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UNIT -1 THERMODYNAMICS -l

CONTENTS:
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1.5 Second law of thermodynamics
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1.9 Thermodynamic scale of temperature
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1.11 Terminal Question

1.12Answers

1.10BJECTIVES

As we know thermodynamics concern itself with thawf of heat and it deals with
relation between heat and work. The science ofnibdynamics governs not only the
transformation of heat or any other form of endrdg work but also all types of interconversion

of one kind of energy into another.
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PHYSICAL CHEMISTRY-II BSCCH-203

1.2 INTRODUCTION

The first law summarizes our experience regardegttansformation of energy. It states that (i)
the different form of energy is inter convertibleda(ii) when one form of energy disappears, an
equivalent amount of energy of another kind mugieap. But there some limitations of the first
law. The first law does not indicate whether thargie would at all occur and, if it occurs, to

what extent. It also does not indicate the directrowhich the change would take place.
Few examples are listed below:

Suppose two bodies A and B are brought in conthetaoh other. Then according to first law,
according to first law q amount of heat is lostAyyexactly g amount of heat will be gain by B or
vice versa. First law does not indicate which bédgr B will lose the heat. For this to know the
direction of flow of heat we need another informnatinamely temperature of A and B.
The dissociation of Pgtakes place in the following equilibrium
PCk =PCk+CkL:

The first law tells us only that if g amount of hdze evolved in the direct process in the
dissociation of pentachloride, then in the opposgaction of combination of trichloride and
chlorine exactly g amount of heat would be absarliede have an arbitrary mixture of RCI
PCk and C}, we cannot ascertain from the first law alone e¢hemould be dissociation of
pentachloride or not. To determine the directionvimch the chemical change would occur, we
require the knowledge of the equilibrium constdrthe reaction.
The first law states that energy of one form cancbeverted into an equivalent amount of
energy of another form. But it does not tell theahthenergy cannot be completely converted into
an equivalent amount of work. There is thus need #oother law, the second law of
thermodynamics.

These examples illustrate the insufficiency offing law. To ascertain the direction of a
chemical or physical process we need something rbeyend first law; before we can state

second law of thermodynamics in a usable form, wstrdefine some terms.

1.3 IRREVERSIBLE OR SPONTANEOUS PROCESSES
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(i)

(ii)

(iii)

(iv)

(v)

Changes taking place in a system without the aidmyf external agency is termed as
spontaneous processes several examples of suabspesccan be given. Some of these
are follows.

Water flows downhill spontaneously. We cannot regethe direction of flow without
some external aid

Suppose a vessel containing a gas at higher peeBsbe connected by a tube to another
vessel where the pressure is less sayH?>P,). Now the gas would spontaneously move
from the higher pressure to lower pressure. Theqs® will continue until the two
pressures are equalized. The process is unidinadtiee., irreversible. When equilibrium
is attained, the gas, by itself, will not rush backhe first vessel to increase the pressure
to its original higher value.

If a bar of metal is hot at one end and cold atdtieer and, heat flows spontaneously
from the hot end to the cold end until the tempertof the rod become uniform
throughout. The process cannot be reversed. Owriexge does not show that a metal
bar having uniform temperature can become hot & emd and cold at other end
spontaneously.

Electricity flows spontaneously flows from a poiat higher potential to a point at a
lower potential. The direction of flow of currenarc be reversed only by applying an
external field to the opposite direction.

Metallic copper is deposited with evolution of hedten copper sulphate solution is
brought in contact with zinc, and the reaction gargs until the chemical equilibrium is

attained.
Zn(s) + CuS@aq) —— ZnSQ@aq) + Cu(s)

The above reaction can be reversed only by pasdeajrical current between a copper
rod and a zinc rod immersed in aqueous zinc sudplait electrical energy is required to

do so will be more than the heat energy in thectlireaction.

1.4

CRITERIA OF SPONTANEITY

(i)

Some important criteria of spontaneous physicaldainical changes are given below.
A spontaneous reaction is one way or unidirectioftal reverse change to occur, work

has to be done.
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(i) For a spontaneous change to occur time is no fadt@pontaneous reaction may take
place rapidly or very slowly.

(i) If the system is not in equilibrium state, a spaetaus change is inevitable. The change
will continue till the system attains the stateeqtiilibrium.

(iv)  Once a system is in equilibrium state, it doesumatergo any further spontaneous change
in state if left undisturbed. To take the systemaydrom equilibrium, some work must
be done on the system.

(V) A spontaneous change accrues by decrease of ihearaagy or enthalpy. In addition to

enthalpy an additional factor, entropy is also ocesible for spontaneity.

The second law of thermodynamics which is formulatie record our experience about the

direction of change may be therefore be stated as;
“All spontaneous processes are irreversible.”
Or we may also say
“All spontaneous processes tend to equilibrium.”

