +PdV +VdP —TdS — SdT
= dq+VdP—dq—SdT

5.dG=VdP—S8dT

For an isobaric process i.e. dP =0

(dG), = —SdT

JG
= (57), -

G
w5==(57),

Substituting this value of S in equation 6.39 we get

oot 3,

3G
G:H+T<a—T>P (6.41)

or,

Again if a system changes reversibly from one state to another, the change
in Gibbs free energy
AG = AH — TAS — SAT

If changes occur at constant temperature

(AG); = AH —TAS
—AH =T (S;—S;)

|- (29) (- (2) )]

0
—AH+T {a% {(Gr)p— (Gl’)”}}



(AG); = AH+T {i (AG)} (6.42)
T .

where (0Gy), and (dG;)p are the small changes in Gibbs free energy for
an infinitesimal change in temperature 97 at constant pressure for final and
initial state. Sy and S;are the entropies of the system at final and initial states.

Again we know,

T
_ S _ G
T T2
B G+TS\ H
o\ rr )
d H
3 L’TT (G/T)} = (6.43)
Again
J [ AG B 0 (Gr—G;
oT\ T /, |oT T »
B d [ Gy 0 {G;
T\ T /|, |oT\T /|,
[ Hy H\  [H—-H]  AH
ST T N T2 T2
J [AG AH
P
Thus the equation 2, 3, 4, 5, 7, 8, 9, 10 are known as Gibb’s Helmholtz
equation.
Use

1. Gibbs Helmholtz equation has been used to evaluate AH from e.m.f of
oE
AH = T|—|—E
s {r(57) ¢}

)
2. The relation AH = AG — Ta—T (AG) has been used for derivate of Vant
Chemistryl
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Hoff equation i.e.
dlnk  AH

dT RT?

3. A knowledge of AG would enable us to ascertain AHof a process.

6.18 Maxwell’s Relation

1. According to 1st law of thermodynamics

dg = dU +dW
dU = dg—dw
= TdS—PdV

Assuming the process was reversible one.
Corollary 1

For isoentropic process i.e. dS =0

(dU), = —PdV
a_ =P
b\ v s B

Second differentiation of U with respect to S at constant V' gives
oV <3_1’>
9s.8v  \adS/,
Corollary 2
For isochoric process i.e. dV =0
(dU), =TdS

NEAN.
.. 6S V_

Second differentiation of U with respect to V at constant S gives



U (oT
V.8 \dV /g
Since du is perfect differential

0*U *U
aS.90V  9V.9S

—las), = (@),
() -

()

2. According to the definition of entropy

E
N’
<

|

H=U+PV
If the system undergoes infinitesimal change

dH = dU + PdV +VdP
=dq+VdP
=TdS+VdP

Corollary 1

For isoentropic process i.e. dS =0
(dH)g =VdP
oHY\ v
oP)
Second differentiation of H with respect to S at constant P gives
0’H [V
9S.0P  \dS/,

Corollary 2
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For isobaric process i.e. dP =0

(dH)p = TdS

oM\ _
),

Second differentiation of H with respect to P at constant S gives

FH _ [(oT
0PdS \oP ),

Since dH is a perfect differential

°H  °H
3S.0P  9P.0S

v oT
(%), (&),

. According to the definition of work function

U=A+TS
A=U-TS

If the system undergoes infinitesimal change, then

dH =dU —TdS—SdT =dU —dq—SdT = —PdV —S8dT

Corollary 1

ire.dV =0

(dA), = —SdT

0A
o (ar), =

Second differentiation of A with respect to V at constant 7" gives



PA (38
ov.oT  \dV /),
Corollary 2

For isothermal process i.e. dT =0

(dA), = —PdV

MY — b
v ).

Second differentiation of A with respect to T at constant V gives

PA _ (o
oT.0v.  \dT /,

Since dA is a perfect differential

’A  0%A
oV.OT  9T.0V

. (ﬁ) __ (%
\av/), \or/,
N oP
(), (), ~©

4. According to the definition of Gibb’s free energy

G=H-TS

whenever the system undergoes a small change, the corresponding

change in Gibb’s free energy will be,
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dG = dH — TdS — SdT
= dU +PdV +VdP+TdS +SdT
= dq+VdP—dq—SdT
—VdP—SdT

Corollary 1
For isobaric process i.e. dP =0
(dG)p = —SdT

G
~<a—T>,f‘S

Second differentiation of G with respect to P at constant 7" gives
G (oS
oPOT  \OP /),

For isothermal process i.e. dT =0

Corollary 2

(dG),; = VdP

oG
(%) =V

Second differentiation of G with respect to T at constant P gives

’G (v
oT.0P  \dT /,

Since dG is a perfect differential

’G G
oPOT  OT.OP

N oV
(&), = (), -



Equation (A), (B), (C) and (D) are known as Maxwell’s relation.

SKILL TEST

1. What are the applications of Gibbs Helmholtz equation?

aS oP
2. Prove that <W>T = <B_T>V

aS 1%
3. Prove that — <¥>T = <B_T>P

6.19 Joule Thomas Experiment

Py B L

Figure 6.6: Joule Thomas Experiment

Joule’s Experiment

Free expansion of a gas into a vacuum revealed that the temperature drop of
the system was negligible and would zero if the gas be ideal.

Joule’s and Thomson’s modified experiment

The passage of a gas from a higher pressure to a lower pressure through fine
orifices of a porous plug under adiabatic condition.

Thermodynamic condition

Suppose, the volume V;of a gas under a constant pressure P; is allowed to
pass through a porous barrier from the region on the left to the region on the
right where pressure is P.The volume of the gas becomes V,.The process is
carried out with two frictionless pistons attached at the two ends. The whole

system is thermodynamically insulated i.e ¢ =0
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Work done with the system at the left = W, = f‘g Pidv
=—PV

Work done with he system at the right

Wi = [, PydV
=PV,

Thus total work done
vatal - WL + WR

=-PVi+PWV,

Then from first law of thermodynamics

0=AU+W

0= (Up—U) + (PVs — P1V})
= (U +PVa)— (Ui +P1V1)
=H,—H =AH

Hence adiabatic expansion of a gas through fine orifice is isoenthalpic.
Result

Usually there is a change in temperature of the outcoming gas and this vari-

ation of temperature is known as Joule Thomson effect.
Joule Thomson co efficient

The rate of change in temperature with pressure when enthalpy remains con-

stant is called Joule — Thomson co efficient

. oT
1.6. Wt = (a—P>
H

Deduction of the expression of ur

H being a thermodynamic function is a single valued function of state.

Hence it can be represented as
H=f(PT)

So, if the pressure and temperature of a system are changed by dp and dT



respectively, then the change in entropy

oH oH
dH = (a—P>TdP+ (a—T>PdT

The Joule Thomson experiment being isoenthalpic (dH = 0)

oH oH
o= (50), 0 (5r)

1 (0H
ORI =T, \op
T

Here H =U + PV

RN AN
T ="c\oP ), Cp| oP |,

[(),),-C2),

Case I (For ideal gas)

-(5)
T = 3P .

-1, (), (5,
(). ), (5]
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T

_r () _p

- \aT/y
1 oV o(PV)
& (), (55
~_Lfapv) 1 -
b R

Hence y;r =0 -.dT =0

i.e. Neither heating nor cooling
Case II (For real gas)
Obeying Vander Waals’ equation

2
n-a
(P—FW) (V—nb) = nRT

P:

oP B nR 0 nR
oT ),  V—-nb ~ V—nb

U\ _ . (9P\ _,

v ), ~\oT/,

nRT
V —nb

nza nza

oP

negative. As aresult the first is always positive. The magnitude of the second

U\ . . . 1% .
Thus for a real gas, 7 is positive while | — | for any gas is always
T

term may be negative or positive.

Corollary A

d(PV)
oP

such condition, both the terms in the equation being positive, u;r has

1. At low temperature and low pressure { } is negative. Under
T



a positive value. That means there would be cooling of the gas. Even

at the ordinary temperature except for H, and He all other gases show

{a(PV)

negative value at low pressure.
oP |,

a(PV

) becomes positive, so that the second
oP T

terms becomes negative and if its value exceed that of the first term,

2. At high pressure,{

uyr becomes negative i.e. heating.

Corollary B
o(PV

At high temperature all gases have { } positive. So, uyris generally
T

negative i.e. heating.

Moreover from the expression of w7

)
-5,
()
- @),

Case I

For ideal gas

aV
— | —v=v-v=0
oT

P
: = or = ! x0=0
BT = oP H_Cp -

/\/\

J.T experiment dPis (—) ve. So, dT = Oi.e. neither heating nor cooling.
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Case 11

For a gas obeying the following equation
P(V —nb) =nRT

nRT
V=—— b
P +n

) =Z240=2
oT P P
aV RT
r(Z) =55 = (V —nb)
oT ), P
1 1

ST = [—nb] = e nb = (—)ve

As dP = (—)ve, so dTmust be positive in JT experiment.

.".There is heating

Case 111
For real gas obeying Vander Waals’ equation, we have for 1 mole of real gas

(P—&—%)(V—b) =RT

vl pp P _pr
or, ——Pb—— =
% V2

a ab .
or,PV =RT — v +Pb+ V2 (assuming PV = RT)

RT a abP

P RT + +R2T2

Y R 2abP+ a
oT /, P RT3  RT?

(2 RT _2abP  a
or, =] ===+t
or J, P RT? RT

Vb abP+a 2abP+a
- R2T2 ' RT R2T?2 RT



2a  3abP

Yy _py 22
TRT T RT?
1% 2a 3abP
T2} —v="0p—
T ), RT R2T2
1 | 2a 3abP 3ath . ligibl
= — |—=—=—"0— = ——= erm 1S negligiole
K=, |RT R2T? R2T2 gie
1 [2
~— |22y
C, |RT

So from the knowledge of heat capacity (Cp) and Vander Waals’ constant
(a and b), we can calculate ;7
Special Case

1. Inversion temperature (7;)

For every real gas there is a characteristic temperature at which neither
heating nor cooling would occur due to passage through fine orifices
of process plug under adiabatic condition. This temperature is called
inversion temperature. Thus at inversion temperature (7;) real gas be-

haves ideally.

If the working temperature is inversion temperature i.e. if 7 = T; then

wr =0
oT
= _— :0
T <8P>H
1 [2a 1
= — | == —p| | —#£0
Al
2
4 p=0
RT;
2 2
or,bz—a.'.Tz:—a
RT; Rb

The value of T; can be calculated from the knowledge of Vander
Waals’ constant a, b and the value of 7; depends on the nature of the

gas (i.e. it depends on a and b which are different for different gases).
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2. If T (T;, then

2a

T<—

Rb
2a
b < —
7S Rr

2 2
or, b— % <0 <% - b) is positive

oT
Sr === is(+)ve ..dTis (—)vei.ecooling.
oP /),

.. Since in J.T experiment dP is (—) ve, dT should be negative to sat-

isfy the condition. Thus CO,, NH3 at room temperature exhibit cool-
ing.

31T > T, then T > 24
. ; cn —_—
1y Rb

2a
RT

o (2 )i

HjT = (%)H = (=) ve

.. Since in JT experiment dP is (=) ve

-.dT is (+)ve i.e. heating.

Thus H, and Heat room temperature exhibits heating.
4. When T = T; then, tuy7 =0

Hence from the equation

on L2y
Cp \RT; R?T,

~ 2a 3abP _0 1
.. R]} R27}2 - . Cp

“

T2
Multiplying both sides by (—7> we get



This is a quadratic equation of 7; and 7; can have values given by

2a " 4a? 12aP
Rb R2b? R?
2

T}:

Thus there can exist two inversion temperatures at a particular time.

SKILL TEST

1. What is Joule-Thomson coefficient?
2. What is the expression of Joule-Thomson coefficient?
3. What is the magnitude of y;rduring heating of a gas?

4. What is the magnitude of u;rduring cooling of a gas?

6.20 Gibbs — Duhem Relation

For an open system, the free energy (G), being a state function, depends
upon the variable thermodynamic parameters pressure, volume, temperature

and the amount of the component (7).

Thus for a system heating n; moles of a component A1,n, moles of another
component A,etc the free energy.
G=f(PT,ni,np------ etc.)

If all the variables undergo change, then the corresponding change in free

energy (dG)will be given by.

oG oG oG
4G = (a_P>T,n; dP+ (a_T>P[n; dT+ <a_n1>P,T,nz~~~dnl
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(—) = u; chemical potential
on; PT.n;

9GN  _yana (9GY
o), ONaT ),

At constant pressure and temperature

(dG)P,T =ppdny +dny+ .o

=Y pidn;... (6.45)

If at constant pressure and temperature, all the components are increased in
the same proportion (Ax) i.e. Aj is increased by an amount n;Ax moles,
Ajis increased by an amount nyAx moles ............ ,A; 1s increased by an
amount n;Ax etc., then dny = n|Ax, dny, = npAx, dn; = n;Ax etc.

