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Thermodynamics is the branch of science which
deals with the energy changes accompanying all types of
physical and chemical processes. The word ‘thermody-
namics' implies flow of heat.

Importance of thermodynamics—It is a funda-
mental subject of great importance in physical chemistry.
Most of the important laws of physical chemistry like van't
Hoff law of dilute solutions, distribution law, Raoult's law,
law of chemical equilibrium, the phase rule and the laws
of thermochemistry can be deduced from the laws of
thermodynamics. It also heips to lay down the criteria for
predicting feasibility or spontaneity of a process under a
given set of conditions. It also helps to predict the yields of
products.

Limitations—Laws of thermodynamics apply only to
matter in bulk and to no individual atoms or molecules. In
other words, the laws of thermodynamics apply to
behaviour of assemblages of a vast number of molecules
and not to individual molecules. It also does not tell
anything about the rate at which a given process may
proceed and gives no information about the mechanism or
path taken by a process.

Terminology of Thermodynamics

1. System

A system is that part of the universe which is under
thermodynamic study and the rest of universe is known as
surroundings.

A system can be of three types,

(a) Isolated system—A system which can exchange
neither energy nor matter with its surroundings.

(b) Closed system—A system which can exchange
energy but not matter with its surroundings.

(c) Open system—A system which can exchange
matter as well as energy with its surroundings.

2. Macroscopic properties

The properties associated with a m...croscopic system
(i.e., consisting of large number of particles) are called
macroscopic properties. These properties are pressure,
volume, temperature, density, surface tension etc.
3. Thermodynamic equilibrium

A system in which the macroscopic properties do not
undergo any change with time is said to be in
thermodynamic equilibrium. It implies the existence of
three kinds of equilibria in the system (a) Thermal
equilibrium, (b) Mechanical equilibrium and (c) Chemical
equilibrium.
4. Extensive and Intensive properties

Properties of a substance which depend on the
quantity of matter (or amount of the substance) are called
extensive properties. Examples—mass, volume, enthalpy,
free energy, heat capacity etc. Properties which do not

www.phbeducation.com

depend on the quantity of matter.are called intensive
properties. Examples—pressure, temperature, surface
tension, viscosity, specific heat etc.

5. State of a system

The conditions for existence of a particular system
when its macroscopic properties have definite values. A
system to be in a state must have definite values
assigned to its macroscopic properties such as tem-
perature, pressure, volume and composition. These four
properties are called thermodynamic properties or
parameters or state variables.

6. State functions

The thermodynamic parameters which depend only
upon the initial and final states of the system and are
independent of how the change is accomplished are
called state functions. Examples—internal energy,
enthalpy, entropy, pressure, temperature etc.

Thermodynamic processes and their types

The operation by which a system changes from one
state to another is called a process. The following types of
processes are known—

(a) Isothermal—Temperature of the system
remains constant during each stage of the
process.

(b) Adiabatic—Process in which no heat enters or
leaves the system during any step of the
process.

(c) Isobaric—Process in which the pressure of the
system remains constant during each step of the
process.

(d) Isochoric—Those processes in which the
volume remains constant.

(e) Cyclic—When a process in a given state goes
through a number of different steps and finally
retumns to its initial state.

Internal energy (E) and change in Internal
energy (AE)

The total energy stored in a substance by virtue of its
chemical nature is called its internal energy (E) or intrinsic
energy. E is a state function i.e., its value depends upon
state of the substance but does not depend upon how the
state is achieved. The various energies which contribute
towards internal energy are translational energy of the
molecule (E;), rotational energy of the molecule (E},
vibrational energy of the molecule (E,), electronic energy
(Eg), nuclear energy (E,) and interaction energy of
molecule (E))

E = E;+E,+E,+Eg+E,+E

The absolute value of internal energy can not be
determined but the change in internal energy, which
occurs during chemical reaction, can be determined by

AE = ZEproducts = IEreactants
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For axotharmic reactions AE is negative
because IEgpctans = EEpmdm
For endothermic reactions AE is positive,

because IEW > EErm

Zeroth law of thermodynamics

The law states that if two bedies X and Y are
saparataly in thermal equilibrium with a third body, they all
will ba in tharmal equilibrium with each other. This law
introducas the concept of temperature. It is the undarlying
principie in the measurement of temparatura.

First law of thermodynamics

This law was given by Meyer and Helmholtz in 1840,
Energy can neither be created nor destroyed, however, it
can be transformed from one form to another, This is also
known as the law of conservation of energy. The law is
based on the cumulative experience of ages that it is
impossible to construct a perpatual motion machine ie., a
machina which can produce enargy without expenditure of
enargy.

For the mathematical expression, let us assume that
a system having internal anergy E, absorbs a certain

amount of heat energy (g).

~ lts intermal enargy = g+ E;4

Let an amount of work w be done on it, so that its
internal enargy changes to Ex

Ez = Ey+g+w
Es-Ey = g+w

AE= g+ W] A1)

(Change in internal energy) = (Heat absorbed) +

or,

(Work done on the system)
¥hen work is done by the system
AE = g—w

Similarty g will ba positive sign when heat is absorbed
and negative sign whan heat is evolved from the system.
For a cyclic process, where initial and final states are

Same,
EE = E1

Hence, AE = 0
and qg= W

For the change in volume (AV) during the process at
constant prassure P, the work is referred to as prassure—
volume work and its expression is given as (— PAV)

Thus w = =PaAV
AE = g-PaV wel2)
or, g = AE +PAV

It during the change, the volume remains constant,
then no work Is done

iLa,, PAV = 0

Honce,

Thus, change in internal energy represents the heal
change taking place during the process occurring al
constant volume and constant temperature,
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Enthalpy (H) and Enthalpy change (AH)

Enthalpy is the heat content of a system at constant
temperature and pressure. It is the sum of internal energy
and volume energy of a system.

Mathematically, H = E+PV

Where PV = volume energy of a system.

If pressure is kept constant

then AH = AE + PAV
The change in enthalpy may be expressed as—
AH = Hiprogucts) = Hiseactants)
= Hp- H,

Tha enthalpy change of a reaction is equal to the
heat absorbed or evolved during a reaction at constant
temperature and constant prassure.

From first law of thermodynamics, we know that for
eXpansion work

b=
m
i

q- PaV
g- PaV + PaV
i (Pressure baing constant)

Remember

*  For exothermic reacthons
AEoraH = —ve

« For endothermic reactiongs—
AEoraH = +ve

« A process which is carried out so slowly that the
gysiem remains in equilibrium at every stage is called
reversible process.

+ Maechanical work is said o be dona when there is a
change in volume of the system at a constant
lemperature and pressure.

+ The relation of unit mechanical work ta thermal unit is
called mechanical equivalant of heat. s numerical
value is 4185 x 107 ergs = 4.185 joules. Thus, for
expendiiure of 4.185 x 107 ergs = 4185 Joules of
mechanical energy, one calorle of heat is produced.

Hanca,

B =
I I
o

1 calorie = T joule = 1 erg
« The C. G. 5. unit of mechanical energy is erg. It is
defined as work done when a resistance of one dyne
is moved through a distance of one em.
« The C. G. 5. unit of electrical energy is joule ahd
1joule = 107 ergs
+ The C. G. 5. unit of thermal energy is calorie and
1joule = 0-2389 calorie

+ Heal change taking place at constant volume and
constant temperalure is represented by AE e,
change in internal anergy.

+ Heat change taking place at constant
canstant temperature is representa
change in enthalpy.