We may continue our attention to a specific caseely the flow of heat as in our illustration
1.3(iii) we can express our experience by the state given by Clausius.

“Heat itself will not flow from a lower to a higher temperature.”
Or more elegantly stated; by Kelvin-Plank

“It is impossible for a self acting machine unaidedy any external agency, to

convey heat from a body at a low temperature to onat a higher temperature.”

1.5 SECOND LAW OF THERMODYNAMICS

We have studied in the previous unit (1.4) thedaéithe second law for the guidance of
a process in a definite direction. It is also a hanexperience that when every form of energy,
including mechanical work, has a natural tendemncipd transformed into thermal energy. The
thermal energy shows no natural indication to bagformed into any other form. Only through
the introduction of some mechanism, or machine cam convert heat into other forms. Even

then this conversion occurs to a limited extent amad completely. Since heat is readily
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available, a good deal of human ingenuity is emgibyto find out the conditions and

circumstances under which it would be possiblehenge heat into work.

The guidance as to the conditions under which bkeahges into the direction of work
would obviously come under the second law. For rié@son, in enunciating second law we often
find statements refer to the conversion of heai imork. It is now known that two conditions

must be fulfilled to utilize heat into useful work.

. A mechanism commonly called the thermodynamic engim essential. Without the aid of an
engine the conversion of heat into work is impdssilrurther the engine must work in a
reversible cyclic process.

. The engine must operate between two temperaturesd] take up heat at a higher temperature,
convert a portion of it into work and give up tlestrof the heat to a body at lower temperature.

Now suppose we have an engine, a cylinder wgtop containingt™ gm moles of an ideal gas, at

temperature T same as that of surroundings. Legalseexpands isothermally from a volumg V
to volume \4. There will be no change in internal energy, &sdhs is ideal. The heat absorbed

from the surroundings will be completely convertetd work dw(=¥RTInV,V1) in accordance

with the first law. Here in this case q quantity lidat from the surroundings is completely
converted into work w. but when this has been agtuethe external agency (the engine), has
suffered a change in volume from ¥ V,
It is thus an experience that complete conversidmeat into work is impossible
without leaving a permanent change elsewhere.
If we want to repeat the performance, the gas iibeishade to come back to its original
volume and pickup heat a gain from the surroundohging expansion. To bring the gas to its

original volume \{ from V, we must perform isothermal work of compression etuaXx RTIn

— the same work that we obtained before. The rsefitres that the engine, working in a cycle at

a temperature same as that of source of supplieeaf, would produce no work. Thus under
isothermal conditions no engine can convert hett work. That is why we cannot run our
tramcars or motorcars with the heat of surroundiirg or we cannot utilize vast amount of

ocean-heat to move our ships.
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If we could produce a machine which could contumslp take up heat from the reservoir
and convert it partially or fully into work, we clobachieve what is called the perpetual motion
of second kind.

Suppose we install a machine in our drawing rosmch would take up heat from the
air of the room and do mechanical work (say, rdang. The air will automatically cool from the
loss of heat. Hence no supply of electric energynfithe electric supply company would be
needed. All attempts to produce such a perpetuibmmachine of second kind have failed.

Ostwald said “It is impossible to construct a péwpémotion machine of the second kind.”

“It is impossible to construct a machine operatingycles that will convert heat into
work without producing any other changes in theaurdings.”

This is Plank’s statement of second law.

According to Clausius:

“It is impossible to construct a heat engine whigh continuously abstract heat from a

single body and convert the whole of it to workheitit leaving changes in the working system.”

Some statements of second law have been givedin 1.

1.6 HEAT ENGINES

The flow of heat from a hotter body to a coldedyds spontaneous process. The heat that
flows out spontaneously can be used to do work thighhelp of suitable device.
A machine which can do work by using heat thatv@mut spontaneously from a higher
temperature source to a low-temperature sink,lisccan engine.
A heat engine takes heat energy from a body df tegperature (reservoir) and converts
some of it into work, returning the unconvertedthieaa body of a low-temperature (sink). A

basic heat engine is illustrated in Fig 1.1. A stengine is a typical heat engine.
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Heat source
T

Heat

engine > Work = g, - q,

Heat sink
Ty

Fig 1.1Principle of heat engine

It takes heat from the boiler (high-temperaturerseluconvert some heat to work and return
the unused heat to the surroundings (low temp sink)

A heat engine running on a periodic cyclic process yield work continuously.

1.7 CARNOT CYCLE

The brilliant French engineer Sadi Carnot in 1&lained clearly how and to what
extent work is obtainable from heat. Carnot stavtgti two essential pre-requisites. Firstly, to
estimate the work obtained from heat during itsspge from higher to a lower temperature, the
external agency (the engine) must come back toritgnal state so as to exclude any work
involved in its own change. That is, the engine haperate is complete cycles. Secondly, to
obtain maximum work in a cycle of operation, evetgp should be carried out in a reversible
manner.