As G is an extensive property, then will also increases by an amount GAx.
Thus

dG = GAx
.". Equation 6.45 becomes
GAx = puynAx+tonyAx+ ..o, + pinAx
o, G=un+wny~+..eevviinnninn, + uin;
=Y win... (6.46)

Now complete differentiation of the equation 6.46 gives

dG = (,u]dnl +pdny + - - —&—,uid,ui) + (nldyl +nodup + -+ nid,ui)...
(6.47)



Subtracting 6.45 from 6.47
O=mnmdu+naduy+.coovveveveeiiii. ~+ nidy;

or

Y nidui =0 (6.48)

Equation 6.45, 6.46 and 6.48 are different forms of Gibbs —Duhem relations.

6.21 Clausius Clapeyron Equation

Introduction
Thermodynamic relation have been applied to the study of phase change

such as

1. melting or freezing

2. Vaporization or Liquifaction
3. Sublimation or Solidification
4. Allotropic transformation

Definition: The equation representing the variation of vapour pressure with
temperature for systems existing in different phases in equilibrium is known
as _Clapeyron equation.

Its modified form which deals with only liquid/vapour or Solid/vapour equi-
librium is known as Clausius Clapeyron equation

Derivation:

Let us consider a substance existing in two different phases 1 and 2 (e.g.
solid/liquid or liquid/vapour) at equilibrium at a particular temperature (T)
and pressure (P). Let dn moles of the substance be transferred from phases 1
to phase 2 without altering temperature and pressure. Then the correspond-
ing change in Gibbs potential is given by Gibbs Duhem equation

dGr p = Y pdn (from Gibbs Duhem equation)

or, dGrp = —pidn+urdn

But the system being at equilibrium at constant temperature and pressure

dGrp =0
Chemistryl



C.0=—wdn+ wdn

= 1= ... (6.49)

Thus the chemical potential (u) of a component will be same in the two
phases at equilibrium.
If the temperature and pressure change infinitesimally by dT and dP respec-
tively, then the system will remain at equilibrium. Under this new condition
the temperature is 7 4 d7T and pressure P+ dP.
Then

p+duy = w +du (6.50)

where du; and du, are the changes in chemical potential in the phase 1 and
2 respectively.

Substituting equation 6.49 in equation 6.50 we have

duy = du
01",(‘72—‘71)61]) = (SQ-S])dT

dp AS
or,— = =——=

dT Vo=V

dP L
or,— = ———

"dT T (V,—V),

[The small change in Gibbs potencial
dG=dU+PdV+VdP+SdT-TdS
=dq+VdP-SdT-dq

=VdP-Sdt

S du=Vdp—SdT)|

This is known as Clapeyron equation.
Slope of Clapeyron equation

Clausius Clapeyron equation is applicable for all types of phase changes.



1. Change in state like

dP L
(a) Solid —Liquid — = S [Ls= molar latent heat of fu-
dT  Tr (Vi —Vs)

sion]
o dP Ly
(b) Liquid— Vapour — = ——=——=— [L, = molar latent heat of
dT Ty (Vo= V1)
vaporization]

. dP L
(¢) Solid—Vapour — = ————
dT  T;(V,—Vs)

heat of sublimation]

[Ly = Ly + L, = molar latent

2. Allotropic transformation

SOL — SB
dP Lg .
— = ————— [Lg= molar latent heat transformation]
dT  Tg (Vg — Vi)
for fusion

(a) For paraffin V; > Vg

SV —=Vsis (+)ve

and Ly and Tare always (+)ve

dP . . o .
oo i (+) ve i.e with rise of temperature, vapour pressure in-

creases or with increase of pressure, m.pt. increases. Slope of
P Vs Tcurve is (+) ve.
(b) Vp <V .V —Vsis (—)ve

. dP .
But Ly and T are positive. .. a7 (=) ve

Slope of P vs T is (—) ve i.e. with rise of temperature, vapour pressure
decreases or with increase of pressure melting point decreases.
Simplified form of the equation
The Clapeyron equation was simplified by Clausius on the basis of the fol-

lowing considerations.
1. Vpor Vs <<<V, ar_ L
. Vpor ===
EUS ¢ dr — TV,
2. The vapour was assumed to behave like ideal gas.
Chemistryl
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Figure 6.7: P Vs T graph

dp L
9T = RT
dT r R
P
dP  LP
dT ~ RT?
dP LdT C . .
7R ?This is differential form of Clausius Clapeyron equa-
tion.

3. Moreover the latent heat was supposed to be independent of tempera-

ture.

Now integrating within limits

/PzdP_L/Tsz
pp P R/, T

L[ 117
or, [InPlh == | ——
"R T,
P L[D—T,
or,In — = —
P, R| TD

This is the integrated form of Clausius Clapeyron equation.

But if the equation is integrated without limits, then



1
Thus the plot of In P vs T is a straight line

tT=Th,P=1
: have 0 = L : +C
<. wehave 0= o T
C=——
or RT,
L .
or = RC = Constant | —Trouton’s equation.
b

6.22 Thermodynamic criteria for reactions

We have
dSuniverse = dSsystem + dSsurroundings
dQ
= dSsystem - ?

[If the surrounding supplies dQamount of heat to the system at temperature

T reversibly.]
du+dw
= dSsystem - T
du dw
= dSsystem - ? - ?
du PdV
:dSSys[em—?—T... (651)
[If only mechanical work is involved]
We have
A = U-TS
dA = dU—-TdS—-SdT
or,7dS—dU = —dA—S8dT
dA dr
Lgs U _ _dA _dT
T T T

dA SdT PdV
= dSuniverse = T T T T T T e

6.52
T T T (6.52)
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Again we know

G=H-TS
=U+ PV-TS
=A+PV
.dG=dA+ PdV +VdP
= —dA—PdV =VdP—-dG
dA PdV VAP dG
T T T T
gs.. ., SdT _VdP dG
universe T - T T
dG VdP SdT
= dSuniverse = _? + T - T (6.53)
Hence
dSuniverse = [(dS)system}U’V (6.54)
0A
= — (—) (6.55)
T T,V
oG
= — (—) (6.56)
r PT

But for a real process to occur, the change must be irreversible (i.e. sponta-
neous) since for irreversible process dS,pniverse > 0
From 6.51

(dSsystrem)y y > 0i.e. entropy increases and from 6.55

dA dA . . .
—| = yOor | — (0 ie. maximum work function or
T Jry T'Jry

Helmbholtz’s free energy diminishes.
dG
Similarly from equation 6.56, <?> < 01i.e. Gibbs free energy dimin-
PT
ishes.
When a system attains equilibrium, its state does not change in any way with

time (i.e. the system becomes a stable one). So any imagined infinitesimal

change would be reversible. Consequently

dSuniverse =0



(dSsystem)y v = 0 ; entropy does not change

T

dA
<—> = 0 ; Helmholtz free energy does not change
T,V

dG
(—) =0 ; Gibb’s free energy does not change
PT

T
Spontaneous Equilibrium
process process
(dSsystem)y v >0 =0
(dA)ry <0 =0
(dG)7p <0 =0
SKILL TEST

1. Write the different forms of Gibbs-Duhem equation.
2. What is the expression of Clapeyron equation for
(a) Solid - liquid
(b) Liquid — vapour and
(c) Solid — vapour system.
3. Derive Trouton’s expression.
4. What are the thermodynamic criteria for

(a) spontaneous and

(b) equilibrium reaction.
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Review Questions

1. The relation between heat absorbed at constant pressure with
that at constant volume.

Answer:
The heat absorbed at constant pressure is (dgq), and the heat absorbed

at constant volume is (dq)y

From first law of thermodynamics we know that
dgq=dU +dwW

Where, dg =heat absorbed by the system.

dU = internal energy of the system.

dW =work done by the system.
dq=dU+PdV
When pressure remains constant then we get
dgp =dUp+ PdV (6.57)
When volume remains constant then we get
dqy = dUy (6.58)
Subtracting (6.57) from (6.58) we get
dgp —dqy = dUp + PdV —dUy

= (dUp — dUy ) + PdV (6.59)

From an ideal system, we have dUp = dUy or dUp —dU, =0



Then from equation (6.59) we get
qu - d(]v = PdV

dgp = dqy + PdV (6.60)

In a gaseous reaction if n; and n, denote the number of reactant

molecules and resultant molecules then we have

PdV =P(V,—V))

P )RT

= —n _—

n 1 P
=dnRT

[we know for n moles of an ideal gas PV = nRT ]
Then from equation (6.60) we get

dgp = dqy +dn RT (6.61)

dn = Increase in the number of moles in the reaction.

Therefore (6.60) and (6.61) are the required equations.

. Show that wheny — 1, the work done in the adiabatic reversible
expansion is equal to that of isothermal reversible expansion

Answer:

Vi
Work done in reversible process W,,, = [ PdV
Vi

For an adiabatic reversible process PVY =constant = (K) say

K

P - 7‘{
Chemistryl



Work done in an adiabatic reversible process

\%)
av
Wiev(adia) = /Constant VT

Vi

When 7 — 1, the work done in an adiabatic reversible process

V.

i av

Wiev(adia) = /Constant.7
Vi

Fav
= Constant / —
1%

Vi

V.
— Constant In— [Constant = nRT |
1

V
= nRT ln—2
1

- Wrev(isothermal)

3. Derive the expression of work done in isothermal reversible pro-
cess.

Answer:

Suppose n moles of a perfect gas are enclosed in a cylinder by a fric-
tionless piston. The whole cylinder is kept in a large constant tem-
perature bath atT°K. Any change that would occur to the system is
isothermal. There is a latch at the top B, and the piston can not move
beyond that. The volume of the gas when the piston is at B isV,. When
the piston is at the point A, the volume of the gas isVj. The aim is to

expand the gas from volumeV; to V;.

But we can carryout the process in the following way. Let the pressure
P be reduced by an infinitesimal amountdP. Let the new pressure be
P/ =P —dp.



The work would be dW = (P, —dP)dV.
The change in volume would be small and equal todV .

The new pressure be again reduced slightly so that it changes to P// =
P/ —ap

Then the work would be dW = (Pl/ —dP)dV

The process may be repeated by such infinite number of successive

steps that the gas may be expanded from volumeV; fo V,.

The net work for all the minute stages would be

Vs Vs
/dW =Y (P—dP)av = /PdV—/deV
Vi Vi

Since d pand dV are infinitesimal quantities, dPdV is negligible.

Vi
V2 VanRT V. RT
or,W:fpdv:fn—dv:nRTln—2 PV:nRTor,P:n—
VI VI V V] V
V.
W =nRT In—
Vi
P,
=nRT In—
P,
.V P L .
Since — = 7 there is an isothermal expansion of perfect gas.
1 2

. Prove that work done in a reversible process is greater than irre-
versible process.

Answer:
. . V2 s
Work done in reversible process(W,,,) = RT In v RTlnF
1 2
pose we carry out a small expansion of the same gas in two ways. We

Chemistryl
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change the volume until the pressure isP,. The process is reversible.

Secondly, we reduce the pressure over the piston at once to P,, which
would be the equilibrium pressure of the gas when the volume is V5,
then the gas would expand immediately against a constant pressure Ps.

The process is irreversible and irreversible work.

VVirrev - PQ(VQ_VI)
RT RT P
= P|———)=RT([1-=2
P, P Py
Py P
Wiey = Wirrey = RT ln}TQ — RT {1— }Tl
Py — P Py — P
= RTln<1+ ! 2>—RT L2
) Py
P —P )
If we assume 7 to be small we can write
2
P —P
Inl+
P,
Since In (14 X) = X when X is small
P —P, P, — P,
Wiey — Wiprey = RT —RT
) Py
_RT P} —2P\P,+P;
PP,
RT
=—— (P —P)*
PP

This is always positive irrespective of the magnitude of Py and P».
Thus the work in a reversible process is greater than that in an irre-

versible process.

nR

oS
. For a Vander Waals’ gas, show that | — = —
ovV /), V—nb

Answer:



For a real gas obeying Vander Waals’ equation we have

nza
(P—‘FW) (V—nb) = nRT

nRT n%a

p — -~ <
V—nb V2

Differentiating the equation with respect to temperature at constant

oP nR
(a—T>V - (6.62)

volume, we get

By Maxwell’s’ relation we know

(@), = (7).

Hence from equation (6.62) we get
Sy =R
ov ). (V—nb)

. Explain why heat energy can not be converted to work in an
isothermal cyclic process for ideal gas.

Answer:
The gas is expanding from volume V;toV,, isothermally and reversibly

through infinite number of successive steps. Hence work done,

/dW =Y (P—dP)av

1% %
/dW:/PdV—/deV
Vi Vi
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Since dPand dV are infinitesimal quantities so dP dV is negligible.

\%)
/dW = /PdV
Vi
V
W= /ﬂdv = nRT lnE
0 %4 Vi

The system has now expanded to volumeV,. Let us now attempt to
return the system to its original state reversibly. It is seen that if we
increase the pressure in successive stages of infinitesimal amount until

the volume becomes V)| and pressure P; the work would be

Vi Vi
/dW =Y (P+dP)av = /Pdv+/dev
Vs 1%

Since dPand dV are infinitesimal quantities so dP dV is negligible.