Thus, enthalpy change (AH) represents, the heat
change taking place during the process occurring at
constant temparature and constant pressure.

ressure and
by AH, Qe

Thermochemistry—A study of heat or energy
changes accompanying a chemical reaction is tarmed as
thermochemistry. An equation which indicates the amount
of heat evolved or absorbed in the reaction procass is
called a thermochemical equation. It must essentially (a)
be balanced, (b) give the value of AE or AH {c) mention
the physical state of the reactants and products,
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Heat of reaction—It is defined as “the amount of
heat evolved or absorbed when the number of gram
molecules of the substance as specified by the equation
hawve completely reacted.” For example—

c:'] + GEI:EI - CD!['D} + 3935 kJ

AH==3935kl

According to the equation when 1 gram atom (12 g)
of solid carbon reacts with 1 mole (32 g} of oxygen gas to
give 1 mole (44 g) of CO, at 25°C and al atmospheric
pressure, 393-5 kJ (94380 calories) of heat is evolved.
This Is thus the heat of above reaction.

Heat of reaction at constant volume—Let us
consider a chemical reaction taking place at constant
temperature and constant volume. In such case w =0 and

hence, from first law (viz., AE = g= w)
AE = gy
Suppose E, and E; are the intarnal enargies of
reactants and products respectively, then—
ﬁE = EP_ E;
AE E;—E;=q,
= Heal of reaction al constant volume
Thus the heat of reaction at constant volume and at a

given temperature is given by the diference in the internal
anargies of the products and the reactants.

Heat of reaction at constant pressure—For tha
reaction at constant pressure and temperature
4H = g
If H; and H, are the enthalpies of the products and
reactants respectively, then
4H = Hp-H;
&H = Hg-H,=1gp
= Heat of reaction at constant pressure
Thus, the heat of reaction at constant pressure and at

a given temperature is given by the diflerence in the
enthalpies of the products and reactants.

Relation between heat of reaction at constant
volume (AE) and constant pressure (AH)—

AH = AE + PaV
= AE + AnRT
An = Dillerence in number of moles ot gaseous

products and gaseous reactants.
R = Gas constant, T = Temperature in kelvin.

H An = O AH = AE
I an = (Positive); AH = AE
If An = (Nepgative); AH « AE

Variation of heat of reaction with temperature—
The variation of heat of reaction with temperaiure is given
by Kirchotf's equation

AEs=naEy = AC,(Ta=Ty)and
AHp=AHy = AC,(To=Ty)

Where AC, is difference in heat capacities of

products and reactants at constant volume and AC, is
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difference in heat capacities of products and reactants at
constant pressure. Heat of reaction depe.nds rn—-

{i) Physical state and the amount of substance

(i) Temperature '

(i) In the case of reactions involving gases whather
the reaction is taking place at constant volume or at
constant pressure.

ARemember
« If E; = Byreaction will be endothermic, AE will be
positiva,
+ If Ey < Eyreactions will be exothermic, AE will be
negative.

+  The value of AV is naegligible in the reactions involving
salids and liquids. Hanca, for such reactions
PAV = 0
and AH = AE
That is haat af reaction at constant pressura is equal
to that at constant velume:

daH
TE
)

are known as Kircholf's equations which show
variation of heat of reaction at constant pressure and
constant volume respaciively.

« Kirchoff's aquation shows that change in haat of
reaction at constant prassure or volume par degrea
change of temperature is shown by differences in
heat capacities of products and reactants at constant
pressure of volume.

+ | molar heal capacites of products and reactants ang
same, then the heat of reaction is indepandent of
temperature.

+  The molar heat of solids are almost

to each other and hence heat of reactions involving
solids are almost independant of lempenatura.

Types of heat of reactions

(1) Heat of formation—Tha quantity of heat evolved
or absorbed when one mole of a compound is formed
from its elements. It is expressed as AH;-8.g.,

1
Ha{'}i- Ecz[g}-bﬂac}m. ﬂHf:—Eﬂ- k cal.

(2) Heat of combustion—The quantity of heat
evolved when one mole of a substance is completely
oxidised a. g.,

CHyg) + 20;(g) — COsig) + 2Hz0(y
AH=-213 kcal

Thea heat of combustion is very usaful in—

(a) Calculating the heat of formation which is

otherwisa not possible in many cases.

{b) Calculating the calorific value of fuels.

{c) Elucidating the structure of organic compounds.

(3) Heat of solution—The quantity of haat evolved
or absorbed when one mole of a solute is dissolved
completely in a large excess of water, so that the further
dilution does not produce any heat change a. g.,

HClig) + nHz0 — HCligg, AH = =38-3 k cal,
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{4) Heat of neutralisation—The guantity of heat
evolved when one equivalent (equivalent mass) of an acid
is completely neutralised by one equivalent (equivalent
mass) of a base in dilute solution &. g..

Hcr{w * "I.O'H{“J —b Hﬂ.u{w + H-Enm
AH =-13-68 Kk cal.

The heat of neutralisation of a strong acid and a
strong base is always — 13-7 k cal. On the basis of
glectrolytic dissociation theory, it has been clearly
explained that this heat of neutralisation is merely the heat
of formation of water from H* of an acid and OH~ of a
base.

H‘{m} + GH-("” - 1‘&0{#, AH ==-13-7 k cal

The heat of neutralisation in case of a weak acid ora
weak base is somewhat lass than — 13-7 k cal because
soma of the energy is used up in dissociating these weak
slactrolyles. The difference in the value gives the
dissceiation energy of the weak acid or a weak base.

The heat of neutralisation of CHyCOOH by NaOH is

found to be —13-2 k cal. The decrease in heat of

neutralisation is due to the fact that some heat is utilised
in dissociation of weak acid (CH3C00H). Thus, the heat

of dissociation (x) of acetic acid is—
-137T+x = - 132
or, X = 05 Kcal

Similarly, the heat of dissociation of weak base
(NH4OH) in its neutralisation by HCl is—

137 =123 =14 k cal
(The heat of neutralisation of NH;OH by HCl s - 12.3)

(5) Heat of dissociation or lonisation—The quantity
of heat absorbed when one mole of a substance
completely dissociates into its ions. &. g.,

HaOpy — H+ OH-, AH=13-T kcal

(6) Heat of dilution—The quantity of heat evolved or
absorbed when solution containing one mole of a solute is
diluted from one concentration to another.

KClg) + 20H;0 — KCI (20H;0),
AHy = +3-8 k cal.
KClig) + 200H,0 — KCI (200H20),
AHg = +4.44 k cal.
Heat of dilution = AHg— AH,
= 0-64 k cal.

{7} Heat of precipitation—The quantity of heat
evolved in the precipitation of one mole of a sparingly
soluble substance on mixing dilute solutions of suitable

alecirolytes e. g,

Ba?*(gq) + SO (aq) — BaSOye). AH = 4.66 k cal.

Laws of Thermochemistry

{1} Lavoisier and Laplace law—This law states that
the amount of haat required to decompose a compound
into its alements is always equal to the heat of formation
of that compounds from its elements.

In other words the heat evolved in a particular
reaction is equal to heat absorbed when reaction is
revarsed.
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This thermochemical eqguation can be reversed only
by changing the sign of heat evolved or absorbed.

For example—
Cis) + Oztg) = COzg): AH = —94.05 k cal.
COgigy — Cig) + Oy AH = +94-05 k cal.

{2) Hess's law of constant heat summation—It
states that “the amount of heat evolved or absorbed in a
chamical change is the same whether the process takes
place in one step or in several steps”. For e. g, A system
changes from state "A’ to state ‘B’ in one step.