The typical Carnot’s cycle consists of four hypatbal successive operations using one
gm mole of a perfect gas as the working substaieetake gas enclosed in a cylinder fitted with
a frictionless piston. To start with, the cylindemtaining the gas is kept in a large thermostat at
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a higher temperature; Tsource) and suppose volume of the gas h&~en we proceed with the
following operations.

1. Isothermal reversible expansion

2. Adiabatic reversible expansion
3. Isothermal reversible compression

4. Adiabatic reversible compression

The above four processes are shown in the indicgram of Carnot cycle fig 1.2

4

Adiabatic

Pressure

Volume

Fig 1.2 Indicator diagram of Carnot cycle
1.7.1 First operation-lsothermal reversible exparien:

Let T,, P and \ be the temperature, pressure and volume resplcifethe gas
enclosed in the cylinder initially. The cylinder pdaced in the heat reservoir at the higher
temperature (3). Now the gas is allowed to expand isothermal eebrsibly so that volume

increases from Vto V. A B represents the path of the process in thgrdm.
Being isothermal proced&=0. If g, be heat absorbed by the system andhe work

done by it, according to first law of thermodynasiic (AE =qg-w).
O =W1
butw, =RT; In —

hence g=RT,InVJ/V, ...l 1.1
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1.7.2 Second operation-Adiabatic reversible expaion:

The gas at B is at a temperatureahd volume Y under the new pressure. Hhe gas now is
allowed to expand adiabatically and reversibly freolume \4 to V3 when the temperature

drops from F to T; (along BC).

The process is adiabatic g=0. I e the work done, according to the first law emumat

(AE=qg-w),

AE=-wW
or w, =-AE
But AE = -Gy (T1-T>)
Thereforew=G, (T-T,) ... 1.2

1.7.3 Third operation- isothermal reversible comprasion:

Now the cylinder is placed in contact with a hesstervoir at a lower temperature, The
volume of the gas is compressed isothermally anerséoly from \4 to V, (respectively by CD

in diagram).

Now during compression, the gas produces heat, hwigctransferred to the low

temperature reservoir. Since the process takes athermallyAE=0, if ¢ is the heat given to

the reservoir and yvthe work done on the gas, using proper sign fand/ g, we have

-q=-Ww= RT, In V4fV3 ........... 1.3
1.7.4 Fourth operation- Adiabatic reversible compresion:

The gas with volume ¥and temperature ;Tat D compressed adiabatically along DA
until it regains the original state. That is voluroé the system becomes;\and

temperature 1

In this process the work is done on the systeth therefore, bears negative (-ve)

sign.
It is denoted by w we can write
Wy =-W(T-Tp) 1.4
UTTARAKHAND OPENUNIVERSITY  Page9
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Adding up the work done(w) in all the four operasoof the cycle as shown in equation (12.1),
(12.2), (12.3) and (12.4) we have

W=wi+HWot(-Wa)+(-Wy)

=RT, In Vo/V1 + Gy(T2-T1) +RT1 In Vy/V3 — Gy(T2-Ty)

=RT, In Vo/V1 + RTy In V4/V3 e 15
If q is the net heat absorbed in the whole cycle

q= -a1

=RT2In Vo/V1 = RTy In V4/V3 e 1.6

For adiabatic changes for points B and C

TVt = Tyvs ™™ 7

For points A and D

TVt =TV 1.8

Dividing equation 1.7 by equation 1.8
&) =)
or Z=Z
4 "1
substituting the value in equation 1.6 we have

g =RLINZ-RTyInZ

=R(T,Ty) In 2 .19

1.7.5 Calculation of efficiency:

Since total work done in a cycle is equal to heat absorbed, from

equation 1.9 and 1.5 we can write
W= R(Tz-Tl) In V2/V1 ..... 1.10

The heat absorbed; gt higher temperature, s given by the equation 12.1,
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®R=RTInV/Vy . 1.11
Dividing 1.10 by 1.11
w/tp = R(Tx-Ty) In (V2/V1) RT2 In (V2/V7)
=T T)T2 1.12

The term w/gis called thermodynamic efficiency of engine slidienoted by and gives

the fraction of the heat taken from the high-terapige reservoir which it is possible to convert
into work by a heat engine. The larger the tempeeadiifference (#T,) between the high and

low temperature reservoirs, the more the heat aten/¢o work by the heat engine.
Now W/Qz = (Tz-Tl)/Tz = ﬂT/Tz
or w= gAT/T, e 1,13

This relation expresses the maximum amount of vadrtainable from the heat flowing

from T, to T, this is then the mathematical form of the sedamd
The following points are to be noted.

(1) Between two given temperatures, oily/T, fraction of the total heat supplied at i§

obtainable as work.