Vi
Vi
W= /PdV — nRT In—-
Va
V2
In the complete cyclic process then,
V. V
?{dW — nRT In—> +nRT In—= = 0
Vi V)

In a reversible isothermal cyclic process § dW = 0.
We also know for cyclic process § dU =0

From 1* law of thermodynamics we know that

75@:de+de
qu:fdwzo

So heat energy can not be converted into work in an isothermal re-



versible cyclic process for ideal gas.

7. What are the differences between reversible and irreversible pro-

cess?

Answer:

Reversible Process

Irreversible Process

(i) If the systems and surround-
ings are restored to their initial
conditions after a cyclic change,
then the change is termed as re-
versible.

(i1) Work done is maximum in re-
versible process.

(i1i1)) The process occurs through
infinite number of successive
stages and hence infinite time is
required for its completion.

(iv) This process takes place very
slowly and involves a series of

equilibrium states.

() If the

roundings are not restored to

systems and sur-
their initial conditions after a
cyclic change, then the change is
termed as irreversible.

(i1) Work done in an irreversible
process is less than reversible
process.

(i11) This process occurs through
one step and hence gets com-
pleted in a short time.

(iv) This process takes place very
rapidly and does not involve any

equilibrium state.

8. Write down which process is reversible and which process is irre-

versible.

(a) in one step under constant pressure.

(b) in multi steps such that opposing pressure is always less

than the gas pressure.

Answer:
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9.

10.

(a) The process occurs in one step against a constant external pres-

sure. Thus the process is irreversible one.

(b) The process occurs through infinite number of successive stages.

Thus the process is reversible one.

Justify the statement — “First law of thermodynamics is nothing
but the law of conservation of energy”

Answer:
The relation between heat and work which is the origin of first law of
thermodynamics. However, this law is derived from experiment. Dif-

ferent scientists gave different statements on the basis of experiments.

(a) Helmholtz’s statement:

The different forms of energy are interchangeable, but whenever
energy of one kind disappears an equivalent amount of another

kind or kinds makes it appearance.
(b) Clausius statement:
Various changes and transformation may occur but the total en-
ergy of the universe must remain constant.
(c) Ostwald’s statement:
A machine which does work without any supply of energy from

outside is known as perpetual motion of the 1* kind. Ostwald

enunciated that perpetual motion of the 1* kind is impossible.

All the statements are identical in significance. All signify basically
that — “Energy can neither be created nor destroyed, but can be con-
verted from one form to another”. Thus 1* law is actually the law of

conservation of energy.

What is the relation between internal energy change and heat ab-
sorbed at constant volume?



11.

12.

Answer:

Isochoric change i.e. process at constant volume (dV = 0)
From 1% law of thermodynamics we have

dgy = dUy + (dW)y[Suffix Vdenotes constant volume]
or,dqgy = dUy +0

or, dgy = dUy

Thus heat absorbed at constant volume is fully utilized to increase

internal energy.

Justify the statement — “Heat absorbed at constant pressure is
utilized partly to increase internal energy and rest is used up in
work done.”
Answer:
Isobaric process i.e. process at constant pressure (dP = 0)
From 1% law of thermodynamics we have
dgp = dUp + dWp[ Suffix Pdenotes constant pressure ]

=dUp+ (PdV)p
Thus heat absorbed at constant pressure is utilized partly to increase
internal energy and rest is used in work done.
Justify the statement — “Total heat is utilized to do work at con-
stant temperature for ideal gas.”
Answer:

Isothermal change i.e. process at constant temperature (d7 = 0)

From 1% law of thermodynamics we have

dgr = dUr +dWr
Chemistryl
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14.

Ideal gas
d(]T =0 + dWT

= qu =dWr

Thus total heat is utilized to do work at constant temperature for ideal

gas.

Justify the statement — “The function enthalpy is such that its
change is equal to the heat absorbed by the system at constant
pressure.”

Answer:

Isobaric process i.e. process at constant pressure (dP = 0)
From 1% law of thermodynamics we have

dgp = dUp + dWp[ Suffix Pdenotes constant pressure ]
=dUp+ (PdV)p

— dHp
H=U+PV

dH = dU + PdV +VdP
dHp = dUp + (PdV)P +0
(dH)p =dUp+ (PdV)p

Thus the function enthalpy is such that its change is equal to the heat

absorbed by the system at constant pressure.

Write down which one is extensive and which one is intensive
property. (i) volume (ii) temperature (iii) density (iv) internal en-
ergy (v) enthalpy (vi) Viscosity.

Answer:

(a) Volume — Extensive property



(b) Temperature — Intensive Property

(c) Density — Intensive Property

(d) Internal Energy — Extensive Property
(e) Enthalpy — Extensive Property

(f) Viscosity —Extensive Property

15. Is Cp always greater than Cy ? — Explain.

Answer:
No, Cp is not always greater thanCy.There are some condition
whereCp) Cy .

The expression for change in heat capacity is:

oP aV
C”‘Cva(a—T)V(a—T)P

r,(2F i (Y I itive. Thus Cp — Cy is al
= an = arc always posiuve. us - 1S always
\a7 ), T ), ys p p—Cv y

(+)ve. Cp > Cy

There are some conditions where Cp = Cy.

(a) At absolute zero, i.e. when T = 0°K
CP—CV :OOI”CPZCV

But it is a hypothetical case.

(b) Thus for water at 4°C under a pressure of 1 atom, density (d) is

maximum and volume (V) is minimum

a="
V

1%
But differential of a minimum quantity = 0 or <B_T> =0
P
Cp—Cy =0
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or, CP = Cv

16. Why is the enthalpy considered more useful than internal energy

in chemical reaction?

Answer:

Internal energy (U)and enthalpy (H)are measured by maintaining
constant volume and pressure respectively. Since most of the reactions
take place under atmospheric pressure, so enthalpy is more useful than

internal energy in chemical reaction.

17. What is the difference between adiabatic and isothermal
changes?
Answer:
Adiabatic Change Isothermal Change

(i) Heat exchange between the
system and the surrounding does
not occur.

(i1) Internal energy of the system
changes.

(iii) PVY = Constant for such

process.

(i) Temperature of the system re-
mains constant.

(i) Change in internal energy
does not take place for ideal gas.
(i1i1)) PV = Constant for such pro-

CESS.

oUu
18. Prove that foridealgas { — | =0.
v ),

Answer:



19.

20.

From 1* law of thermodynamics we have

dg =dU +dwW

=  dU=dgq—dw

=  dU=TdS—PdV
dq

[From the definition of entropy dS = ?]

Differentiating both sides with respect to volume at constant tempera-

oU aS
(W)fT(W)T‘P

0S oP
Since from Maxwell’s relation, ( ) = < )
T v

ture, we get

v T
Therefore,
oU oP
— =T|{— | —P (6.63)
1% T oT v
For ideal gas, PV = nRT
or, p="RT
|%
P R
Thus, a— LS
oT v |%

<8U> _nRT
Therefore, from equation (6.63) \dV / ; Y
—P—P =0

If the process is completely adiabatic then how much work is ob-
tained from a reversible Carnot engine

Answer:

If the process be completely adiabatic i.e. no heat is absorbed.
.0 =0then Wy =0
.". No work can be obtained.

If no heat is rejected to the sink then how much amount of work

is obtained from a reversible Carnot engine?
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Answer:
No heat is rejected to the sink i.e. 9/ =0

w=0-0
0-0/ =021
T
| o/ T/
or, —E— —7
o T/
or, — = —
(0] T
T
p— /_
or, Q QT/
T-T/
CoWhnax = Q>< T
/ 7/
= Q—xTxT T
T/ T
_ o /
= o (r-7/)
= 0

i.e. no work can be obtained.

d
. Show that dgq is not a perfect differential but ?q is a perfect differ-
ential.

Answer:

Suppose one mole of a perfect gas undergoes a reversible expression
from volume V1 to volume V2 when the temperature changes from
Ty to T>. Then from the first law

dq = dU +dw

or,dq = dU + PdV



22,

or, ['dg = [I"du + [ Pav

T T
_ / CydT + | RTdInv
T T

1%}
ZCV(TQ—Tl)—‘r RTdInV
Vi

The integral on the right hand side ‘Xz RTdIn V can not be evaluated
unless we know the relation between T and V. If T be constant (i.e.
isothermal change) the integral will have one value, and if 7" changes
during the process, the integral will have different values. Thus, the
magnitude of f;] dg depends on the way the expansion is carried out.

Hence, dgq is not a perfect differential.

Now dividing the equation by 7, we have

1 ) T vV
/ @:/ 9L 4 (7 Ramy
1 T T T Vi

=Cyln % + Rln%

That is, the [ d?q for a given change from state I to state II can be
evaluated without any reference to the path of transformation. Thus,
Ik d?q is independent of the way the change is carried out. Hence, d—;]

is a perfect differential.

Prove that entropy change (d5S) is independent of the path of the
transformation.

Answer:
Here AB and CD are isothermal stages at temperature 77 and 7> ; BC
and DA adiabatic stages. Let dq , be the heat supplied to the working

system at 77 and dg; be the heat rejected by it to the sink at 75. All
Chemistryl
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Figure 6.8: P Vs T graph

steps are reversible. We know in a Carnot cycle.

dq1 —dq» _ -1
dqi T;

day _da>
T 1

(dq» 1s negative as it is rejected by the system)

Now let us confine our attention only to the change of the system from
the point A to the point C and attempt to find out the ratio of the heat

change to the temperature at which the thermal change occurs.
We can proceed from A to C either along ABC or along ADC

Along the path ABC, we have the isothermal AB, when heat change
dqi, takes place at Ti, followed by adiabatic change BC having no

heat change.

Heat ch d d
Hence. eat change  dg; L0— q1
Temperature Ti T

Along the path ADC, the adiabatic AD involves no thermal change; but
along the isothermal DC, heat absorbed would be dg, at temperature
D.

Heat ch d d
Hence eacange_o dg» _dga

" Temperature ) )
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Since from reversible Carnot cycle, we have

da _ dg

T Ib)

. . dq .
Thus the ratio of heat change to the temperature i.e. ?q is the some

whatever path may be followed by the system in its reversible change.

dq,
Hence drev

is regarded as a perfect differential.

The entropy change (dS) is measured by the ratio of the reversible heat

change and the temperature at which the heat change occurs i.e.

_ dqrey
T

ds

d
Since, ?qis independent of the path of the transformation, thus, en-
tropy change (dS) is also independent of the path of the transforma-

tion.

What is the physical significance of decrease in Gibb’s free en-
ergy?

Answer:
If a system undergoes a reversible change under isothermal and iso-

baric conditions from one state to another state then,

(AG)rp= (AH)rp—TAS [- H=U-+PV

— AU+ PAV —TAS [-,-AS:%, Grew = TAS]
— AU — gy + PAV

= —W+PAV [Fromlstlaw g =AU +W; AU —q = —W|

or,

- (AG)T_P = WTotal - Wmechanical
' Chemistryl
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25.

= Whonmechanicat [Where PAVis the mechanical work involved in the
system itself during transformation and W denotes maximum total

work output]

Whonmechanical 1S the work received for any external use exclusive of the

mechanical work e.g. electrical work.

The Gibb’s free energy (G) is such a thermodynamic function that
its decrease for isothermal and isobaric reversible process represents
the non mechanical work available during the transformation of the

system.

Thus — (AG)T’ P= Welectrical

Prove that (AG),; = (AA);.
Answer: RT
For ideal gas [dGr = fanP
Gr =nRT In P +nGy
Again integrating within limits we get,
G P uRT
/ (dG)y = / mRap
Gi pn P
P Vi
G, —G1)r =nRTIn— =nRT In —
ofr, ( 2 l)T P Vs
= —Wnax = (AA)T
Hence, (AG); = (AA);
What is inversion temperature?

Answer:
For every real gas there is a characteristic temperature at which neither
heating nor cooling would occur due to passage through fine orifices

of process plug under adiabatic condition. This temperature is called



26.

P P,

Figure 6.9: Joule Thompson

inversion temperature. Thus at inversion temperature (7;) real gas be-

haves ideally.

Show that Joule Thomson expansion is an isoenthalpic process.

Answer:

Suppose, the volume V;of a gas under a constant pressure Pj is allowed
to pass through a porous barrier from the region on the left to the re-
gion on the right where pressure is P>.The volume of the gas becomes
V,.The process is carried out with two frictionless pistons attached at
the two ends. The whole system is thermodynamically insulated i.e

qg=0

Work done with the system at the left = W, = f‘g Pdv
=—PV

Work done with he system at the right

Wi = [y PadV
=PV,

Thus total work done
vatal - WL + WR

=-PIVi+ PV,
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Then from first law of thermodynamics

0=AU+W

0= (U —U))+ (PV2—PV))
= (U +PVo)— (U +PVy)
=H,—H =AH

Hence adiabatic expansion of a gas through fine orifice is isoen-
thalpic.