A= B+Q

Mow suppose the system changes from state Ato B
in three steps

N |

'

\_/B
A o Caay
CoD+g

DB+
Then according to Hess's law

Q@ = q+q+al

Applications—{1) By using Hess's law, thearmo-
chemical equations may be multiplied, added, divided or
subtracted just like ordinary algebraic equations.

{2) Hess's law halps us to calculate the heat of
formation, heat of combustion of compounds.

(3) Hess's law is used in calculating the heat of
trangition, i e., conversion of one allatropic form into
anothar. .

Bond Energy—It may be defined as the energy
required to break a bond between two atoms, in one mole
of a gaseous substance, forming gaseous atoms. Fora
diatomic molecule like Hy that has only one bond, the
dissociation energy of the molecule is identical to the
bond enargy. I may be notad that in moleculas involving
mora than one bonds of the same type one takes an
average value.e.g..in CH, thera are 4 C—H bonds. The
braaking of each of thase C—H bonds is associated with
a different enthalpy change. Hence C—H bond energy is
taken as the average value. 8.g.,

B\Hqg] —}qu + 4HEN: AH = 398 k cal

According to definition,the average bond anergy of
C—H bonds 228 - 99.5 k cal.

Bond energies are used in the determination of
anthalpies of reactions, enthalpies of formation of
compounds and determination of resonance energy.

Limitations of first law : Need for the second law
of thermodynamics—

(1) The first law states that during a process one form
of energy can ba changed into another form but the total
amount of anergy remains the same. However, it does not
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predict whether the process in question can occur
spontanaousty or not and if 50 in which direction.

(2) The first law states that energy of one form can be
converted into an equivalent amount of energy of anothar
form. However, in experience it has been observed that
although various forms of energy can be completely
transformed into other, but heat energy cannot be
completely converted into equivalent amount of work
without producing some changes elsewhere.

Second law of thermodynamics—
Second law can be stated in various ways as—

(&) It is impossible to construct a machine working in
cycles which can convert heat completely into an
equivalent amount of work without producing any
additional changes elsewhere (Planck's dafinition),

(b) It is impossible to construct a heat engine
operating in cycles which can perform work at the
expense of heat obtained from a thermal reservoir
(Kelvin's staterment)

(c) It is impossible for a self acting machine unaided
by any external agency to transform heat from a colder
body to a hotter body. (Clausius statement).

Although second law has been stated in a number of
ways but all statements are modifications of the same
fundamental concept “work can always be converted
into heat but the conversion of heat into work does
not always takes place under all conditions.”

Carnot cycie or Carmnot engine

4n 1924, 5. Camot (a french engineer) obsarved that
maximum conversion of heat into work oceurs in a eyclic
process in which all the necessary steps are carried out
reversibly. Such a reversible cycle is called Camot cycle
and the engine working on the basis of this cycle is called
Carnot engine or heat engine.

Efficiency of a heat engine is defined as the fraction
of heat absorbed by the engine which it can convert into
work,

it is expressed as—

n= """

|
o

n is efficiancy. g» is heat absorbed by the engine at
higher tempearature aqual to T, and gy is the heat evolved
by the engina at lowar temparature T,. Sinca, (Ty — TyW T2
is always lass than unity, the efficiency of a heat engine is
always less than unity. In fact no heat engine has so far
bean constructed whosa efficieancy is aqual to unity.

Entropy (S)—The concept of entropy was introduced
by Clausius in 1854, It is a thermodynamic state quantity
i, It is a measure of the randomness or disorder of the

molecules of the system. The change in entropy, AS for
any process is given by the equation
AS = Sjnai = Sinitial
When Sina > Siaian AS is positive.

www.phbeducation.com

Remember
Units of entropy change (a5)
AS = $.ﬁﬁ
InC.G.5. units, AS = %:m deg™"
IS Lunts, A8 = g€t
= J. KT

An irreversible spontaneous reaction is accom-
panied by an incraase in the valua of AS ie., for such
a reaction, AS has a positive value.

as » 4
or, A5 > 0
A non spontaneous reaction is accompanied by &
decrease in the value of AS L&, for such a reaction
AS has a negative value,

For a reversible sponlaneous reaction AS |s equal

o zaro Le.,
as = Gmoo

When a solid melts—
oo Oy
ASusen = igiling tlemperaiure
AS. . _ _ AHvaporisaion
vaporisaion ~  Temperature of vaparisation

in general AS for any phase transition

= AH ey
Transition temparature

All periodic machines working reversibly betwean the
same temperafures of source and sink have same
efficiency.

It an isothermal change is carried out raversibly, it
leads o maximum work of axpansion. Therafors,
reversible maching will give maximum afficlancy.

The fraction of heat absorbed by a machine which it
can convert into work or other energy is called the
efficiency of the machine.

First law—The total amount of energy in nature is
constant.

Second law—The total amount of entropy in nature
i increasing.
Entropy always increases in the direction of spon-

laneous change.
Entropy change in isothermal expansion of an ideal
gas is given by—
AS = AN %* )
1

Entropy of mixing of ideal gases s given by—

AS . = —ImA N+ RN ...}
where Ny and M, are the mole fractions of gases and
ny and ne are number of moles of gases.

We know thati—
AE g=W. AE = g = PAV
q AE + Pav
45 = §= LqE_:fTEél{II.
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“A change in a system which is accompanied by an
increase in enfropy tends to be spontaneous.”

-

When a system is allowed to change from one state

to another state, the heat g, is absorbed or evolved during
the change depending upon the way, the change is

carried out.

Giving +wve sign to heat abaurbed (g1) and —ve sign o
heal evolved () by a system, then for a reversible cycle—

G

T
o, %
or, T + T2

_ &
Tz

0

Thus, for reversible cycle the summation of :?_tnrms is

equal to zero. Thus

g.
ETsﬂ

For infinitesimal changes, equation is—

MNow, we know that dg-and T are thermodynamic
functions whose change measured by ?l.—b is indapendant
of path of change of system. This function is called

entropy (S).

If Sy Is the entropy in the initial state A and Sg is the
antropy In the final state B, then the change in antropy,

AS, is given by tha aquation
AS

Sg—5a
Bag
T

{

For each infinitesimally small change

At consltant temperature for a finite change, dS
becomes AS and dg becomes q

1'1'|.S=gl

T

Like AH and AE, the entropy change (AS) is a definite
quantity and it depends upon initial and final stale of a

system.

For an adiabatic change, g = 0 hence, AS = 0. Such
type of change is called isoentropic change.

Entropy is an extensive property and its value
depends upon the amount of the substance involved.

Standard entropy (S°)—Standard entropy is the
entropy of 1 mole of a substance in its pure state at 1 atm.

pressure and 25° C.

Statement of second law of thermodynamics in

_terms of entropy change

It states that whenaver a spontansous process takes
place, it is accompanied by an increase in the total energy

of the univarse, thus

AS niverse = ﬁsayslem + 'ﬁsmundings

www.phbeducation.com

The second law as stated above tells us that when an
irreversible spontaneocus process occurs, the entropy of
the systemn and the surroundings increases.

In other words AS niverse = 0.

When a reversible process occurs the entropy
remains constant, AS aiverse = 0.

Since, the entire universe is undergu':ng spontaneous
change, the second law can be most concisaly stated as
“the entropy of the system is constantly increasing”.