(i) W=qp, only when T=0. That is if the engine works between absolute z&d a higher
temperature, complete conversion of heat into waokild be possible. Since working at
0°K cannot be realized in practice, the complete si@mation of heat into work is
impracticable; the efficiency is thus always ldsat unity.

(i)  The efficiency of the engine depends only on theperature of the source and sink
(egn 1.12). For a given source, the lower the teatpee of the sink the greater will be
the yield of work. Very often the sink is at theono temperature. In such a case, for
greater output of work, the temperature of soutemukl be high. This is the reason for
using high pressure steam in boilers for produatibpower.

(iv)  When T,=T,;, work w becomes zero. No work is available by afieg an engine under

isothermal conditions.

Example:
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A Carnot engine working betweer’® and 108C takes up 840 joules from high

temperature reservoir. Calculate the work doneht## rejected and the efficiency.

(&) Work done: w = gaT/T

= 840x10 m: =2.25x18 ergs

(b) Heatrejected: o q To/T;
= 840x273/373 = 6.14x1érg

(c) Efficiency ;. =2-%=

n = work done/Total amount of heat absorbed fromre®u
= 2.2510/8.14x10 = 0.268

1.8 THE CARNOT THEOREM

According to equation 1.12 the efficiency of an ieegworking reversibly depends only
on the temperature of the source and the sink.iitdependent of that nature of the substance or
substances used for operations.

Two important deductions are easily arrived atloa assumptions of the validity of the
second law. These deductions comprise Carnot titecfbe theorem states working between
the same temperature limits.

0] a reversible engine is more efficient than anversible one and

(i) all reversible engines are equally efficient.
We can establish them in the following way.
To establish them we proceed in the following way.

(1) Suppose we have an irreversible engine | and agidle engine R. Let us assume that
efficiency of | is greater than that of R, i.g»nr. This means that if a source supplies
same quantity of heat to both the engines, greaeunt of work will be obtained from |
than R. suppose the engines operate between thmeesatitemperature T and sink at
temperature T'. Now the energy changes with the éngines would be as follows as

shown in Fig 1.3
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\\f

WL

\!‘Q

by
:
W

;

Fig 1.3 Comparison of efficiency of two engines.

Engine | Engine R
Heat supplied by source q Heat supplied by source q
Work performed w  work performed W
Heat rejected to sink giw Heat rejected to sink gaw
We know w>w, hence OrwWQ-Wo

Now let us carry out a cyclic process in which eegi would perform the forward
process. It will be supplied with heat q from #warce it will yield w work and reject the rest
of the heat to the sink. The reverse process willlbne by the engine R which taking up heat g-
w, from the sink and havingaunits of work done on it, would return heat q e source. In
this cyclic process, the source has not ultimdtedy any heat. The sink has suffered a heat loss.
(g-w2) — (g-w1). The coupled engine have yielded works=wg, which is equal to heat lost by
the sink. That means we have been able to conempletely the heat taken from the sink at the

lower temperature fig 1.4. This is contrary to $eeond law and is improbable.

Hence efficiency of the reversible engine cannotldss than the efficiency of the

irreversible one.

(i) Second part of the theorem can also be provedsiméar way. Suppose two reversible

engines Rand R work between the source (T) and sink (T") let ssuane one of the engines,

UTTARAKHAND OPEN UNIVERSITY Page 13
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say R is more efficient than R As before, let us couple the two engines to cautya cyclic
process. The engine Rakes up heat q from the source, yields workand rejects (g-y heat

to the sink, while the engine,Rerform the opposite process taking (g-wnits of heat from
the sink, with w units of work done on it, and returning heat akbtic the source. Since
NrR1>NMR2, therefore w>w,. At the completion of the cyclic process the seunas not lost any
heat. The net result is thatw, units of work has been produced. There is a lb¢g-o/,) —
(g-w1) = wi-wy units of heat from the sink. The heat of the lowemperature sink is thus
completely converted into work, which is againgt gecond law. Thus enging Bannot be
more efficient than R Similarly R, also cannot have greater efficiency than Fhat is, both
engines are equally efficient. Hence, all reveesikehgines working between the same

temperatures must be equally efficient.

1.9 THERMODYNAMIC SCALE OF TEMPERATURE:

Ordinarily the measurement of temperature is based some property of the
thermometric substance, such as linear or volumekpansion, electrical resistance etc. There is
one difficulty in such measurements. The variafiorihe property studied is not the same for
different substances nor is it regular in differeamtiges of temperature. Thus, a constant-volume
nitrogen thermometer will record a somewhat différealue from that of the constant-volume

helium thermometer for measuring/T, the ratio of temperatures of two given reservoirs

We have seen that the efficiency of the reversdigine is dependent only on the

temperature of the source and the sink and ispemigent of the materials used. Hence
n =wiq
= (BT
or (g-)/ch = (T>-T1)/T2
or a/gr = T4/T>

Where g and q are the heat received from the source aafid rejected to the sink at

temperature Trespectively, Tand T, being expressed in ideal gas scale.