27. How will you show that u;7of an ideal gas is equal to zero?

(@),
G0, G, - () ]
e {rG), ), (55

[du =dg—dW
= TdS — PdV

(5,7 (%),

Answer:

For ideal gas, uyr

/\
QJ

r(3),
:_CLP {(P—P) 3—‘;>ﬁ<a(a];w>r}
__ép{a%PPV) T _Clpxo:o,

d(PV
Since from Boyle's law, (PV) =0
oP |,

Hence u;r =0 o.dT =0

i.e. Neither heating nor cooling.



28.

29.

What is the significance of (+) ve and (-) ve sign of Joule-Thomson
coefficient (u;r)?

Answer:
Positive sign of y;r indicates that cooling occurs under adiabatic con-
dition and negative sign of uy7r indicates that heating occurs under

adiabatic condition.

What is the physical significance of Helmholtz free energy?

Answer:
If a system undergoes a reversible isothermal change from one state to

another, then

(AA); = (AU); —TAS
= (AU); — T x L&
T
= _(Wrev)T
= - (AA)T - (WmaX)T

Thus, work function A is such a thermodynamic function that its

decrease for an isothermal reversible process represent maximum

amount of available work.

Chemistryl



Worked —-Out Examples

1. A gas is expanding against a constant pressure of 2 atm from 10
to 20 liters absorbs 300 cal of heat. What is the change in internal
energy?

Answer:

Work done during expansion W = 2(20 — 10) = 20 Litre atm
1 litre atm = 24.2 cal So W =484 cal.
From 1* law
dg=dU+W
300 =dU +484

So dU = —184 cal

Hence internal energy is decreased by 184 cal.

2. A weight of 1000 gm falls freely to a platform from a height of
10 metres. What amount of heat will be evolved when the weight
strikes the platform?

Answer:

Work done during fall = mgh
Here m = 1000 gm; g = 980 cm/Sec2 ch=10metre = 103 cm
SoW =10%x 980 x 10° = 9.8 x 10% ergs = 98 Joule

Now W=JH
w98
SoH=—=—cal =23.3 cal.
J 42
3. One mole of an ideal gas expands against a confining pressure
that is at all times infinitesimally less than the gas pressure from

an initial 10 atm to a final of 0.4 atm ; the temperature being kept



constant at 0°C.(a) How much work is done by the gas? (b) What
is the change in U and H? (¢) How much heat is absorbed?

Answer:

The process described is an isothermal reversible process for which

Py
W = nRT In—
P,

Or, W =1.987 x 273 ln(;% = 1746.08 Cal

In isothermal expansion of ideal gas AU = AH =0
Also here dg =W

So 1746.08 cal. Heat is absorbed.

. A gas expands against a variable external pressure given by
P = v atm. where V is the volume of the gas at each stage of
expansion. Further in expanding from 10 to 100 litres, the gas
undergoes a change in internal energy AU = 100 Cal. How much
heat has been absorbed?

Answer:

V2
Work done against a variable pressure = [ PdV
Vi

10 Vadv
Here P =  atm. SoW =10 [ — litre atm
Vi

v 100
W =101In-2 = 10ln— = 23.03 litre atm.
Vi 10

Or, W =557.3 Cal [1 litre atm =24.2 Cal]
As,dg=dU+W

Sodg =100+557.3 = 657.3 cal is absorbed.
Chemistryl



5. What is the change in U and H suffered by 3 moles of CO; if the
temperature is raised from 100°C ro 500°C; the pressure remain-
ing constant at 0.1 atm? The heat capacity of C0,is given by
Cp=442+879x1073T —8.62 x 10T 2 mole 'K~ .

Answer:

For ideal gas Cp — Cy = R = 8.31 Joule
So

Cyv = Cp—R
= 442+879x1073T —8.62 x 10772 —-8.31
— 35.89+879x 10T —8.62x 107172

5]
Au = /nCvdT

1

773 773 773
= 3 35.89/dT+8.79><10’3/TdT—8.62><10+5/T*2dT
373 373 373

Or,AU = 3[14356+2014.66 — 1195.85] = 45524.43 Joule
b3

AH = d/ﬂil(jpcijn

T
773 773 773
= 3 44.2/dT+8.79><10*3/TdT—8.62>< 105/T’2dT
373 373 373

= 3[17680+2014.66 —1195.85] = 55496.43 Joule.

6. Calculate the work done by 5 moles of an ideal gas during expan-
sion from 5 atm. at 25°C to 2 atm at 50°cagainst a constant pres-
sure of 0.5 atm. If for the gas Cp = 5 Cal. mole™! deg’1 calculate
AU,AH and q.

Answer:



Work = Py [V2 — V1]

Here P,; = 0.5atm.V, =

nRT, 5 x0.082 x 323

= 66.22 litre

2

nRT;  5x0.082 x 298

dv p— p—
mehr="p 5

So

W = 0.5(66.22 — 24.44)
Cp =5Cal. So Cy

AU

AH

q

=24.44 litre

20.89 litre atm = 505.54 Cal
3Cal (Ideal gas)

5x3(323 —298) =375 Cal and
5x5(323—298) = 625 Cal.
AU +W = 880.54Cal.

. N, gas is expanded reversibly and adiabatically from a volume
of one litre at 0°C and 1 atm to a volume of 2 litre. Cy and Cp
values are 20.8 and 29.1 J mole 'K~!. Assuming ideal be-
haviour calculate the final temperature and pressure. What are
q,W,AU and AH?

Answer:

C 29.1
Poisson’s Ratio Y= C—P = 208 =
Vv .

From adiabatic reversible relation —

1.40

PV =PV) So1x1=pP,x2"

or, P, =0.38 atm

Again IV =DV 0r273 x1 = Ty x 204

or, T, =206.9°A
Chemistryl



In adiabatic process g =0

W =Cy(Ty —T;)/mole = 20.9(273 —206.9)
= 1381.5Joule
AU =Cy(T»,—Ti) = —1381.5Joule
AH =Cp(T, —T1) = —1923.5Joule

8. One mole of an ideal monatomic gas initially at STP experiences
a reversible process by which P is doubled. The nature of the
process is unspecified but AU is 900 Cal. and q is 400 Cal.

(a) Calculate final T and V and AH and W.

(b) Suppose that the gas was taken to some final state, but by
a two step process consisting first an isobaric change and
then an isothermal one, both reversible. Calculate overall
AH AU ,q and W for this sequence.

Answer:

(a) From firstlaw g = AU +W
Here 400 =900 + W
So, W =-500 Cal.

So 500 Cal work was done on the system.
AU =900 =Cy(T» —Th)

3
For ideal mono-atomic gas Cy = §R = 3Cal.

So, 900 = 3(T, —273) or, T = 573°K
Cp=3+2=5Cal.

AH = nCpdT =1 x5(573 —273) = 1500 Cal



PV PV

L T
Now. D PV ST3x1x224
T R 273x2

or, Vo, =23.5 litres

(b) In this case the change is done in the following way

P=1atm P=1atm
1 Mole gas | V =22.4litre | "2%< | v =v/
T =273°A T =573°A
P=2atm
fsothermal 1y — 235 litre
T = 573°A

Since initial and final states are same as step ‘a’ and as U and H
are state functions so AU and AH are same as before i.e. AU =
900 Cal and AH = 1500 Cal. Work done in isobaric step W1 =
P(V/ —V)

Here V/ =2 x 23.5 = 47 litre
So Wy = 1(47 —22.4)Litre atm = 595.3 Cal.

P
In the second isothermal step W, = RT lnF1
2
1
=1.987 x573 In 5= —789Cal.

So total work = 595.3 — 789 = - 193.7 Cal.

q=AU+W =900—-193.7 =706.3 Cal.

9. Ten litres of a mono-atomic gas expands adiabatically from 5 atm.
to 1 atm. Final volume is 23.6 litre. Calculate the adiabatic work.

Answer:
Chemistryl



10.

11.

o PV PV,
Adiabat k = nCy(T1 —Tp)=nCy | — — —=
iabatic wor nCy(Ty —T) =n V{nR nR}
{Plvl _PQVQ} PV =PV,
R v—1
[ASR:CP—C\/]
S5x10—1x23.6
So here Wy = - 66 ><1 [gas is mono — atomic]

= 40 litre —atm = 968 Cal.

A given mass of an ideal gas (Cp = 5Cal.deg ' .mole™")ar 27°Cis
compressed adiabatically reversibly to one-quarter of its volume.
Calculate the temperature after compression.

Answer:

Cy=Cp—R=5-2=3
Cp

So, y=—=1.66
0,7 C

Now T1V! ' = vy !

1%
T = 300°A; V, = Il T =2

4
Or, T» = 300 x 410:66 — 748 99°A

Vi +0.66
So, 300 V,;"%¢ =1, (-)

One mole of an ideal mono-atomic gas at 27°C is allowed to ex-
pand into vacuum from 10 litre to 20 litre; and one mole of the
same gas expands isothermally and reversibly from the same ini-
tial to the same final volume. Calculate g and Win both cases.

Answer:



12.

13.

In case 1 external pressure is 0. So the external work = 0 (20 — 10) =
0. Internal work is also zero, as the gas is ideal. So total work = 0,

heat change = 0.

v 20
In case 2 work = nRT €n72 = 1x 1.987 x 300 fn T
1

=413.18 Cal

As the process is isothermal; so heat absorbed = work done

So g =413.18 Cal.

One mole of an ideal gas at 27°C and 2 atom. Expands (i) isother-
mally and reversibly till the final pressure is 1 atm. (ii) isothermally
against a constant external pressure of a 1 atm. till the final pres-
sure equals to external pressure. Calcutta dg,AU and AHin each
case.

Answer:

Both the steps are isothermal so as the gas is ideal AU = 0 and AH =

Oin both cases.

For isothermal process dg = W

P 2
In case 1 W = nRT lnF] = 1x1.987 % 300 In
2

=413.18 Cal.

P —P, 2—1

In case 2W = RT =1.987 x 300 x

1
=298.05 Cal.

One mole of an ideal mono-atomic gas initially at 27°C and occu-
pying a volume of 10 litres undergo adiabatic expansion in two
different way, till the final volume in each case increases to 20
litres. (i) Adiabatic expansion against a constant external pres-

sure of 1 atm and (ii) Adiabatic expansion against zero pressure.
Chemistryl
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Calcutta the work done and final temperature in each case.
Answer:

Both the expansions are adiabatic and at the same time irreversible.

So in case (i)

W = Py (Vo — V1) =1(20—10) = 10 litre atm
=242 Cal.
In case (ii)) W =0 x Vol. Change = 0

3
Now W = Cy(Ty —T2) = 3 x 1.987(300 ~ T)

3
For mono-atomic gas Cy = > R.

In case (i)
3
242 = 3 x 1.987(300 — T»)

Or, 242 =894.15—-2.9805 T,
Or, T, = 218.8°A

In case (ii)) AsW =0 T; =T, =300°A

100 gms of N, at 25°C are held by a piston under 30 atm. pres-
sure. The pressure is suddenly released to 10 atm. under adia-
batic conditions. If the molar heat capacity of V,at constant value
be 4.95 Cal/°, calculate the final temperature and AU of the gas.

Answer:

This is an adiabatic and at the same time irreversible expansion.



15.

Now

nRT2 nRT1
VVirrev - PZ(VZ_VI):PQ -

P, Py
= R|\T, —T —P2

n
2=hp

And Wad = nCV(T1 — TQ)

P
So here nCV(T1 - TQ) = nR(T2 - T] Fz)
1

10
So, 4.95[298 — Ty] = 1.987 {Tz - 298.%}

or, T, = 241.09°A

1
Here number of moles n = ﬂ

28

100
So, AU =nCy (T, —T)) = 3 x 4.95(241.09 —298) = —1006 Cal.

A system undergoes a certain change in state by path 1 and
the corresponding heat absorbed and the work term are 10K
cal and 0 erg. respectively. For the same change in state by
path Il the respective quantities are 11 K.Cal and 0.5 W,;x, where
Waxrepresents the work if the specified change is reversibly car-
ried out. Find W, ,«in ergs.

Answer:

From 1% law dg = dU +W
dg and W are path dependent; but dU is path independent.
Inpathldg=10K.Cal W =0

SodU =10K.Cal

Inpathlldg=11K.Cal W =0.5Wpax
Chemistryl
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So 11 =104 0.5Wnax

0rWmax = 2K .Cal =2 x 4.2 x 10'%rgs

0.1 mole of a mono-atomic perfect gas with Cy independent of
temperature is made to undergo a reversible cyclic process con-
sisting of the following steps:

State 1 (1 lit. 1 atom.) — State 2 ( 1 litre, 3 atm.)
State 2 — State 3 ( 2 litre, 3 atm. )

State 3 — State 4 ( 2 litre, 1 atom.)

State 4 — State 1

Calculate g ,W and AU for each step and for the complete cycle.
Comment on thermodynamic nature of these functions on the ba-
sis of the evaluated values.