Free energy (G) and work function (A)

Entropy change is considered in terms of other
functions which can be determined mora easily. Two such
state functions are free energy and work function,
represented by G and A respeclively. These are defined
by the aguations,

E-TS
H-TS
Helmholiz work function

(1)

and L A2)

Where A =
G =
E =

H—

Gibb’s free enargy
Intemal energy
Enthalpy

S — Entropy

T — Temperature

Since, E, H and § depend upon the stale of a system,
the functions A and G also depend upon the state of the
system,

AA AE -TAS 3
AG = AH-TAS (4

If the study is carried out reversibly at constant
temperature T, and that the heat absorbed is equal 10 g,
the increase in entropy

and

_ Doy
AS = T

Substituting it in equation {3}, we gel
AA = AE - Gy ..{8)

From first law of thermodynamics (AE = g — w) we
hawve

—Wpay = AE - Trew (6]
Combining equations (5) and (8), we get
=AA = Wigy .I:?:I

As the process is carried out reversibly, w represents
the maximum work. Thus decrease in the function (-AA)
gives the maximum work obtainable from a system during
a given change. Thus, A is known as work function.

Free energy—A! constant pressure, we know

AH = AE + PaV

AG = AH=TAS

AG = AE + PAV - Tas)|

AG AA + PAV  (from equation 3)
AG =Wy, + PAV (from equation 7)

or,
or,
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or, 4G = Wyg,—PAV

Thus, -AG gives the maximum work obtainable from
a system other than that due to change of volume at
constant temperature and pressure. The work other than
that due to change of volume is called the net work.

Thus, network = W, — PAV = —AG

S0, —AG is a measure of the maximum net work that
can be obtained from a system at constant temperature
and pressure. The function G, is due to Gibb's and is
known as Gibb's free energy or simply free energy.

The free energy change (AG) for a chemical reaction
is given by—

.ﬂ.ﬁ = E[ﬁﬁpm}-ztﬁc‘iml

Remember

Work function (A) and free energy (G) are exiensive
properties. For an izothermal process, these can be
writhen as—

)]

(i)

A4 = AE-TAS
4G = AH-TAS
Substraction (i) from (jii)
AG=AN = AH=AE
It AH is measured al constant pressure—
Then AH-AE = PAV
Therelore, AG = AR+ PAV

‘Al Is known as Helmholtz function and "G s known
as Gibb's function.

Gibb's and Helmholtz equations
M aa-se = T(%H)
¥

(%),

AH-TaS

(2) AG-aH

Gibb's equation—
AG =

For a system at equilibrium, (AG)r,p=0.

All spontanesous processes taking place at
constant temperature and pressure are accompanied
by a decrease in free energy i.e., AG is negative. A
process is thermodynamically not feasible when AG
is positive. Thus, depending on the sign of AH and
TAS, the following four cases may be studied.

AH AS |AG=AH-TAS| Remarks
(1) Negative [Positive |Negative Reaction is spon-
| taneous at all
: temperatures.
(2) Positive [Negative |Positive Reaction is non-
spontaneous at
all temperaturas.
{3) Negative |Negative |Negative at fow |Spontanecus at
Temperature  [low temperatures.
Positive at high [Non-spontane-
Temperature  [ous at high tem-
paratures.
(4) Positive |Positive |Positive at low |Non-spontane-
{Temperature  |ous at low tem-
'; peratures.
{Negative at Spontaneous at
lhigh Tempera- |high temperatu-
jture res.

Relation between the standard free energy
change (AG*) and equilibrium consiant (K) of a
reaction—

AG® = -ATInK
or, AG® = -2.303 RT log K
It R is taken as 8-314 JK-! mol!
AGH = 23038314 TlogK
= —18-147 T log K

Third law of thermodynamics—This law helps in
determining the absolute values of entropy of various
substances. For a erystalline substance at 0 K, thare is
perfact order, consaquently, the disorder or entropy of
substance at absolute zero is zero. This law was
propounded by Memst in 1906. it states as—

“At absolute zero temperature, the entropy of
perfectly crystalline substance is 2ero.”

It may be stated in & number of other ways—

“Al any pressure, the entropy of any crystalline solid
in thermodynamic equilibrium at absolute zero is always
zero."

“It is rather impossible to reduce the temperature of
any system to absolute 2ero by any process.”

As the absolute temperature reaches zero, increanse
in entropy for isothermal process in crystalline state
approaches zero as the limit.

IMPORTANT PROBLEMS WITH SOLUTION

1. In a certain , 678 J of heat is absorbed
by a system while 290 J of work is done on the
system. What Is the change in internal energy for
the process ?

Solution :
g = +678J
Since, work is done on the system, w has a positive
value
w = +200J
AE = g+w =678 +290= 968.)
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2, Given the following information
A+B = C+D, AH® = =10-0Dkcal
C+D—= E , AH* = 150 k cal
Calculate AH" for each of the following reactions :
(a) C+D—-A+B

(b} 2C+2D — 2A +2B
(e) A+B—E
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Solution :
(a) Since, the reaction is the reverse of the first

given so the sign of aH® becomes positive
+ 100 k cal.

{b) Since there are twice the number of moles of
each reactant, the value of AH® will also be
doubled.

AH® = 200 kcal
(e} Adding the two equations given

A+B > C+D

+C+D = E
A+B = E
AH® = =10+ 15

+ 50k cal
3. The reaction of cyanamide NHyCNgy with oxy-

gen was run in a bomb calorimeter,and AE was found
to be —742.7 klimol of NH; CN,, at 288 K. Calculate

AHagg for the reaction.
3
HH:GH"’ + 2 DEIE.'! — N“!] + I:Da-m + H;U“
Solution :

The number of moles of gaseous reactant (Oy) is g,
the number of moles of gaseous products (N + COs)

is 2.

AH = AE + PAV

= AE + APRT
1
An = 2- 2= E
AH = =742.7 kJ + (0-500 mol) (B-314 Jimal. K)
{298 K)

= =Td2.7 kJ + 1240 J (-~ 1240J = 1240 kd)
= —T41.46 kJ

4. What is the enthalpy change when 1-00 g of
water is frozen at 0°C ? AHp,gi0n = 1-435 k calimol
Solution :

Freezing is just the reverse of melting, hence, the
enthalpy change must be — 1-435 k calimol

1435 cal'mol
18-0 g/mol
= =79.7 callg
~ 79-7 cal of heat is liberated when 1-00 g of water is
frozen at 0°C and 1-00 atm. pressure,

5. The heat released on neutralisation of CsOH
with all strong acids is 13-4 k cal/mole. The heat
released on neutralization of CsOH with HF(weak

. acid) is 16-4 k cal/mol. Calculate AH" of ionization of
HF in water..

Solution :

(1)

(2)

AH = =

HO<= OH +H*, AH°

OH +HF — HO+F~,

+ 13-4 kcal

AHF -16-4 k cal
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Adding two equations
HF =+ H*+F
AH® = 13.4 + (-16-4)
=3:0 k cal.
6. For the reaction at 208 K,
2ZA+B > C
AH = 100 k cal and
AS = 0-050 k cal’®

Assuming AH and AS to be constant over the
temperature range, at what temperature will the
reaction become spontanecus 7

Solution :
The reaction will just be spontaneous when
AG =0
AG = AH-TAS =0
AH = TAS
AH
T= AS
_ 100k cal
~ 0050 k cal®
= 2000 K

7. What is the standard frea energy change for the
maelting of 3-0 mol of water at 0°C 7 Determine the
entropy change for this process. ls the entropy
greater for the liquid than that of the salid ? AHygian =
1-435 k cal/mol

Solution :
AG® is 0 for this reversible process
AG = AH-TAS =0
AH
as = T
+ 1435 cal/mol
= 273K
= 5.26 cal/mol. K
(5-26 cal'mol. K) (3-0mol) = 15.78 calK~

The antropy is greatar for the liquid as seen by tha
positive sign of AS. The melting of a solid into liquid
results into increasa in randomness or increase in
antropy.