Kalvin proposed that a knowledge of heaf) (gbsorbed from the source and heaj (q

rejected to the sink in a Carnot’s engine wouldodmas to define the ratio of the temperature of
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the two reservoirs. Thus we would be able to defirszale of temperature independent of any
property of substance ag gnd q are independent of the materials used in the endjirwould
then be a thermodynamical scale of measuremenhichvthe principle of thermometry is being

really replaced by that of calorimetry.

Let us take three reservoirs A, B and C in dedngagrder of temperatures. Let us also
denote by the symbat, a quantity which is measure of the temperaturgegrees of hotness of

reservoirs fig 1.4

Fig 1.4 Thermodynamic scale of temperature

Now suppose a reversible Carnot’s engine workeéde the boths A and B, receiving q
heat from A and rejecting:dpeat to B then the ratia/q. will be function of temperature of A

and B, i.e., function oft; andr,.
So g/gz = F(r1.12) .......1.14

If we have now second Carnot’s engine working betw and C taking heat fom B and

rejecting g heat to C, then, as before,
/3 =F@E2ts) L 1.15
When these two engines are coupled together to ettkeen A and C, naturally we have
W/ =F@Erws) 0 L 1.16
dividing 12.16 by 12.15 we get

W/ = Fey,3)/F(ts) Ll 1.17
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comparing 1.14 and 1.17
F(T]_,’Cz) = F(’E]_,’Cg)/F(Tz,’Cg) e 1.18

The left hand side of this equation does not coantawhich occurs on the right-hand side. This
is possible only when the function F is a ratioihgudentical forms in both the numerator and

denominator.
i.e., F(C]_,’Cg) = f(’t]_)/f(’t3) and Ffz,’l?g) = f(Tz)/f(’Cg)

then we have k(,t2) = F(t1,13)/F(t2,13)

=100 718 g0 Vif(n)

1 |~?3.| ful\.?:u

Hence from 1.14 ==

Let this undermined functioffr) represent the temperature in this new thermodjesam

scale and let it be denoted Bythen g/q,= &/ 7,, where are the temperature in the
thermodynamic scale of reservoirs A and B respelgtiasnd these do not depend on any property
of the working substance of the engine.

Since g/gp = 84/ 8, then (g-0p)/01 = (61- 82)/ &1

orm = (H1- 8)) 8, 1.e.,if 8,=0,n =1

the ratio of the thermodynamic scale has been egfin be the temperature of the sink
working down to which the engine would completelyneert heat into work. Similarly, in
Carnot cycle also

¥ =(T1-T2)/T1, i.e., if T2:0, n= 1
Hence the zero in the two scales are also identital honour this fundamental

contribution of Lord Kelvin, the thermodynamic sea called Kelvin Scale, with symbd{. It
relates the centigrade scale as, %k=@73.16C and 273.1%= 0°C.

1.10 SUMMARY

In this unit we have studied the limitations a&filaw of thermodynamics and hence the
need of second law. In nature all processes am@peous and all spontaneous processes tend to

UTTARAKHAND OPEN UNIVERSITY Page 16



PHYSICAL CHEMISTRY-II BSCCH-203

equilibrium. Flow of heat from high temperatureltov temperature region is a spontaneous
process. If we stall a device say an engine toimbtark when heat flows from high temperature
to low temperature comes under second law of théymamics. Carnot employed a reversible
cycle to demonstrate the maximum convertibility hefat into work. Although the reversible
cyclic processes are merely theoretical and imagjnbut the concept is highly useful in

deriving certain important relationships.

1.11 TERMINAL QUESTIONS

A. Objective type questions:

1. For an adiabatic process:

(a) T=constant (b) g=0(c) g=constant (d) w=0

2. The tendency of a process to occur naturally iedal

(&) Momentum of the reaction (b) spontaneity of thectiea

(b) Equilibrium of the reaction (d) capacity of a raant

3. The efficiency of a heat engine operation betwdK4and 300K is:
(@) 0.25 (b) 1.0 (c) 0.75 (d) 0.50

B. Short answers type questions:

4. What is a cyclic process? Explain.
5. Write a note on Carnot Theorem.
6. Give two statements of second law of thermodynamics

C. Long answer type questions:

7. What is meant by efficiency of an engine? Derivpression for the same.
8. (a) What do you understand by the term enthalpy?
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(b) “It is not profitable to carry out a process revassthough maximum work can be obtained
by doing so”. Comment on the statement.

9. (a) Derive a relation between pressure and volwnari adiabatic reversible expansion

of an ideal gas.

(c) Write a note on spontaneous reactions.