Answer:
1x1
Temp at state 1 is = X 121.95°A
0.1 % 0.082
Temp at state 2 is = — - — 365.85°A
Cmp A S S = T x 0082~
Temp at state 3 is = —> > — 731.70°A
cmp A S S = %0082~
. 1x2
Temp at state 4 is = ————— = 243.90°A
0.1 % 0.082
PV
T— "L
nR

Now dq = dU +W = nCydT + PdV
In Step 1

W1 =PdV =0
3
dU; =0.1x 5 x 1.987(365.85 —121.95) = 72.69 Cal



Soq1 =172.69 Cal
In Step 2

Vs \%)
W> :/PdV:P/dV:P(VQ—V]) =3(2—1) =3 litre atm.
Vi Vi
=72.6 Cal.

dU, = 0.1 x 1.987(731.70 — 365.85) = 109.04 Cal
g =109.04+4+72.6 =181.64 Cal.

In step 3

Wy = 0[dV =0]

3
dUs; = 0.1x 5 x 1.987 x (243.9 —731.70) = —145.38 Cal
q3 = —145.38+0= —145.38Cal
In step 4

Vi
W, = P/dV =P(Vi—=V,) =1(1 —2) = —1 litre atm.
Va

= —-24.2Cal.
dus = 0.1 x%x1.987x(121.95—243.9)
= —36.35Cal
qs = —36.35-242=-60.54Cal.

Chemistryl
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So total

W = Wi+W+W;+W,
= 0472.64+0—-242=48.4Cal
9 = q1+tq2+qg3+4qs
= 72.69+181.64 —145.38 —60.54
= 48.41Cal
dU = dU;+dUy+dUs+dUy
= 72.69+109.04 —145.38—-36.35=0

The process is cyclic so state functions will not change. As dU =
0 but g #0and W # 0 so only U is state function.

One mole of an ideal mono-atomic gas initially at STP experi-
ence a reversible process in which the pressure is trebled. The
nature of the process is unspecified, but it is given that AU =
4KJ and g = 1.8KJ. Calculate the final temperature and volume
and AH and Wfor the process. Let the gas be taken the same final
state, but by an isobaric reversible change, followed by isothermal
reversible change. Calculate AH; AU ; g and W for this sequence.

Answer:

For ideal mono-atomic gas Cy = %R
Now AU = Cy (T, — Ty) for 1 mole
So4x10° = % x 8.313(T» —273)
So T, =593.78°A

P] V] P2V2 1 x22.4 3 x V2
w = Y =

N _
T T, 273 593.78

So V, =16.24 litre
NowAH = AU + (PQVQ — P V])



Here Vo — P1Vi =3 x16.24 — 1 x22.4 =26.32 litre —atm.

=26.32 x 101.38 Joule

=2668.27 Joule

So AH = 4000 +2668.27 = 6668.27 Joule = 6.66827 K .J.
Againg=AU+W

Sol8=4+W

Or, W=-22k.J.

If the same change is done by an isobaric followed by isothermal pro-

cess AU and AHwould be same as they are state functions. But as the

change is
1 atm 1 atm 3 atm
I 1 .
224 — V. — 16.24 litre
273°A 593.78°A  593.73°A
SoV =48.72 litre [PV =PV,

Isothermal change
As internal energy has not change in Step II

So AU; in Step [ =4 K. J.
Wi =P(V, —V)) = 1(48.69 —22.4) litre atm = 2665.28 Joule

So g1 = 4000+ W = 6665.28 Joule

Va 16.24
In Step I W, = RTIn— = 8313 x 593.78In——— =

Vi 48.72
—5422.85 Joule
So g» = —5422.85 Joule
So total W = 2665.28 — 5422.85 = —2757.57 Joule

q = 6665.28 —5422.85 = 1242.43 Joule
Chemistryl
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19.

One mole of an ideal gas expands from 10 litres to 50 litres at
27°C in the following two ways (i) isothermally reversibly and (ii)
against a constant pressure of 1 atmosphere. Show by calculation
in which case more heat will be absorbed during expansion.

Answer:

In isothermal processes heat absorbed = work done

V.
In case (i) work = RT lnv2

1
50
— 8313 x 300 In
AT}

=4013.77 Joule

In case (ii) work = Py (Vo — Vi)
= 1(50 —10) =40 litre — atm
=4055.12 Joule

In case (ii) more work is done, so more heat is absorbed.

Find the motor increase in U, H, S, F and G in expanding one litre
of an ideal gas at 25°C to 100 litresat the same temperature.

Answer:
The process is isothermal. So AU = AH =0 as AU = CydT and

per mole.

V.
In an isothermal expansion AS = Rlnv2 per mole
1

100
So here AS = 8.313 lnT = 38.28 Joules/degree

V
Also in isothermal expansion AFr = AGr = RT In— mole
2



20. Compare the thermodynamic efficiencies to be expected (a)
When an engine operates between 1000°K and 300°K,(b) When
an engine operates between 1000°K and 600°K and waste heat is
passed to another engine working between600°K and 300°K.

Answer: 1000 — 300

Effici - =07
Case (a) Efficiency N 1000

W 1000 — 600
Case (b) —~ = ————— = 0.4 W; = 0.40,

0; 1000
So waste heat O, = Q1 —0.40Q; = 0.6Q; then the heat is passed to

another which does work W, and

Wa 600300

= 0.5
0.60, 600

SO, W, = 0.3Q1

Total work = W; +W, =040, +0.30; =0.70;
0.7Q;

So total efficiency =
1
engine working between 1000°C and 800°K.

= 0.7 i.e. same with the efficiency of the

21. Calculate AS per litre of solution when pure N,, H, and NH3 gases
are mixed to form a solution having the final composition
15% Ny; 55% H, and 30%N Hs(all at S.T.P.).

Answer:

This is a case of free mixing and we know that for free mixing
AS = —Y X;R InX;/mole. Here X; =Mole fraction.

In the given problem Xy, = 0.15 ; X, = 0.55 and Xyg, = 0.30
So

AS = —0.15x1.9871n0.15—-0.55 % 1.987 In0.55—0.30 x 1.987 In 0.30
or,AS = (0.56540.653+0.718) Cal/mole

or,AS = 1.936 cal/mole
Chemistryl
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23.

As they are S.T.P. 1 mole = 22.4 litre

So, AS/litre = 0.086 Cal/deg/litre.

A mole of steam is condensed at 100°C, the water is cooled to
0°Cand frozen to ice. What is the difference in entropies of the
steam and ice? The heats of vaporization and fusion are 540 cal.
gnf1 and 80 cal. gnf1 respectively. Use the average heat capacity
of liquid water as 1 cal .

Answer:

Entropy change during condensation of steam

18x540 - .
AS) = ——=2—Cal/ = ~26.06 Cal/

Entropy change during cooling of water from 100°C to 0°C
273
AS; = 18 x 1 InT2 Cal/” = —5.62 Cal/*

Entropy change during freezing of water at 0°C

18 80
ASy = — 2;3 cal [° = —5.27 cal J°

So that entropy change = - 26.06 — 5.62 — 5.27 = -36.95 Cal /°C

Hence difference in entropy between steam and ice = 36.95 cal/°.

An ideal heat engine operates between 7, and T;. Per cycle, g, is
—4.5 x 10%¢cal and AS; is —15,000Cal K~ '; T is 300°C. Calculate
(a) efficiency of the engine and (b) work done per cycle.

Answer:



q1 4.5 x10°

AS1 = — s0,—15,000=
T T
or, i = 3x10>=300°A
T, = 573°A
- L,—-T1 573—300 .
S = = =0.48 i.e. 48%
o ef ficiency 5 573 ie o
T
Now 2 _ 2
g1 T

573
or, g = —4.5 x 10° 22 = =9.45 x 10° Cal

T—T
2l _9.45%10° % 0.48

So work done W = ¢
2

= —4.54 x 10°Cal.
. u for a Van-der-Waals gas is given by

NERLE

Calculate the value of AHin calories for the isothermal (300°K)
compression of 1 mole of nitrogen from 1 to 500 atm.

(a = 1.34litre* atm mole™*; b = 0.039 litre/mole)

Answer:

Chemistryl
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26.

dH 2a
or,| — ) =—|——b
dP ), RT
H, 2a

P
or, dH = — {— —b} dP
H RT Py

2
or, AH= (Hy—H,)= — {R—; — b} (P, — Py) for isothermal compres-

sion.

A = — [ 22134 30| (500—1)
on AT T 0.082x300
— —34.90 litre atm = —844.62 Cal.
oH
For C02(g) at 300°A and 1 atm. pressure P =
T

—10.2 Cal mole ™!

atm ' andCp = 8.919 Cal mole 'deg . Calculate the joule -
Thomson co-efficient of the gas for the given temperature and
pressure condition.

Answer:
Joule — Th fficient I (dH
oule — Thomson co-efficient ;7 = —— { —
u Uit cr\ar ),
1 ~1
Souj—r = ———={—10.2} = 1.1436 deg.arm

8.919
An ideal mono-atomic gas undergoes a reversible process by
which its volume and absolute temperature are each doubled.
Calculate (a) ASand (b) AG for this change if the gas is initially
at S.T.P. Given there is one mole gas and its entropy at S.T.P. is
36.55 Cal K .

Answer:

For the given change

T, Vv
AS = Cyln=2 + R In22
ving TRing
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3
The gas is ideal mono-atomic, so Cy = 5 R also here

V
2 _2and ==2
T Vi

3 5
So AS = §R1n2+Rln2 =5 RIn2 =3.44 CalK!

To find AG,we write

Gy,=H,— 15
G =H;—T$

So (GQ-G]) =AG = (HQ—Hl) -85+ TS5
5
Again (H2 —Hl) =AH = CP(T2 —T]) = 5R(546—273)

=1356.13 Cal
S>=S81+A85=36.55+3.44=39.99
So AG = 1356.13 — 546 x 39.99 +273 x 36.55

= —10500.26 Cal.

Calculate the freezing temperature of water under a pressure of 2
atm, given /; = 80Cal/gm; density of ice = 0.92 gms/c.c.

Answer:

... dP Ly
Clapeyron equation is — = —————
dr  T(V,—V))

. dP . -
Here if T is atm/deg then Ly should be litre-atm V should be in litre.
Now we know if P = 1 atm fr.pt. T = 273°C
If Pis made 2 atm dP = (2—1) = 1 then dT =?

Ly =latent heat of fusion/mole = 18 x 80 Cal = 59.50 litre — atm

18
Vi1 = Molar volume of ice = —— = 19.6 c.c = 0.0196 litre

0.92 Chemistryl
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29.

1 59.50

So, — =
@ 4T ~ 273(0.018 —0.0196)

or, dT = —0.0073

So freezing point at 2 atm will be —0.0073°C.

What is the boiling point of water at a place where the atmospheric
pressure is 600 m.m.? ({y = 640Cal/gm).

Answer:

Clausius — Clapeyron equation is

WP _ Ly BT
n—=—.
P, R T\,

For water, if P; = 1 atm =760 m.m. then b.pt 7} = 373°A

Ly =540 x 18 = 9720Cal mole ! if P, = 600 m.m. T =?

So,
ln600 9720 T,—373
760 1987 373D
T, —373 s
LT = _4.83x10
373 T, %

or,T, = 366.4°i.e.93.4°C

What is the latent heat of fusion of tin (m. pt 504°K) if its m.pt is
raised by 0.328°C when pressure is increased by 10 atm? The
volume change is 0.03894 c.c/gm.

Answer:
dp Uy .
— = ————— {y =latent heat of fusion/ gm
dr TV, —Vy)

V = Volume/gm



30.

10 Uy
cre =
0.328 504 x 0.03894
So ¢ =598.35c.c. atm = 14.480 Cal gm !

H

5 gm — moles of water initially at 27°C are converted to a final
state of vapour at 227°C, the conversion being effected under 1
atmospheric pressure. Assuming the vapour to behave ideally,
compute the total change in entropy.

[heat capacity of water = 1 cal/gm; heat capacity of water vapour
= 0.40 cal/gm, latent heat of vaporization of water = 540 Cal/gm].

Answer:
Entropy change during heating 5 gm moles (i.e. 90 gm) water from
27°C (i.e.300°A) to 100°C(i.e. 373°A) is

373
AS; =90x1In— =19. 1/°
1 X n300 9.60 Cal/

Entropy change during vaporization of 5 moles water at 373°A is

90 x 540
ASy = 2220 13029 Cal/°
373

And entropy change during heating 5 moles vapour from
100°C (i.e. 373°A) to 227°C(i.e. 500°A) is

500
AS3; =90 x0.40 In— = 10.55Cal/°
3 X n373 a/
So total change AS = AS] + AS; +AS;3
= (19.6+130.29+ 10.55) e.u.

= 160.44Cal/°
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Multiple Choice Questions

1. Ideal gas rushing into vacuum is
(a) Reversible Process
(b) Irreversible Process
(c) Sometimes reversible and sometimes irreversible

(d) None of the above.