B. AG®y for the formation of Hi, from its gaseous

elements is =10-10 kd/mol at 500 K when the partial
pressure of Hl is 10-0 atm, and that of |; is 0-001 atm.

What must the partial pressure of hydrogen be at this
temperature to reduce the magnitude of AG for the
reactionto 0 ?

Solution :
gHz+3l - HI, AG®=-10-10kJ at 500 K
When AG = 0, the reaction is at equilibrium
- AG" = ATINK
= 2.303RTlog K
-AG®
logK = 3303 RT
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+ 1010 = 103 J

= (2-303) (8-31 J/K) (500 K)

1.055

=
|

piHI

= 1.36= piHz T2 [Pzl

10-0
= (1097 PRI

100

FPe = (1073) (11.36)

= 775 atm,
9. Calculate the entropy change when 1 mele of
an ideal gas expands reversibly from an initial volume
of 2 litres to a final volume of 20 litres at 25°C.

Solution :
We know that AS
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Vz
nA in v,

2-303 nA log %g

2A03 = 1xB-314 x1
19-15 Jimol.K

10. An athlete is given 100 g of glucose (CgHy205)
of energy equivalent to 1560 kJ. He utilises 50 percent
of this gained energy in the event. In order to avold
storage of energy In the body, calculate the mass of
water he would have to perspira. The enthalpy of
evaporation of water is 44 kJ/male.

Solution :

Met amount of energy given to athlete = 1560 kJ

Energy lost in an event = Fiﬁl__%ﬂ

T8O kJd
Energy left out = 1560 - 780 kJ = T80 kJ

Mow, consider the evaporation of water

HO(y -+ HzO(g): AH =44 kJ mole™
Thus, for consumption of 44 kJ of energy the amount
of waterevaporated = 18 g.
= For eonsumption of 780 kJ of anergy tha amount of
water o be evaporated

n

f—j 780 g
319.08 g
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CHEMICAL THERMODYNAMICS

Introduction

@® The word thermodynamics implies flow of heat.
Thermodynamics deals with energy in its various
forms and their interconversion. Thus the branch of
science dealing with quantitative relationship bet-
ween different forms of energy is known as thermo-
dynamics.

@ The branch of science which deals with energy
changes during chemical reactions is called chemi-
cal energetics and which deals with heaf changes is
called thermochemistry.

® The chemical processes release stored energy as
heat or work or both. These quantities are linked
through first law of thermodynamics. How much
heat can be converted into useful work is governed
by second law of thermodynamics.

® The importance of thermodynamic lies in the fact that
it provides explanation of macroscopic (bulk) pro-
perties of matter, specially the thermal properties
consistent with our microscopic views of material
world made up of atoms and molecules.

Basic Concepts in Thermodynamics

Thermodynamic scale of temperature

@ Itis based on absolute zero of temperature and the
triple point of water (0-58 torr and 0-01°C) at which
water ice, water and water vapour all exist in equili-
brium.

@® The basic S.1. unit of temperature is Kelvin (K). One

Kelvin is B of the triple point of water (273.16 K)._

273-16
This scale is called the thermodynamic temperature
scale. It has its zero point as the lowest possible tem-
perature. Thus —273-16°C temperature is absolute
zero (-273-16 + 273-16 = 0K) on Kelvin scale.

Zeroth Law of Thermodynamics

® When two objects at different temperatures are
brought in thermal contact, they exchange heat with
each other until they reach a state of thermal equili-
brium.
® These ideas are expressed in the form of law of
temperature or thermal equilibrium, which is also
known as zergth law of thermodynamics.
® This law can be summarised in the following ways :
(i) Two objects at different temperature in thermal
contact with each other tend to move towards the
same temperature.
(i) Two objects in thermal equilibrium with third one
are in-the thermal equilibrium with each other.

System

@ The thermodynamics system refers to any part of
the real world under study. Everything that is not the

www.phbeducation.com

part of the system and can interact with it is called
surroundings.

A system and surroundings are always separated by
boundaries (real or imaginary) across which matter
and energy may be exchanged.

The surroundings can affect the system by the trans-
fer of matter and energy. '

Isolated system—If it cannot exchange matter and
energy with surroundings e.g., coffee in a thermos
flask.

Closed system—A system is said to be closed if it
can exchange energy (heat or work) with surrounding.
For example coffee in a closed steel flask.

Open system—It can exchange both matter and
energy with surrounding e.g., a tumbler of coffee.

State of a Macroscopic System

The state of thermodynamic system is described by
its measurable or macroscopic properties.

The state of a gas can be described by quoting its
pressure (P), volume (V), temperature (T) and
amount (n) etc. The variables like P, V, T are
called state variables or state functions because
their values depend only on the state of the system
and not on how it is reached.

State functions are very useful because change in
their values depends only on the initial and final
state of a system and not on how change is carried
out.

A system in state of thermodynamic equilibrium is
one in which the macroscopic properties do not
change with time.

The initial state of a system refers to the starting
state of a system in equilibrium, prior to interaction
with surroundings.

In final state the system attain equilibrium after inter-
action with surroundings. The interaction with sur-
roundings means transfer of matter or energy or
both.

The laws of thermodynamics apply only when a
system is in equilibrium or moves from one equili-
brium state to another equilibrium state.

As in a chemical equilibrium, the concentration of
reactants and products does not change with time,
the macroscopic properties of system like P, T, V etc.
do not change with time in thermodynamic equili-
brium,

Thermodynamic Processes

When a thermodynamic system undergoes a change
of state, we say it has undergone a process. The
process may be accompanied by an exchange of
matter and energy between the system and sur-
roundings.
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The term process means change in at least one of

the state variables of the system.

The path of a process consists of the series of

thermodynamic states through which the system

passes from initial state to final state.

There are certain processes in which a particular

state variable (thermodynamic properties of the

system) remains unchanged. Such processes are

given special names. For example :

= |sothermal process—When temperature of the
system remains constant during the change.

w Adiabatic process—When system does not
exchange heat with surroundings.

= Reversible process—When a change is carried
out so slowly that the system and surroundings
are always in equilibrium such states are called
quasi-equilibrium state.

= The process in which P and V are kept constant
are called isobaric and isochoric processes res-
pectively.

First Law of Thermodynamics
@® This is the law of conservation of energy. It can be

stated in the following statements—

= The energy can neither be created nor destroyed,
although it can be changed from one form to
another.

= The total energy of the universe is constant.

= The energy of a system that is isolated from sur-
roundings, i.e., in case of isolated system, is
always constant.

First law provides useful information about energy

changes in chemical reactions. Before arriving to the

mathematical form of this law, it is worthwhile to
know about internal energy and the effect of heat
and work on it.

Heat—Heat is the form of energy. Although two have

same units, but'they are not synonymous. Heat is

transferred from one system to another as a result of
temperature difference and basically it is energy on
move.

Internal energy—The energy of thermodynamic

system under given condition is called internal

energy. Following points be kept in mind regarding
internal energy—

=+ |nternal energy is made up of kinetic and potential
energy of the constituent particles. The kinetic
energy arises due to the motion of particles and
potential energy due to. different kinds of interac-
tions between particles.

« The kinetic energy is the function of temperature.
Internal energy changes when heat is transferred
from system to surrounding or vice-versa.