1.12. ANSWER

1. (b) 2. (b) 3. (a)
Source of study material

1. Principles of Physical Chemistry. By Puri, Sharfathania
2. Essentials of Physical Chemistry By B.S. Bahl, ABahl G.D. Tuli
3. Physical Chemistry by P.C. Rakshit

Books recommend for further study
1. Physical Chemistry By Adkins

2. Thermodynamics By P.C. Rakshit

3. Thermodynamics for chemists By S Glasstone
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UNIT -2 CONCEPT OF ENTROPY

CONTENTS:
2.1 Objectives

2.2Introduction

2.3spontaneity and randomness

2.3.1 Concept of entropy

2.3.2 Definition of entropy

2.3.3 Unit of entropy

2.3.4 Standard entropy

2.4 Entropy change in isothermal expansion of an igaal
2.5Entropy changes in reversible and irreversible gsees
2.6 Physical significance of entropy

2.6.1 Entropy change of an ideal gas with change in P& &
2.6.2 Variation of entropy with temperature and volume
2.6.3 Variation of entropy with temperature and pressure
2.6.4 Entropy change accompanying change of phase
2.6.5 From liquid phase to vapour phase

2.6.6 Change of entropy from one crystalline form to &eot
2.7Entropy of mixture of ideal gases

2.7.1 Entropy of mixing

2.8Entropy as a measure of the disorder of the system
2.9Entropy as a measure of probability

2.10 Clausius inequality

2.11 Work function and free energy function

2.11.1 Work function A

2.11.2 Free energy function

2.11.3 Variation of work function with temperature and wle
2.11.4 Variation of free energy with temperature and puess
2.12 Gibb’s Helmholtz equation

2.13 Clausius Clapeyron equation
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2.13.1 Application of clausius-Clapeyron’s equation
2.14 Summary

2.15Terminal Question

2.16Answers

2.1 OBJECTIVES

First law of thermodynamics is law of conservatarenergy. It states that one form of
energy can change into another form, but the ttadunt of energy remains the same. If energy
of an isolated system remains constant then wHhadlleeouniverse can be divided into very large
number of isolated systems. For each system enexgpains constant then energy of the
universe remains constant. This law introduced itmportant state functions E and H, even then
the law does not explain the following facts

I. Why chemical reaction does not proceed to compietio

il. Why the natural processes are unidirectional.

iii. It does not give anything about the source ancttie of flow of heat.

V. It does not explain the extent of conversion of éoven of energy to another

form.

Any process which gives us an idea to which dicgcthe reaction will proceed and to
what extent, comes under second law of thermodygrmiccording to Kelvin it is impossible to
use a cyclic process to extract heat from a regemamd to convert it into work without

transferring at the same time, certain amount af frem a hotter to colder part of the body

2.2 INTRODUCTION

In unit-1 you have studied spontaneous procesdésafiral processes are spontaneous
and irreversible. In spontaneous processes thededesease of internal energy or enthalpy. It
implies that only such reaction will occur whicheagxothermic. But the melting of ice and
evaporation of water are endothermic processeshwbioceed spontaneously (in exothermic
processes heat is released and in endothermicgsexéeat is absorbed.) Clearly, there is some

other factor in addition toaAH which governs spontaneity. If is the second lawv o

thermodynamics which introduces this new factolecaéntropy.
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2.3 SPONTANEITY AND RANDOMNESS

Careful examination shows that in processes lilgting of ice and evapouration of
water, there is an increase of randomness or disaidthe system. The water molecule in ice
are arranged in a highly organised crystal pattenich permits little movement. As the ice
melts, the water molecules become disorganizedcandmove more freely. The movement of
molecules becomes freer still when the water exapsrinto space and now they can roam about
throughout the entire atmosphere. In other wordscan say that the randomness of the water

molecules increases as ice melts into water orrveai@porates into space.
The efficiency of an engine is given by the relatio
= ()= (Te-T2)/T2 2.1

g: is the amount of heat absorbed at temperatufeoin the source and g2 is the amount of heat

rejected at temperature o the sink.
This equation can be rearranged in the followingito

-/ =1-T,)1,, L 2.2
Equation 2.2 may also be written in general form.

Qev/T =constant 2.3

Where @, is the quantity of heat exchanged in a processechout reversibly at a temperature
T. It may be noted that each step in the Carnoteagcconsidered to be carried out reversibly.
This is an important generalization since the gtagt., /r represents a definite quantity, which

is state function, is the entropy change of theéesys
2.3.1 Concept of entropy:

The equation 2.2 has been derived by assigningiyesign to heat absorbed,Jcand
negative sign to the heat given out)(fy the system. Describing @nd ¢ merely as heats

exchanged (may be evolved or absorbed). Then equ2t2 can be written as
Q/T1+@/T.=0 2.4

Thus, when the isothermal and adiabatic processes Carnot cycle are carried out,

reversibly, the summation of g/T terms is equadmo.
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Let there is a cyclic process carried out revéysithich consists of a series of Carnot
cycles. In this cyclic process the change fromstate A to state B and back to A is carried out

reversibly as shown in Fig 2.1

Pressure

Yolume
Fig 2.1 Reversible cycle

The path ABA may be considered to comprise ofralmer of small Carnot cycles, i.e., of
a series of isothermals and adiabatic as showherfigure. If each isothermal and adiabatic
change is made extremely minute, i.e., each Cayaé is made extremely small by increasing
their number, the path inside the loop cancel avaheer and the cycle corresponds to continuous
curve ABC. Thus, any reversible cycle can be regiuas being made up of infinite number of

small Carnot cycles.
For each Carnot cycie+ 22 =0, it follows that in the case of the reversible ley&BA,

comprising of series of Carnot cycles, the summatigom takes the form.