Answer:
b

2. The total change in internal energy in a cyclic process is
(a) Zero
(b) infinity
(c) Negative

(d) can not be said

Answer:

a

3. Work
(a) Depends on path
(b) does not depend on the path
(c) sometimes depend on the path

(d) None of these

Answer:

a

4. Which is an extensive property?

(a) Temperature



(b) volume
(c) density

(d) pressure

Answer:
b

5. Which is an intensive property?
(a) Pressure
(b) volume
(c) viscosity

(d) internal energy

Answer:

a
6. The expression of 1* law of thermodynamics
(@) g=AH—-W
(b) AU = AH + PAV

(c) AU =qg+W
(d) AU=q—W
Answer:
d

7. The process in which temperature remains constant is called
(a) isothermal process
(b) isochoric process
(c) isobaric process

(d) adiabatic process.
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Answer:

a

8. The process in which pressure remains constant is called
(a) isothermal process
(b) isochoric process
(c) isobaric process

(d) adiabatic process.

Answer:

C

9. The process in which volume remains constant is called
(a) isothermal process
(b) isochoric process
(c) isobaric process

(d) adiabatic process.

Answer:
b

10. When a system is incapable of exchanging either matter or energy
with the surroundings then it is called
(a) open system
(b) closed system
(c) isolated system

(d) none of these

Answer:

C



11. When a system is capable of exchanging both matter and energy
with the surroundings then it is called

(a) open system
(b) closed system
(c) isolated system

(d) none of these

Answer:
a
12. Which is a state function?
(@ w
(b) ¢
q

c —
(c) W
d) g—W

Answer:
d
13. The sum of internal energy and pressure volume energy is called
(a) entropy
(b) enthalpy
(c) heat capacity

(d) free energy

Answer:
b
14. The characteristic equation of gas is given by
(@) PV =RT

(b) PV = mRT
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(c) mPV =RT

(d) none of these

Answer:
b

15. The change in internal energy of a system depends upon
(a) initial and final states of the system
(b) the reversible path
(c) the irreversibility of the process

(d) the initial state of the system only.

Answer:

a

16. The expression of work done in isothermal reversible process for
ideal gas is

v
(@) W =nRT In—2
Vi

1%
(b) W = nRT In -
%)

P,
(¢) W =nRT In—=
Py

(d) none of these

Answer:

a

17. For ideal gas

oH
@ (37 ),=0

oH
o (%),



ou
© (W) -0
T

oU
o %),
T

Answer:

C

18. The process in which heat is not allowed to enter into or to come
out of the system, then the process is called

(a) isothermal process
(b) isochoric process
(c) isobaric process

(d) adiabatic process.

Answer:
d

19. Water at 4°C, under pressure of 1 atm., Cp — Cyis equal to
(a) positive
(b) negative
(c) zero

(d) none of these

Answer:

C

20. The change in internal energy for ideal gas in isothermal process
is
(a) Zero
(b) infinity

(c) Negative
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(d) can not be said

Answer:

a

21. The change in enthalpy for ideal gas in isothermal process is
(a) negative
(b) infinity
(c) zero

(d) can not be said

Answer:

C

22. In acyclic process ¢ dShas value
(a) one
(b) two
(c) three

(d) zero

Answer:
d

23. Available internal energy is called
(a) enthalpy
(b) entropy
(c) Helmholtz free energy

(d) Gibbs free energy

Answer:

C



24. Free energy change for a reversible process is
(a) equal to zero
(b) greater than zero
(c) less than zero

(d) none of these

Answer:
a
25. In irreversible isothermal process, entropy of the universe
(a) increases
(b) decreases
(c) remains constant

(d) none of these

Answer:
a
26. In irreversible cyclic process, entropy of the universe is
(a) negative
(b) positive
(c) zero

(d) none of these

Answer:
b

27. If no heat is rejected to the sink then, W, . for reversible Carnot
cycle is
(a) infinity

(b) one
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(c) zero

(d) none of these

Answer:

C

28. Joule-Thomson expansion is
(a) isoentropic
(b) isobaric
(c) isothermal

(d) isoenthalpic

Answer:
d

29. In Joule-Thomson effect, heating of a gas
(a) uis positive
(b) u is negative
(c) uis zero

(d) none of these

Answer:
b

30. In Joule-Thomson effect, cooling of a gas
(a) uis positive
(b) u is negative
(c) uis zero

(d) none of these



Answer:
a
31. Entropy change is
(a) dependent on the path of the transformation
(b) independent of the path of the transformation

(c) sometimes dependent, sometimes independent of the path
of the transformation

(d) none of these

Answer:
b

32. Reversible adiabatic process is regarded as
(a) isothermal
(b) isochoric
(c) isobaric

(d) isoentropic

Answer:
d

33. G = H — TS is the expression for
(a) Gibbs free energy
(b) Helmholtz free energy
(c) Clausius Clapeyron Equation

(d) Gibbs Duhem equation

Answer:

a
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34. Thermodynamic equilibrium means
(a) only mechanical equilibrium
(b) only thermal equilibrium
(c) only chemical equilibrium

(d) all of these

Answer:
d
35. In natural processes, the entropy
(a) increases
(b) decreases
(c) remains constant

(d) none of these

Answer:

a
36. By leaving the door of an electric refrigerator open, the tempera-
ture of the kitchen
(a) increases
(b) decreases
(c) remains same

(d) none of these

Answer:
a
37. We can devise an engine whose efficiency is always
(a) greater than

(b) less than



(c) equal to

(d) some times greater and some times less than the efficiency
of Carnot engine

Answer:
b

38. Which of the following is true always for spontaneous change at
all temperature?

(@) AH)0andAS(0

(b) AH{0andAS{0

(c) AH{0andAS)0

(d) AH)0andAS)0

Answer:

C

39. The term chemical potential was first introduced by
(a) Maxwell
(b) Duhem
(c) Gibbs
(d) Einstein

Answer:
C
40. The efficiency of a heat engine is always
(a) <1
(b) >1
(c) zero

(d) 1
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Answer:

a
41. In a solution, the activity of the solvent is
(a) equal to unity
(b) equal to fugacity
(c) always less than unity

(d) always greater than unity

Answer:

a



Exercise

1.

10.

11.

12.

13.

. ProvethatC,-C, =T <S_T> <S_T>
4 P

. Is Cp always greater than Cy? Explain.

Justify the Statement: “First law of thermodynamics is nothing
but the law of conservation of energy.”

. Show that for nmole of ideal gas change in internal energy, Au =

nC, (TQ - Tl)'

. Prove that more work can be obtained from reversible process

than that from irreversible process.
oP 1%

. How will you prove that adiabatic P-V curve will be steeper than

the isothermal P-V curve?

. What is the relation between heat absorbed at constant pressure

with that at constant volume?

. Derive the expression of work done in isothermal reversible pro-

cess for nmole of ideal gas?

. Show that when v — 1, the work done in the adiabatic reversible

expansion is equal to that of the isothermal reversible expansion
for ideal gas.

Show that for nmole of ideal gas change in internal energy, AH =

nCp (TQ — T]).

Prove that work done in adiabatic reversible process is

1
Wrev(adia) - 1TY [PQVQ — P Vl].

oS nR
For Vander Waals’ gas showthat | — | = .
oV /), V—nb

Show that for nmole of ideal gas in adiabatic reversible process
(a) TVY~! =Constant

(b) PVY =Constant
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14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

(c) TYP'~Y =Constant
Write down the definition of

(a) Isolated system
(b) Closed system
(c) Open system.
What is entropy? What is the physical significance of entropy?
d
Show that dgis not a perfect differential but ?q is a perfect differ-
ential.

Prove that irreversible isothermal expansion of an ideal gas in-
creases the entropy of the universe.

What are the thermodynamic criteria for :

(a) a spontaneous reaction

(b) an equilibrium reaction

Show that
opr oT
@ (o) =5y
dS /y oV /g
oS oP
® () =57
oV ), oT /
Define Joule-Thomson co-efficient (u) for a gas. Show that Joule
Thomson

expansion is an isoenthalpic process.

What is the expression of Joule-Thomson Co-efficient? Show that

1 |2a
i f Vander Waals’ is— |— —b]|.
expansion u for a Vander Waals’ gas i c {RT }

What is inversion temperature of real gas?
Derive Gibbs Duhem equation for n mole of ideal gas.
Derive Clausius Clapeyron equation.

If the process is completely adiabatic then how much work is ob-
tained from a reversible Carnot engine?



26. If no heat is rejected to the sink then how much amount of work
is obtained

from a reversible Carnot engine?
27. Derive different expressions of Gibbs Helmholtz Equation.

28. Prove that entropy of the universe increases in irreversible cyclic
process.

1. One mole of an ideal mono-atomic gas initially at 27°C and 10 atm.
adiabatically expands against a constant pressure of 1 atm. till the
volume is doubled. Calculate W; dU; d Hand final temperature.

2. 0.5 mole of an ideal mono-atomic gas initially at 5 atm. pressure
and 0°Cis allowed to expand against a constant external pressure
of 0.5 atm. Conditions are such that the final volume is 10 times
the initial volume; the final gas pressure equals to the external
pressure. Calculate g, W, AU ; AH; AS and AG for the process.

3. A cylinder is fitted with a frictionless piston and is kept in a ther-
mostat. It contains 2 moles of an ideal gas at 27°C and 2 atm.
pressure. Following are three separate experiments carried out
independently with the above:

(a) The piston is all on a sudden withdrawn to a position where
pressure is reduced to 1 atm. and equilibrium restored.

(b) Pressure is reduced at a single step from 2 to 1 atmosphere.

(c) Pressure is reduced slowly to 1 atm. in such a way that the
position of the piston remains unaltered if left to itself any
moment during the operation.

Calculate in each case AE; AH; gand W.

4. One mole of an ideal mono-atomic gas at 25°C and 5 atm is ex-

panded to a final pressure of 1 atm (a) isothermally against a
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10.

constant pressure of 1 atm and (b) adiabatically and reversible.
Calculate for each expansion, final temperature, heat absorbed;
AU and AH.

. The standard Gibb’s free energy (AG°) for a certain reaction at

different temperatures (7°K) is given by

AG®(Cals) = —126400 —5.44T In T + 104.7T

Calculate the standard entropy change (AS°) for the reaction at
2000°K.

. Calculate the thermodynamic potential of a gm-mole of

SO, at 25°C and 10 atm pressure.

(Given G° for S0, = —71.8 K.Cal/mole)

. Calculate the entropy of mixing 2 moles of N, and 3 moles of H,

behaving as ideal gases.

. One mole of benzene at normal boiling point of 352.2°K vaporizes

into gaseous state at a pressure of 0.1 atm. CalculateAS and AG.
[Enthalpy of vaporization is 7364 Calmole’l].

. The latest heat of fusion of deuterium is 18.56°A is 47.0 Cal/g.

dp
mole. The slope a7 is 40.5 Kg/cm? deg. Calculate the difference
between molar volumes of solid and liquid deuterium at this tem-
perature.

One mole of H, gas at 100°C is compressed adiabatically and re-
versibly from 1 atm to 10 atm. Assume ideal behaviour and calcu-
late AE,AH, AS and AG

Given Cp = 6.9 Cal deg ' mole

Standard motor entropy at 25°C

S50g = 49 cal deg™!



11. An ideal heat engine operating between a source having temper-
ature 0°Cand sink (7») produces 1000 Cal of work per cycle re-
jecting 6400 cal heat. Calculate the efficiency of the engine and
temperature of the sink.
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PHASE RULE

Objectives

e Definition

o Components
e Water System
e (Cd-Bi System

e Fe-C system



The phase rule is an important rate for the quantitative treatment of the sys-
tem in equilibrium. It enables to predict the conditions that must be specified
for a system to exhibit equilibrium.

J.W. Gibbs enunciated the phase rule in 1876 while investigating heteroge-
neous equilibrium.

The phase rule states that “If the equilibrium in heterogeneous system is
not influenced by electrical, magnetic or gravitational force, the number of
degrees of freedom (F) of the system. The number of components (C) and

the number of phases of the system are related by the equation

F+P=C+2
F=C—-P+2

2.1 PHASE

A phase is defined as any homogeneous and physically distinct part of a
system which is bounded by a surface and is mechanically separable from
other part of the system.

1. A gas mixture constitutes a single phase only since gases are com-

pletely miscible.
Example: A mixture of N; and H, forms one phase only.
2. Immiscible liquids constitute different phases.

Example: CCl4 and H,O which do not mix with each other constitute

two phases.

3. Completely miscible liquids such as water and alcohol or benzene and

CHClI3 form one phase.

4. A solution of a substance in a solvent consists of one phase only.
Example: Glucose solution in water

5. Each solid makes up a separate phase except in case of solid solutions.

Example: CaCO;(5) = CaO ;) +COy(y) - It consists of three phases in

equilibrium (two solid phase and one gaseous phase).



Similarly in the equilibrium reaction Fe ) +H2O o) = FeO ;) + Ha(g)
. It consists of three phases in equilibrium (two solid phases and one

gaseous phase).