= According to first law of thermodynamics, the
internal energy, denoted as U, for an isolated
system is always constant. First law does not
provide any way to measure absolute value of
internal energy, however, it only provides ways to
measure the change of internal energy, AU, i e,
the difference between internal energies of initial
and final states.

www.phbeducation.com

=+ The internal energy of a system depends upon
state of the system and not upon how the system
attains that state. The internal energy is, there-
fore, a state function.
-+ The internal energy of a system can be changed
in two ways—
(i) Either by allowing heat to flow into system or
out of system.
(i) By work done on the system or by the sys-
tem.
Let us consider a system whose internal energy is U4
and if the system is given 'q" amount of heat, the
internal energy of system increases to Uy + g. If work

(W) is now done on the system the internal energy in
the final state of the system U, is given as—

Us=U;+g+WorU,-U;=g+WorAU=qg+W

This statement which relates internal energy, work
and heat is called the statement of first law of
thermodynamics.

The values of ‘g’ and ‘W' depend upon the way the
processes are carried out and not on initial and final
state. Hence individually they are not state func-
tions.

g + W (= AU) does not depend upon how the change
is brought about and hence independent of path.
However, the net change in internal energy, ie.,
g + W, depends only on initial and final states and
hence, is a state function.

When a system undergoes a change in which inter-
nal energy of the system remains constant, i.e., AU =
0, then — W = g. This means that work (W) done by
the system equals the heat (g) absorbed by the
system.

A mechanical work is. performed when a system
changes its volume against external pressure. This
kind of work is specially important in systems which
contain gases.

In certain reactions involving gases volume changes
occur at constant atmospheric pressure. If a system
expands during the reaction, there will be a pres-

sure-volume work. If pressure, P is constant and
the volume changes from V; to V;, the work done by

the system is given as
|W=-P(V,-V)=—Pav
Above equation is applicable for expansion as well as
compression of a gas—
(a) When gas expands (Vi— V) > 0 and - PAV is a

negative quantity, the system does work on its
surroundings, so ‘W’ is negative

(b) When gas is compressed, (V¢—V;) < 0 and -PAV
is a positive quantity, surroundings do work on
the system, so ‘W’ is positive.

Now if we substitute PAV for ‘W', we get,

AU = g—- PAV| ; Pressure is constant. .--(A)

LA U= QVI ; Volume is constant, i.e., AV=0. ...(B)
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@ Equation (B) shows that one can determine AU by
measuring the heat absorbed at constant volume.
For doing so, the reaction must be carried out in a
closed, rigid container with constant volume. This is
achieved in a Bomb calorimeter.

Sign Convention for ‘q’ and ‘W’

@® When heat is absorbed by the system, g is positive,
ie,qg>0

@® When heat is evolved by the system, g is negative,
ie.,qg<0

@® When work is done on the system, W is positive,
ie., W>0

@® When work is done by the system, W is negative,
ie.,W<0

Enthalpy

@® For a process or a chemical reaction carried out at
constant volume, the heat absorbed or evolved is
equal to corresponding change in internal energy
(AU).

® In chemistry, most of the chemical reactions are
carried out at constant pressure, i.e., at atmospheric
pressure. In order to measure heat change at con-
stant pressure, it is useful to define a new state
function called enthalpy (H) as

@ The change in enthalpy (AH) is given as :
AH = AU+ A(PV)

or  AH = AU+ PAV + VAP

When change takes place at constant pressure, i.e.,

AP =0, then AH = AU + PAV

As we know that AU = g — PAV ; at constant pres-

sure, then

| AH = qp| (at constant pressure), ‘gp’ is heat absor-

—_—]

bed at constant pressure.

® Enthalpy change (AH) can be directly measured

using coffee-cup calorimeter and when we mea-
sure heat change (gp) at constant pressure we

actually measure change in enthalpy (AH).
@ Relation between heat of reaction at constant volume
(AU) and heat of reaction at constant pressure (AH)
AH = AU + PAV
AH = AU+ AnRT

(An = difference of number of moles of products and
reactants for gaseous reactions)

If An = 0then AH = AU

It An > 0Othen AH > AU

If An < 0Othen AH < AU
Heat Capacity of a System

® Heat capacity of a system is quantity of heat required
to raise the temperature of the system by one degree
Celsius or one kelvin.
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If the mass of system is 1 gm, the heat capacity is
called specific heat of the system. If mass is
1 mole as is generally the case in physical chemistry,
then heat capacity is termed as molar heat capacity.

R
Crpry = To-T4

As heat capacity varies with temperature, hence true
molar heat capacity is defined by the differential
equation
_ 499

C=a
As the heat capacity of a system, specially a gaseous
system determined at constant volume is different
from determined at constant pressure. In former W
= 0 as there is no change in volume. Hence from the
first law of thermodynamics

AU = gy
c - —9—
V(TaTy) T2=Ty)y
B AU
T \Te-Th)y
Key Points

The variation of heat of a reaction with temperature is
given by Kirchhoff's equations
AUz — AU¢ = ACy (T2 — T4), at constant volume
AHz - AH; = ACp (T2 - T4), at constant pressure,

dau d AH
(T)v =4Cy and (‘“dT)p =4Cp
If molar heat capacities of products and reactants are
same, then the heat of a reaction is independent of tem-
perature.

or

The molar heat capacities of solids are almost constant
and hence the heat of reactions involving solids are
almost independent of temperature.

For an ideal gas the internal energy (U) depends on
temperature. Hence if temperature is constant (isothermal
process), the internal energy remains constant and
hence, AU = 0.

We know that AH = AU + An RT and since for isothermal
process AT as well AU are equal to zero and hence,
AH=0

Calculation of W and q for isothermal process.
According to first law, AU = g + W. Now AU = 0 and
hence W = —g. It means work is done at the expanse of
heat absorbed.

For an adiabatic expansion q = 0, i.e., heat is neither
allowed to enter or leave the system and hence AU = 0 +
W, i.e., W = AU, during such expansion work is done by
system on surroundings ‘W’ is —ve and consequently AU
is also -ve, i.e., decrease in internal energy and fall in
temperature.

During adiabatic compression ‘W' is +ve and AU will
also be +ve consequently rise in temperature. Since work
is done on the system by surroundings, the work is stored
in the system in the form of increase in energy.
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some work is done by the system and hence
Crmary = (7o
(T2T4) To-TiJp

_ f_AH_
T \T2-TyJp

Cp — Cy = work done by one mole of the gas in
expansion when heated through 1°C at constant
pressure. The work done by one mole of an ideal
gas in expansion at constant pressure when heated
by 1°C is equal to R, i.e., 1-987 cal or 8-314 J.

Cp-Cy = R

Kinds of Heat of Reactions
® Heat of formation—The quantity of heat evolved or

absorbed when one mole of a compound is formed
from its elements. For example :

1
Ha(g) + 5 O2(g) = H20y) ; AHj=—-68 k cal

Heat of combustion—The quantity of heat evolved
when one mole of substance is completely oxidised.
For example :

CH4(g) + 202(9) - CQ(Q) + 2H20(|) ;AH==213k cal
Heat of solution—The quantity of heat evolved or
absorbed when one mole of a solute is dissolved
completely in large excess of solvent, so that further

dilution does not produce any heat change. For
example :

HCl(g) + nH20() — HCl(aq) ; AH = —39-3 k cal

Heat of neutralisation—The quantity of heat evol-

ved when one equivalent of an acid is completely

neutralised by one equivalent of base in dilute solu-

tion

HCI(aq) + NEOH(aq) — NaCl (aq) + HzOm N

AH=-13-68 k cal

Actually heat of neutralisation is merely the heat of

formation of water from H* and OH™ ions i.e.,

Hiag + OHag — H20(): AH=-137kcal

-—The heat of neutralisation of weak acid or
weak base is somewhat less than 13.7 k cal because

some energy is used up to dissociate these weak
electrolytes.