5]

2 - 2.5

=4

When the changes are infinitesimal, the above emuatn be put as,
>dg/T =0 er. 2.6

Since the cycle is performed in two steps, viomnira A to B and back from B to A, it

follows that

Sdg/T=["22 L 2 =y 27

A T E T
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The integraljj¥ Is the summation of all the dg/T terms when tystesn changes from
A to B along the path | anjg" ':T—” is the summation when the system returns frare $ to the
original state A along path II.

From equation 2.7
5 'l 4 'l
.J:-l dq/ T - .Jr_: dg/ T

B ] b E I. T
or _J:__l dq/; (pathl)= L_l ET—E (path II) ......2.8

It follows from equation 2.8 thaﬁf dg/;is a definite quantity independent of the path

followed for the change and depends only upon titei and final states of the system. This

quantity, therefore likeAE andAH, should represent the change in some single-vdlugttion

of the states A and B of the system. This funcisocalled entropy and is denoted by the symbol
S. if Sy is the entropy of the system in state A apdeStropy in the final state B, then the

change in entropyi 5 is given by the equation.
AS=S%Sa= [ da/r L. 2.9

For each infinitesimal change,
daS=dg/r . 2.10

At constant temperature, for a finite change d®bexsAS and dg becomes g
Hence AS=g/T .. 2.11

It may be emphasized that since entropy is a &taketion, the change of entropy%)

for the change of state from A to B will invarialibg the same whether change is reversible or
not. However, mathematically, it can be given by délguation

as=[da/r .. 2.11

Only when the change has been brought reversilblig i§ because the above equation has been
derived from Carnot cycle in which all the changes brought about reversibly.
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2.3.2 Definition of entropy:

In the above discussion gives only the physicdindi®n of entropy. But classical
thermodynamics does not require a physical explamatf the concept of entropy. All that we
need is an operational definition so that we cdoutate the entropy change of the system and

the surroundings.

In 1850 Clausius introduced a numerical definitadrentropy. According to him entropy
of a system (not undergoing physical or chemicainges), is a constant quantity when there is
no communication of heat. When heat (q) flows iatgystem at temperature T, the entropy
increases by q/T. Heat flowing out of a system poed a corresponding decrease. The entropy
could be precisely defined as:

For a reversible change taking place at fix tempetare T, the entropy changeas is

equal to heat energy absorbed or evolved divided e temperature T.
That isAS= g/T e 2,12
If heat is absorbed th&is will be positive and there will be increase itrepy. If heat is

evolved, AS will be negative and there is decrease in entrépgm second law in transfer of

heat certain portion of energy (available energy)sed for work. The remaining energy is called

unavailable energy which is related with the engrop

Entropy = Unavailable energy

Temperature
2.3.3 Unit of entropy:

Since entropy change is expressed by a heat taefioed by the absolute temperature,
entropy is expressed in terms of calories per degez mole i.e., cal mof&™ in entropy units
eu. In the Sl system, the units are joules per npale degree, i.e., Jmol&™. These are

represented by EU.

1leu=4.184 EU
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2.3.4 Standard entropy:

We know that the entropy of a pure crystal is z#rabsolute zero because there is most
orderly arrangement of particles (or least disordEnerefore, it is possible by measurement and
calculation to find the actual amount of entropgtth substance possesses at any temperature

above K. It is often referred to as standard entropy.

Entropy, §° Entropy, §°

Substance cal mol ' K™* J mel K™ Substance cal mol" K J mol' K~
Ag () 41.32 172.9 H, () 31.21 130.6
AgCl(s) 58.5 24.5 H,0 (g) 45.11 188.7
Al (5) 6.77 28.3 H,0 (O 16.72 69.96
ALO, (s) 12.19 51.0 HCI (g) 44.62 186.7
C (s, graphite) 0.58 2.4 HNO, () 37.19 155.6
CO (g) 47.30 197.9 H,50, (1) 37.5 157.0
CO, (g) §1.06 213.6 Hg (1) 18.2 76.1
CH, (g) 44.50 186.2 K (5) 38.30 160.2
CH,OH () 30.3 126.8 KCl (5) 57.24 239.5
CO(NH,), (5) 25.0 104.6 K.S0, () 42.0 176.0
CH, (g) 48.0 200.8 N, (&) 45.77 191.5
CH; (g) 54.85 2295 NH, (g) 46.01 192.5
Ca (5) 36.99 154.8 Na {5) 36.72 153.6
CaCoO, (5) 220 92.9 NaCl (s) 17.30 72.88
Cl, (g) 53.29 223.0 0,(8) 45.0 205.0
Fe (s) 6.5 27.0 S(s) 7.62 31.9
Fe,0, (5) 21.5 90.0 SO, (g) 59.40 248.5