6. A system consisting of a liquid in equilibrium with its vapor consti-
tutes two phase viz. liquid phase and vapor phase each phase being

separated from each other by a distinct boundary.

7. At freezing point, water constitutes three phases.
Ice(s) = Water(l) = WaterVapor

2.1.1 COMPONENTS

The number of components of a system at equilibrium is defined as the small-
est number of independently variable constituents by means of which the
composition of each phase can be expressed directly or in terms of chemical
equations.
Example:
1. Water exists in three phases i.e are solid <> liquid < vapor. However
the composition of each phase can be expressed in terms of H,O .

Hence it is one component system.

2. The Sulphur system consists of four phases, rhombic, monoclinic, lig-
uid and vapor but the chemical composition of all phase is “S”. Hence

it is one component system.

3. Dissociation of NH4C!
NH4CZ(S) = NHg(g) +HCl(g)

If the dissociation is carried out in vacuum, then the number of com-
ponent of the system is one because in gaseous phase both HCI and

NH; are always present in equal amount.

However if the dissociation is carried in presence of arbitrary amount
of NH3 or/and HCI, then the number of components will be two and

the composition of two phases can be represented as follow:
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Phase Composition
Solid NH3(g)+HCl(g)
Gaseous phase xHCl 4+ yNH;

4. A system of saturated solution of NaCl consists solid salt, salt solution
and water vapor. The chemical composition of all the three phases
can be expresses as in terms of NaCl and H,O . Hence it is a two

component system.
5. In the decomposition of CaCO3
CaCO;3(s) & CaO(s) +CO0s(g))

All these components ( CaCO3 , CaO , CO,) are not independent of
one another. Any two of the three substances can be chosen indepen-
dently variable constituents to express the composition of each phase

by means of equation.

CASE-I: When CaO and CO; are taken as two components

PHASE | COMPOSITION

CaCOs CaO + CO,
CaO CaO + 0CO,
CO, 0CaO + CO,

CASE-II: If CaCO 3 and CO , are chosen as two components

PHASE | COMPOSITION
CaCOs3 | CaCO3 + 0.CO,
CaO CaCO3 —CO,
CO, 0CaCO3; + CO,

CASE-III: If CaCOj3 and CaO are chosen as two components

PHASE | COMPOSITION

CaCO3 | CaCO3 +OCaO
CaO 0CaC0O5; +CaO
CO, CaCO3 -CaO




6. In the dissociation reaction CuS04.5H,0 = CuSO04.3H>0(s) +
2H,0(g). The composition of each phase can be represented by the

components CuSO4 and H,O . Hence it is a two component system.

7. The decomposition of PCLs
PCL5(S) & PCl (S) + Clz(g)

At low temperature, the no. of components is two because the third
component is automatically fixed at low temperature. /but at high tem-
perature all the compounds remain in gaseous state and thus it can be
explained by only one component.
Degree of freedom of variance: “Degree of freedom” is the minimum num-
ber of independently variable factors such as temperature, pressure and com-
position of the phases which must be arbitrary specified in order to represent
the condition of the system perfectly.

Example: For water system

Ice & Water < Vapors
Solid Liquid Gas

The three phases ice, water and vapor may be at equilibrium only for a def-
inite temperature, and definite pressure. If the temperature or pressure is
allowed to change, the three phases will not be in equilibrium and one of the
phases will disappear. Thus the system would have no degrees of freedom.

Consider the system
Water(l) = Water(vapor)

The state of vapor phase depends upon temperature and pressure but not
on the concentration. For such a system, there is a fixed value of vapor
pressure at a particular temperature. The system is said to be monovariant or
univariant.

For a system consisting of water vapors only, we must mention the value of

both temperature and pressure in order to describe the system. Hence the
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system is bivariant or has two degrees of freedom.
ILLUSTRATION:
1. Calculate the degree of freedom of the following systems

@) L(s) = L(v)

(b) An aqueous solution of NaCl and Na;SO; .

(c) Unsaturated solution of NaCl in equilibrium with its vapor.
(d) Na,SO. in water in a closed container at 32.4 ° C.

() NaCl(s) = NaCl —water(aq) = Watervapour

Answer:

(a) No. of phases =2
Component = 1
SoF=C-P+2=1-2+2=1
(b) No. of phase =1
No. of component =3 ( NaCl , NaySOy4 , H,O)
Degree of freedom =C - P + 2
=3-1+2=4
(c) Phase =2 (liquid and vapor)
C =2 (NaCl and H,0)
F=C-P+2=2
(d) P =2 (solution and vapor)
C =2 (NaySO4 and H,0)

Since the temperature is fixed, so the phase rule will get reduced

to
F=C-P+]1
=12+2
=1

(€) P=3

C =2 (NaCl and H,0)
F=C-P+2=2-3+2=1



2.2 Water System

Ice = Water = Vapour

In water system, there can be three forms of equilibrium,

1. Liquid = Vapour
2. Solid = Vapour

3. Solid = liquid

218atm

\
1
I
'
Pressure !
I

Critical
tem-
perfiture
j

(mot to
scale)

1
'
'
'
'
1
'
:
.0

< 0.0098°C  100°C  374°C

Temperature (not to scale)

Curve OA
It represents the equilibrium between liquid water and vapour at different
temperature. Therefore it is called Vapour Pressure Curve or Vapourization

Curve of water.

e With rise in temperature, the vapour pressure increases.

e It can be seen that for any given temperature, there exists one and one

vapour pressure and vice versa.
e Thus the degree of the system is one.

e At 100°C , the vapour pressure of water equals the pressure of the

atmosphere (760 mm). This is known as boiling point of water.

e The curve OA extends up to the critical point of water beyond which

the two phases merge into each other.
Chemistryl



The variation of vapour pressure with temperature is quantitatively given by

Clapeyron-Clausius equation

dP  AH,
dT — T(V,—V,)

P, AH, |T,—T
orlog— = D

Py 2.303R
Curve OB - This curve represents the equilibrium between solid ice and
water vapour. This is known as sublimation curve.

* It begins from O, the freezing point of ice, and ends at B, the absolute zero
(= 273°C) at which no water vapor can exist and only ice phage left.
The variation of vapour pressure of ice with temperature is quantitatively

given by Clapeyron-Clausius equation

dP  AH,
ar T(Vg_vs)

o log P2 A [B-T,
V08P T 2303R | T
Curve OC - It represents the equilibrium between ice and water. It is called

fusion curve of ice.

e This curve shows the effect of on melting point of ice.

e The curve inclined towards the vertical axis, which indicates that melt-
ing point of ice is lowered by increase of pressure. The reason for this
uncommon behaviour is linked to the decrease in volume that occurs
when ice melts into water. Ice has a very open crystal structure in
which the water molecules are held apart by the hydrogen bond be-

tween them which disintegrates on melting.

The Point “O”- The point ”O” is called the triple point because at this
point an the three phases ice, water ( /) and water vapour (v) coexists in
equilibrium. The system is invariant at point “O”. If either the temperature
or the pressure or both are changed, the three phases would no longer coexist

and at least one of them would disappear.



This can be predicted from Claperyon-Clausius equation

dT  AH;
dpP — T(Vi V)
dT _ T(Vi—Vy)

or, — =
dP AH

Since density of ice is less than water, V; is greater than V; . In other words the

expression on the right hand side of the above equation is negative. Hence

Z—f) also have a negative sign. That means increase of pressure must lower
and decrease of pressure must raise the freezing point of water.

True Equilibrium - If the equilibrium can be attained from either direction
by following any possible procedure than the system is said to be in a state
of true equilibrium.

Ice & Water at 1 atm and 273°K the equilibrium can be attained by partially
melting of ice or partially freezing of water.

Meta Stable Equilibrium: A system is said to be in a state of meta stable
equilibrium under a given set of condition if the system can be attained or
realized from only one direction by carefully changing the condition.

Ex. It is possible to cool water slowly and carefully to 271°K or(—2°C)
without formation of ice but it is not possible to have water at — 271°K by
melting of ice.

Curve OA’. The curve AO can be further extended to A’ by carefully super
cooling the liquid and indicates a metastable state. Curve OA’ is called vapor
pressure curve of metastable water.

The liquid vapour system along the curve is said to be in metastable equi-
librium because of the fact that as soon as a small piece of ice is brought in
contact with super cooled liquid, the latter at once changes into solid ice and
curve merges in OB.

Areas AOB, BOC, COA

AOB - water vapour

BOC - Ice Solid

COA - Liquid water.

ILLUSTRATION:
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1. At 100°C , the specific volume of water and steam are 1 c¢.c. and
1673 c.c. Calculate the change in vapour pressure of the system
by 1°C change in temperature. The molar heat of vaporization of
water in this range maybe taken as 9.7 Kcal.

Answer:

Molar heat of liquid water

Vi = lem’ x10 *mol™!

= 18 %10 m’mol™!
Molar volume of steam V, = 18 x 1673 cm’mole™!
=30114 x 10 °m’*mole ™"
Heat of vapourisation

AH, = 9700 calmol ™"

= 9700 x 4.184Jcal ™" = 40584.8 Jmole™!
dP AH,

d_T T(Vg_vl)

In this case

dT = 1K T =273+100=373K
AH, xdT 40584.8 Jmole ' x 1K
T(V,—V;)  373K(30114 —18) x 10 ®m3mole !
= 0.00361 x 10°Nm ™2

= 0.03561 atm(1 atm = 101325Nm™?)

= 27.08mmof Hg

dP =

2. The vapor pressure of water at 95°C is found to be 634 mm .
What would be the vapour pressure at a temperature of 100°C ?
The heat of vaporization in this range of temperature maybe taken



as 40593 Jmole™ ! .

Answer:
The integrated form of Claperyon — Clausius equation for liquid

vapour equilibrium is

1 P, AH, |, -T
n—=—|—>—
Py R T,

In this case 77 = 273 +95

=368 K
P = 634mm
T, = 273+100
= 373K
P, =7
w2 40593 Jmole ™! 5K
634 8.314JK 'mole ! |368K x 373K

P, = 759.8mm

. The specific vacuums of ice and water at 0°C are 1.0907
cm? and 1.0001cm® respectively. What would be the change in

melting point of ice per atm increase of pressure? Heat of fusion

of ice = 79.8 calg ™!

Answer:
Molar volume of ice V, = 18 x 1.0907 x 10~ 0m?>

V; =18 x 1.001 x 10 °m?

T=273K

Molar heat of fusion of ice

AHp =18 gmol ' x79.8cal g™ x 4.184J cal
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= 6009.9Jmole !

Increase of pressure dP = 1atm = 10132.5 Nm 2

dT  T(V,—Vy) 273K x (—0.0906) x 18 x 10~ ®m’

dpP AHy 6009.9J mole™!
g7 — Y13K X 18 X 107°(—0.0906) m® x 101325 Nm 2
a 6009.9 Jmole™!
=-0.0075K

Effect of change of temperature and pressure

* suppose it is desired to know the effect of heating the ice when it is
under a pressure of 1 atm and at a certain temperature represented by
point “X” in the figure. As the system is bivariant to the temperature

can have any value at the same pressure.

As super cooled liquid water freezes spontaneously, it’s temperature

rises to 0°C . What is the service of heat for the process?
H,O(1)(—10°C) — H,O0(s) (0°C)

In this case AH = 0. No energy is transferred to or from the system.

The energy liberated in the freezing process warms the system to 0°C

. Distinguish between triple point and freezing point of a pure sub-
stance. b) For most pure substances which is appears to be
higher? Triple point or freezing point.

Answer:

(a) The triple point is the point where solid, liquid and vapour are in
equilibrium with one another, with no other substance present.
The freezing point is the point at which solid and liquid are in
equilibrium under 1 atm total pressure. There must be some

other substance present to achieve 1 atm pressure.



(b) The freezing point is higher for most substances which have a
positive slope of the solid-liquid equilibrium in the phase dia-

gram.

5. A substance Z has it’s triple point at 18°C and 0.5atm , it’'s normal
melting point is 20°C and it’s normal b.p is 300°C . Sketch the
schematic phase diagram for Z.

Answer:

6. Using the following data for the iodine system, draw the phase
diagram for the system:

Triple point - 113°C, 0.12atm
Critical point - 512°C, 116 atm
Normal melting point 114°C
Normal boiling point 184°C

P (Solid) > P (liquid).

Answer:

2.3 Sulphur System

o Sulphur exists in two crystalline forms rhombic and monoclinic with
95.6°C as the transition temperature at one atmosphere pressure at

which they can be transferred into one another.
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Pressure (not to
scale)

0.12

Temperature (not to scale)

¢ Below 95.6°C , rhombic is stable while above it monoclinic is stable.

e The liquid form of Sulphur (S;) undergoes changes in colour and vis-
cosity when heated until it boils at 444°C .

e A system with all four phases can not coexist in equilibrium as F = C
—P+2=1-4+ 2= -1 Degree of freedom becomes negative which

has no meaning.

e There are four possibilities of three phases out of four coexisting at

equilibrium which are

1. Sk =Su=SL
2. SR =Su=3Sy
3. Sk =S =Sy
4. Sy =S =Sy

* Six possible system of two phases are

1. Sk = Su
2. Sr=SL
3. Sk =Sy
4. Sy =51
5. Sy =Sy

6. Sp =Sy
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Curve OA - is the sublimation curve and gives the vapor pressure of rhombic
sulphur at different temperature. It represents two phase equilibrium (SgSy)
Curve OB - is the sublimation curve of monoclinic sulphur. It gives vapor
pressure of monoclinic sulphur at different temperature.