= The heat of neutralisation of CH3COOH by NaOH
is found to be —13-2 k cal. Some heat is utilised in
dissociation of weak acid (CH3COOH). Thus, the
heat of dissociation of CH3COOH is given as
-13.7+x = —13-2kcal
x = 0-5kcal
= Similarly the heat of dissociation (x) for weak base
NH40H can be calculated by détermining the heat
of neutralisation of NH;OH by HCI (- 12.3 k cal)
-13.7+x = =123 kcal

x = 1.4kecal
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@ At constant pressure, there is change in volume and Laws of Thermochemistry

® Lavoisier and Laplace law—The amount of heat

required to decompose a compound into its elements
is always equal to the heat of formation of that com-
pound from its elements.

This law can also be stated as : The heat evolved in
a particular reaction is equal to heat absorbed when
reaction is reversed. Thus, the thermochemical equa-
tion can be reversed only by changing the sign of
heat evolved or absorbed. For example :

AH = -94.05kcal
COyg) — Cig)+Ozg); AH = +94.05k cal

Hess’s law of constant heat summation—The
amount of heat evolved or absorbed in a chemical
change is always same whether the process takes
place in one step or in several steps. If a system
changes from A to B in single step

A-B;AH=Q
Now if same system changes from A to B in three

Cis) + Ozig) = COzg) ;

steps
/aC-"——“—"D\
A ‘ B
then : A - C; AH= g,

C—-D; AH=¢g,
D— B; AH=¢g
Thus according to Hess's law

|Q=q1+q2+q3 ........ .|

Application of Hess’s law—Following are important

applications—

(a) Thermochemical equations may be multiplied,
added, divided or subtracted just like algebraic
equations.

(b) Hess’s law helps in calculating heat of formation
and heat of combustion of compounds.

(c) Hess's law is used in calculating the heat of
transition.
Bond energy—In molecules involving more than one
bond of same type, average value is taken as bond
energy. For example CHy4 has four C—H bonds and
each bond is associated with different enthalpy
change and hence C—H bond energy is taken as
average value.

CHa (g) = Cig) + 4H(g) ; AH = 398 k cal
Hence, C—H bond energy = %= 99.5 k cal

Bond energy finds use in calculation of enthalpies of
reactions, enthalpies of formation of compounds and
resonance energy. '

Limitations of first law of thermodynamics—The
first law stands fully verified because no transfor-
mation has been observed which viclates the prin-
ciple of conservation of energy.
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However, it is also observed that all the processes
have natural direction, i.e., a direction in which they
take place spontaneously.

First law fails to explain as to why these reactions

take place spontaneously in one direction but not in
other.

Closer-Look

We always find that hot tea in a cup spontaneously
cools down by losing heat to surroundings. The first law
is obeyed as energy is lost by system.

The first law will also be obeyed in the reverse process
where surrounding loses energy and system gains it. If
such a process takes place spontaneously, we will have
an amusing situation where a cup of tea at room tempe-
rature becomes hot on its own.

In short, the cooling of a hot body in a room proceeds
spontaneously in one direction but not in the other
though both the directions are allowed by the first law.
A cup of tea at room temperature can be made hot by
heating but this is not a spontaneous process because
an outside agency (burner) has to be used.

The direction of spontaneous process can be under-
stood by the concept of entropy introduced by second
law of thermodynamics.

Second Law of Thermodynamics

Following are important statements of second law of

thermodynamics—

= |t is impossible to construct a machine working in
cycles which can convert heat completely into
equivalent amount of work without inflicting any
additional change elsewhere (Planck’s definition).

= |t is impossible to construet a heat engine operat-
ing in cycles which can produce work at the
expense of heat obtained from thermal reservoir
(Kelvin definition).

-« |t is impossible for self acting machine unaided by
any external agency to transform heat from colder
body to hotter body, (Clausius definition).

= Work can always be converted into heat but con-
version of heat into work does not always take
place in all conditions.

Carnot cycle or Carnot engine—In 1924 S. Carnot
(a French engineer) observed that maximum conver-
sion of heat into work occurs in a cyclic process in
which all steps are carried out reversibly. Such a
cyclic process is called Carnot cycle and engine
working on this basis is called Carnot engine.

Efficiency of a heat engine is defined as the fraction |

(n) of heat absorbed by the engine which it can con-
vert into work,

- -G To-Ty W

@2 T2
g. = heat absorbed at temperature T, and g, is heat
To=T
evolved at lower temperature T4. Since 2T2 lis less

than unity and hence efficiency of engine is always
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less than unity. In fact no heat engine has so far
been constructed whose efficiency is equal to unity.

Entropy and Spontaneity—The direction of a spon-
taneous process and the fact that it eventually
reaches equilibrium, can be understood on the basis
of entropy concept introduced through second law of
thermodynamics.

Entropy (S) like internal energy and enthalpy, is a
state function. When state of a system changes,
entropy also changes. The change in entropy (AS) is
defined as :

AS ='% (Here grey.means heat is being supplied

isothermally and reversibly)

If ‘g’ is expressed in joule (J) and temperature in
Kelvin (K), the entropy change (AS) is given as JK-1.

Entropy (S) is a measure of randomness or disorder
in the system. For a given substance, solid state has
lowest entropy and gaseous state is of highest
entropy and the liquid state intermediate between
two.

In an isolated system there is no exchange of heat
or matter between system and surroundings. There-
fore, for a spontaneous process in an isolated
system, the change in entropy (AS) is positive.
Spreading of ink droplet in a beaker filled with water
and mixing of two gases are examples of isolated
systems.

Key Points
An irreversible spontaneous reaction is accompanied
by an increase in the value of AS, i.e., for such a reaction
AS has a +ve value.

BS>% or AS>0.

A non-spontaneous reaction is accompanied by a
decrease in value of AS, i.e., AS has —ve value (AS < 0).
For a reversible spontaneous reaction AS is equal to
zero. (AS = 0).
When a solid meits then-

ASFusion = k= AHFysion

Melting temperature

When a liquid vaporises then

AHVQP
ASvap = Temp. of vaporisation

In general AS for any phase transition can be represen-
ted as

AHTransition
ASTransition = Temperature of transition

Work done by expansion is given by the product of PeX!
AV. If P& s only infinitesimally smaller than pressure of
gas (P), then expansion is reversible and maximum work
is done by gas.

It external pressure (P®X) is smaller than gas pressure

(P) expansion is rapid, i.e., irreversible and work done for
same amount of expansion will be much smaller.

It external pressure is zero (gas expands in vacuum), the |
work done will be zero.
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When a system is not isolated e.g., a cup of tea, we
have to consider entropy changes of system and
surroundings. Thus

AS(Total} = AS(s);stem) + AS(sunoundings)
For a process to be spontaneous AS o)) Must be
positive, i.e.,
ASrotal = AS(system) + AS(surroundings) >0.
When a system is in equilibrium, the entropy is maxi-
mum. The mathematical condition for entropy (S) to
be maximum is that change in entropy (AS) is zero.
AS = 0 (at equilibrium)
All the spontaneous chemical reactions proceed until
an equilibrium is attained. Once equilibrium is attai-
ned the concentration of reactants and products do
not change.
Entropy is an extensive property as its value
depends:- upon amount of substance involved.
Entropy change (AS) depends upon initial and final
state of a system.
Standard entropy is the entropy of 1 mole of a sub-
stance in pure state at 1 atm. pressure and 25°C.
Since entire universe is undergoing spontaneous
change, the second law can be most concisely stated
as: The entropy of the universe is constantly
increasing.