Curve OC - is the transition curve which gives effect of pressure on the tran-
sition temperature of rhombic sulphur into monoclinic sulphur. The equilib-
rium involved along the curve is SgSyy .

Since the transformation of rhombic into monoclinic sulphur is accompanied
by increase of volume, the increase of pressure causes a rise in transition
temperature. This can be applied by Clausius — Claperyon equations which

when applied to Sz = Sj; equilibrium may be put as D—I; = %
Since density of monoclinic sulphur is less than rhombic sulphur , Vp is
larger than V4 . So the R.H.S of the above equation is therefore positive.
Therefore increase of pressure raises the transition temperature.

Curve BC is the fusion curve of monoclinic sulphur. As the melting of
monoclinic sulphur is accompanied by a slight increase of volume, it follows
from Clausius- Claperyon equation that the melting point will rise slightly
by increase of pressure. As the slope of this curve is much less than that of
the curve OC, the curves meet at the point “C”.

Curve BE is the vapour pressure curve for liquid sulphur.

Curve CD is the fusion curve for rhombic sulphur (Sg = Sz.).
Chemistryl



Meta Stable Equilibrium —

Since the conversion of one solid into another solid, as that of rhombic sul-
phur into monoclinic sulphur at the point “O” ( 95.6°) involves molecular
rearrangements necessary for bringing about the change in the crystalline
form, the process is naturally slow. Therefore unless heating is done ex-
tremely slowly, there is a possibility that the first solid may not change into
the second solid at the normal transition point.

OA’" — If the temperature of rhombic sulphur is allowed to rise rather
quickly at about 95.6°C , it will persist in equilibrium with its vapour phase
without changing into monoclinic sulphur for several degrees above the nor-
mal transition temperature. This along the curve OA’ , the meta stable equi-
librium Sy = Sy exists.

BA" — Similarly if liquid sulphur is allowed to cool along the curve EB,
the second phase may not separate out at B unless cooling is extremely slow.
Thus the curve BA’ represents the meta stable equilibrium S; Sy .

Curve A’C Fusion curve of metastable thombic sulphur along much rhom-
bic sulphur in metastable equilibrium with the liquid.

Triple Points

O:8Sr=Sy=Sy

B:Sy=S.=Sy

C:Spr=Su=SL

A Sp =S, =Sy

Co-exist in meta stable equilibrium

These points cannot be shown on the plain of paper.

Condensed Phase Rule

If one of the variables like pressure or temperature of a system is kept con-
stant, then the system is not known as condensed system and it will reduce
the degrees of freedom of the system by one.

For such system the phase rule becomes

This is known as reduced or condensed phase rule.

Q. Define the following terms.

Triple Pont - A point (condition) at which gaseous liquid and solid phases

of the system co-exist in equilibrium.



For water system at 0.0098°C and 4.58mmofHg
HQO(S) = HQO(Z) = HQO(V)

At triple point F=C—-P +2=1-342=0

Melting Point — It is the temperature at which the vapour pressure of a liquid
is equal to the external pressure.

Normal boiling point It is the temperature at which the vapour pressure of
a liquid is equal to the 1 atom.

Critical temperature and Critical Pressure

The temperature above which liquid phase and vapour phase cannot be dis-

tinguished and the interface between two phase disappears.

Vapour

Tnterface

Liquid

T-Te
Disappearance of
interface

The vapour pressure at critical temperature (T ¢) is called critical pressure.
Critical Pont — The critical temperature and critical pressure together iden-
tifies the critical point of the substance. The liquid and vapour boundary in
a phase diagram terminated the critical point.

Freezing Point — The temperature at which vapour pressure of the liquid is
equal to vapour pressure of solid or both liquid and solid phase co-exists.
Melting Point —The temperature at which the liquid and solid phase of a
substance co-exists in equilibrium at a specified pressure.

Normal Melting Point — It is the temperature at which the liquid and solid
phase of a substance eo-exists in equilibrium at 1 atm total pressure.
Transition Temperature The temperature at which one form changes re-
versible into another at a given pressure is known as transition temperature
Sgr = Sy at 1 atm.

At transition temperature, Gibbs energies of two phase are identical

Gsg = Gsu
Chemistryl



ie. AG=0

Eutectic Point - Two or more solid substances capable of forming solid so-
lutions with each other have the property of lowering each other is freezing
point and the minimum freezing point attainable corresponding to the eutec-
tic mixture is termed as eutectic point. At eutectic point F = 0. One direction

by carefully changing the condition.

Ex. It is possible to cool water slowly and carefully to 271K or (- 2°C)
without formation of ice but it is not possible to have water at 271K by
melting of ice.

ILLUSTRATION

1. At 100°C, the specific volume of water and steam are 1cc and
1673 c.c. . Calculate the change in vapour pressure of the system
by 1°C change in temperature. The molar heat of vapourisation
of water on this range may be taken as 9.7 kcal.

Answer:

Molar volume of liquid water V; = 1cm x 10 x 18 mole™!
=18 x 10 %m*mole™!

Molar volume of steam = 18 x 1673 cm>mole™!

=30114 x 10 m3mole™!

Heat of vaporization

AH, = 9700 cal mole™"

= 9700 x4.184 Jmole ' = 40,584.8 Jmole !
dP AH,

d_T a T(Vg_vl)



In the case

dT =1K T

Jp — AH, x dT

2734+100 =373K
40584.8 Jmole ' x 1K

CT(Ve—V)

2. The vapour pressure

378 K(30114.18) x 103 mole~!
0.00361 x 10° Nm 2

0.003561atm(latm = 101375Nm72)
27.08 mmof Hg.

of water at 95 ° c is found to be 634mm.

What would be the vapour pressure at temperature of 100 ° ¢ The

heat of Vapourization in this range of temperature may be taken

as 40935 J mole ! .

Answer:

The integrated form of Claperyon - Clausices equation for liquid

vapour equilibrium is In — =

In this case

P, AH, {TQ—TI}

PR R | TID

Ti = 2734+95 = 368K
P = 634mm
T, = 2734+100=373K
P = ?

| P, 40593 Jmole™! 5K

n— g
P 8.314JK 'mole=! |368K x 313K
P, = 759.8mm.

A substance Z has it’s triple point at 18°C and 0.5 atm. Its nor-

mal melting point is 20°C and its normal boiling point is 300°C .

Sketch the schematic phage diagram for Z.

Answer:

Chemistryl
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4. Using the following data, draw the phage diagram for the system
Triple point - 118°C , 0.12 atm
Critical point - 512°C , 116 atm
Normal Melting point - 114°C

Normal boiling point - 184°C

Psotid > Pliquid

Answer:

116

latm

0.12atm

Eutectic Reaction

An eutectic reaction is an isothermal reversible reaction in which two metals
are completely soluble in the liquid state but completely insoluble in solid
phase. Hence below the eutectic point they crystallize as alternate layers of

solid structures which is known as eutectic.



Cooling
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Figure 2.1: In iron-carbon alloy system, the eutectic temperature is 1147° C
below which austenite and cementite crystalizes

Eutectoid Reaction:
An eutectoid reaction is an isothermal and reversible reaction in which a

solid phase forms two new solid.

Solid; <™ Solid?2 + Solid 3

Cooling
Austenite (V — Iron) Ferrite + cementite (Pearite)
%
solid 3
Austenite
a-v v+ cementite
723°C
Pearlite Pearlite + Cementite
Territe + Cemen-
tite)
0.02 0.8

In this reaction the crystalline austenite (Veron) on cooling below the eutec-
toid point ( 723°C)(0.8) solidifies as Pearite which is an alternate layer of
two solid structures namely ferrite & cementite. At the eutectoid temperature
723°C , ferrite & cementite are in equilibrium with austenite.

Peritactic Reaction:
Chemistryl



Peritactic transformation occurs when a liquid and a solid phase of fixed
proportions react at a fixed temperature to yield a single solid phase. The
solid products form at the interface between the two reactants and can form
a diffusion barrier. This causes such reactions to generally proceed much
more slowly than eutectoid transformation.

OR

It is an isothermal reversible reaction in which a liquid and a solid phase

react to form another solid phase on cooling.

Liquid + Solid ™ Solid?2

Ex. Liquid 4+ & — Iron CMS Aystenite (V —iron)

On cooling below 1539°C, the liquid transformation gradually to 8 — Iron up
to 1400°C when the carbon content is up to 0.5%, when liquid iron having
0.1%, carbon content is cooled to a temperature of 1493°C , & — Iron gradu-
ally changes to r-Iron. This temperature 1493°C, is known as the peritectic

point in which & , liquid and r-Iron coexist.
Cooling
— .
Peritectoid : Solid 1+ Solid 2 Solid 3

&
solid 3

2.4 Bi-Cd Eutectic System

1. Curve AO - It shows the effect on freezing point of Bi on addition of
Cd in small quantities. The curve indicates that the melting or freezing
point of Bi falls gradually on adding Cd, along AO, till the lowest point
O (140°C) is reached. At O, no more Cd can go in solution and hence
m.p does not fall any further and if Cd is added, it separates as the
solid phase.

2. Curve BO - It shows the effect of freezing point of Cd on gradual
addition of small amounts of Bi to it. Point “B” is the melting point
of pure Cd. Along BO, the m.p. gradually falls on addition of Bi, the
lowest point “O” is reached, when the solution get saturated w.r.t. Bi

and m.p. of Cd does not fall any more.
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Eutectic Point “O’” The two curves AO and BO meet at O, where three
phases (Solid Bi, solid Cd and their solution) coexist and hence the system
is invariant. The point “O” represents a fixed composition (of 40% Cd and
60% Bi) and is called eutectic point.

Area AOB represents solution of Bi, Cd. It is called liquids curve i.e. above

it only liquid exists.

2.5 Iron - Carbon Alloy System

Iron is in molten form above 1539°C . On cooling below 1539°C , solidifies
to & —Iron which has BCC structure. On further cooling below 1400°C , &
- form rearranges to r-form which is fcc structure. In the r-form at loses
its the magnetic property and becomes non-magnetic. On further cooling at
about 910°C , the F.C.C., non-magnetic r-form of Iron changes to B.C.C.
non-magnetic o.— form of iron. At about 769°C, a.— Iron (BCC) becomes
magnetic without change in structure. This temperature (769°C) is known

curie temperature.

o -Fe | a -Fe | r-Fe & -ferrite | Liquid
magnetic | non- FE.C.C B.C.C
B.C.C magnetic | non- magnetic
B.C.C magnetic
-768°C | 769-910° | 910-1404 | 1404- 1539-°C
C °C 1539 ¢
C
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In Iron Carbon system, the point of interest is up to 6.7% C &within this
region the Fe-C alloy system can be classified into

1. up to 0.0008% C — Wrought Iron (Commercially Pure Iron)
2. up to 0.8% C — Hypo eutectoid steel

3. up to 2% C — Hyper eutectoid steel

4. above 2% — 6.7% — Cast Iron

Phase diagram of Iron Carbon alloy system
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A eutectic reactor occurs at 1150°C with eutectic composition of 4.3% to
a mixture of r- ferrite (austenite) and cementite. This mixture is known as
Ledburite.
An eutectoid reaction occur at 723°C at composition 0.8% carbon to form
o— ferrie & cementite. This mixture is known as Pearlite.

1. The curve ABCD represents the liquidus line of the mixture of iron

and dissolved carbon. Above this curve only liquid Phase exists.

2. The curves AEPGCH is the solidus line below which only solid phase

exists.



. On the solid line, when carbon is progressively added to iron, the melt-
ing point of alloy decreases up to ‘C” where the carbon content is 4.3
at 1147°C . On further addition of carbon it matches the point ‘H’

where the carbon content is 6.7%.

. Within the area AEB, the alloy exist as § - Iron & liquid. The region

DCH consists of cementite and liquid.

. The transformation of r-Iron (Austenite) to ferrite is represented by
curve IJ and transformation of Austenite to cementite is represented
by curves GJ. The line LJ at 723°C depicts the eutectoid point “J”

when austenite transforms to Pearlite.

. At 1147°C , eutectic transformation of Austenite, cementite to Led-
burite and cementite takes place. The eutectic liquid containing 4.3%
C, on cooling freezes to Ledburite and on further cooling austenite is

converted to cementite.

. At 723°C , austenite transformed to Pearlite. So up to 0.8% C, steel
consists of mainly ferrite and Pearlite composition and from 0.8C to
2% C, steel consists of Pearlite and cementite. Above 2% C composi-

tion, the cast Iron will be cementite and Ledburite.
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