AH

AS AG Remark about
reaction

(a) Negative | Positive | Negative Spontaneous at all

(b)

temperatures
Positive | Negative | Positive Non-spontaneous at
all temperatures

(c) Negative | Negative | Negative at | Spontaneous

low temp.
Positive at| Non-spontaneous
high temp.

(d) Positive - | Positive, | Positive at| Non-spontaneous
low temp.
Negative at| Spontaneous
high temp.

® Relation between standard free energy (AG°) and

www.

equilibrium constant (K) of a reaction is as :
|AG® =—RT In K or AG® = — 2:303 RT log K|

Free energy (G) and work function (A)
A=U-TS and G = H-TS
AA = AU-TAS and AG = AH-TAS
When the study is carried out reversibly at constant

T and the heat absorbed is Gy, then AS = qfl‘f" or

TAS = Grey

| AA = AU "Qrav|

From first law of thermodynamics (AU = g + W) we
have :

Wrev = AU=Grev
If during the change under consideration, work is
done by the system, it will carry a negative sign so
that
=Wy = AU = Grey

.phbeducation.com

. AA = =Wy,

or —AA = Wiy

As the process is carried out reversibly, W represents
the maximum work. Thus, decrease in function (—AA)

gives maximum work obtained from a system during
a given change. Thus ‘A’ is known as work function.

® At constant-pressure we know AH = AU + PAV.
AG = AH-TAS
AG = AU+ PAV -TAS

or, AG = AA + PAV
or, AG = =W, +PAVoOr
—AG = Wye—PAY

® -AG gives maximum work obtainable from a system
other than pressure-volume work at constant T and
P. The work other than pressure-volume work (PAV)

. is called network. Thus

| Network = Wig, — PAV = - AG]

@ [n case of galvanic cell, free energy change (AG) is
related to electrical work done in the cell. If E is the
e.m.f. of the cell and ‘n’ moie of electrons are
involved, the electrical work will be equal to nFE,
where F is Faraday constant.

AG=-nF ECE“

@ Standard free energy of formation (AG;) of a com-
pound is defined as the change in free energy when
1 mole of the compound is formed from its consti-
tuent elements in their standard state
AG®s= ZAGY (Products) = £ AG} (Reactants)

® A reaction which is accompanied by decrease of free
energy i.e., AG is —ve, is called exergonic reaction.
Thus all spontaneous processes are exergonic.
Similarly which are accompanied by increase in free
energy i.e., AG is +ve, are endergonic reactions.
Thus all non-spontaneous processes are endergonic.

Third Law of Thermodynamics

@ At absolute zero temperature, the entropy of a per-
fectly crystalline solid is taken as zero.

® This law was first formulated by Nemnst in 1906.

Points to Remember

® Joule and Thomson effect—When a real gas is allowed
to expand adiabatically from a region of high pressure to
lower one through a fine aperture, it accompanies by cool-
ing, except Ho and He which get warm up. During this pro-
cess enthalpy remains constant, it is, therefore, called iso-
enthalpic process.

@® Actual change in temp. on expansion of a gas is expressed
in terms of Joule-Thomson coefficient (p), defined as :

Y CIAY
H= (DP H
Thus, p is the temp. change in degrees produced by a drop

of one atm. pressure when a gas expands under constant
enthalpy.
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® For cooling, y = +ve (as JdT as well oP are —ve)
For heating, p = —ve (dT is +ve and dP is -ve)
For neither cooling nor heating, p = 0 (9T = 0 for any value
of dP)

® The temp. at which a real gas shows no cooling or heating
effect on adiabatic expansion (p = 0) is called inversion
temperature. Below this gas shows cooling effect and
above it heating effect.

® Most of the real gases have inversion temp. above room
temp. Hp and He both have inversion temperatures —80°C

and —240°C respectively. This is the reason that they show
heating effect at room temperature during adiabatic expan-
sion.

® Forideal gases, p = 0 at any temperature.
Applications of First Law of Thermodynamics :

® Forisochoric process (V is constant) AV = 0. Hence, AU = g
+ PAV becomes

EﬁU:f.'v

For a isobaric process (P is constant),
[AU=gp-PAVorge =AU+ PAV=4H |

For isothermal process (T is constant), for ideal gas AU = 0.
Under this condition,

vV P
Wexp = —2:303 n RT log V—f =-2.303 n AT Iog—p—;*

For adiabatic process, g= 0 and hence AU =W
AU

butz=C,

S AU=Cy AT

[ Total work, W = n C, (To - Ty)]

Contrary to the expectations (i) when a rubber band is stret-
ched, entropy decreases because the macromolecules get
uncoiled and hence, arranged in more ordered manner, i.e.,
the randomness decreases. (i) When an egg is boiled hard,
entropy increases because denaturation occurs resulting
into a change in protein from helical to random coiled form.

IMPORTANT NUMERICAL PROBLEMS]

Q. 1. The heat of combustion of CH, (4 at con-
stant volume at 298-2 K is found to be — 885389 J/mol.
What will be the enthalpy change ?

Solution :
CHa (g + 202 () = €Oz () +2H20p) ;
AE = - 885389 J/mole

An = 1-(1+2)=-2
AH = AU+ AnRT
= —885389J mol~! + (-2)
[8-3143 J mol~' K-1] x (298-2 K)
= —890-348 k J mol~’

Q. 2. Calculate enthalpy change for the reaction.
Is it endothermic or exothermic ?

2H202 (n - 2H20 n + 02 (9)

Given : AH°%; (HgOz([)) = — 188 kJ mol-!
AH’f(HO () = —286 kJ mol-1
AH®¢(Oz(g) = 0

Solution :

AH® = EAH; (Products) — z AH; (Reactants)
o AH® = 2(-286) kJ mol~1 + 0 — 2(—188) kJ mol~1
= - 196 kJ mol-!

It is an exothermic reaction as AH° has negative
value.

Q. 3. The enthalpies of combustion of carbon and
carbon monoxide are -390 kJ mol~! and —278 kJ mol™’
respectively. What will be the enthalpy of formation of
carbon monoxide ?

Solution :
Given : (i) C(s, +0, (g) — CO, (9) ’ AH =-390 kJ

(i) co (a) + %02(9] — CO, (9) 3 AH=-278 kJ
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Aim : C(5,+%02 @~ CO
Equation (i) = (ii) gives
AH = -390-(-278)=-112kJ
Q. 4. Calculate standard enthalpy change (AH°)

and standard internal energy change (AU°) for the
reaction at 298K. .

OF3 (g) + H20 (g) = O3 (g) + 2HF (g

Given : Standard enthalpies of formation of

various compounds as :

OFz (g) +23-0 kd mol"'
HoO (g = —241-8 kJ mol~!
HF (g = —268-6 kJ mol~'

1}

Solution :
AH® = ZAH?-(PTOE’UC"‘S} P AHF (Reactants)
= 2(-268-6 kJ mol~') - {(+23-0 kJ mol™") +
(-241-8 kJ mol™1)}
= —318-4 kJ mol~!
AU° = AH°-AnRT
= —318-4 kJ — (1 mol)[8-31 kJ/K mol)](298K)
= —318.4kJ-2476 J
= —318-4 k) —2-5 kJ = - 320-9 kJ mol™!
Q. 5. The enthalpy change for the transition of

liquid H,0 to steam is 40-8 kJ mol~! at 273 K. What
will be entropy change for the process ?

Solution :
H20() - H0 ()

AHygp _ 40-8 x 1000 J mol!
T < 273K
109 J mol-! K-

ASyap
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