Table 2.1 Standard entropies of some substance$q25 atm)

The absolute entropy of a substance &C2878K) and one atmosphere pressure, is

called the standard entropy! S

The absolute entropy of elements is zero onlykatrDa perfect crystal, and standard
entropies of all substances at any temperatureeabBvalways have positive values Table 2.1
shows standard entropies of some elements and eordpoEntropy is an extensive property. Its
value therefore, depends upon the amount of thetante involved. it is necessary, therefore, to
make a mention of the quantity of the substancertakhis quantity usually taken as one mole.
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2.4 ENTROPY CHANGE IN ISOTHERMAL EXPANSION OF AN
IDEAL GAS

In isothermal expansion of an ideal gas carriedreversibly, there will be no change in

the internal energy, i.eAE=0 and hence from first law equationAE=qg-w

Orev = W .22.13

In such a case, the work done in the expansion wibles of a gas from volume;\o V, at

constant temperature T, is given by
Ge= NRTINVNVy 2.14
now  AS = QT

1
T

hence AS == nRTIn W,/V;

=nRIn \%/V1=nRIn RP;

= 2.303nRlog WV = 2.303nRlog PP ..2.15
Solved problems
Question 1:

Calculate the entropy change involved in thermodyinaxpansion of two moles of an ideal gas

from a volume 5 litres to a volume 50 litres isathally at 303K

Solution: Formula ASt = 2.303 nlog W/V1

2:303x2x8.314 log 50/5
= 2.303x2x8.314 lag
= 38.22JK
Question 2:

Calculate the entropy change involved in the exajmm of one mole of water at 18D

latent heat of evaporation of water is 9650 catspele.
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Solution:
Formula AS = H/T
v 9650 cals
T =2736fe 373K

HenceaS = 9650/378

= 25.87 cal K mole?

2.5 ENTROPY CHANGES IN REVERSIBLE AND IRREVERSIBLE
PROCESSES

Consider isothermal expansion of an ideal ga®@astant temperature into vacuum. This
will, evidently proceed spontaneously, i.e., irnesigly. Since there is no opposing force, the
work done (w) by the system will be zero. Furth&nce there is no change in temperature

during the process, there will be no change inrternal energy of the system, i.4E=0 hence

from first law equation g=0, i.e., no heat absorbe@volved in the process. In other words no
heat is supplied to or removed from the surrourslifitne entropy of the surroundings, therefore,

remains unchanged.

Now entropy of a system is a function only of #tate of the system, i.e., its temperature
and pressure (or volume) and is independent ofiguevhistory of the system. In the process
under consideration, the volume of the gas incieas®y, from Y to V, at constant temperature
T. hence, entropy increase of the system consiglé¢hiat one mole of the gas is involved, would

be given by
AS= RIn(Wo/V ) e 2.16

The total increase in entropy of the system asdutrroundings during the spontaneous
process of expansion considered above is, thusVHEM;. Since \b>V; it is obvious that the
spontaneous (irreversible) isothermal expansioa ghs is accompanied by an increase in the

entropy of the system and its surrounding consaitygether.

Now let us consider isothermal expansion of theaidyas from Y to V, carried out
reversibly at the same temperature T. the expansioarried out infinitesimally slowly, i.e., the
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pressure on the frictionless piston is so adjufitatlis remains always less than that of the gas
by an infinitesimal small amount. In this case, tfas does some external work given by w= -

PaV. consequently, an equivalent amount of heat)(gs absorbed reversibly by the system

from the surroundings at temperature T, hence as&rén the entropy of the system (s/dj.

The heat lost reversibly at temperature T giverstyoundings is also,&g hence decrease in

the entropy of the surroundings isA¥.

Giving proper sign, giving positive for increasedamegative for decrease of entropy, the net

entropy change of the system and its surroundsgs i

Orev/T - Gred/T =0 e 2.17

Thus, in the reversible isothermal expansion ef gas, the total entropy change of the

system and surroundings considered together is zero
Hence net conclusion is that:

A thermodynamically irreversible process is alwagsompanied by an increase in the
entropy of the system and its surroundings takegetter while in the thermodynamically
reversible process; entropy of the system andit®sndings taken together remains unchanged.

Thus mathematically we can express

(ASsys +ASsy) =0 for reversible processes
ASgys + ASgy) >0 for irreversible processes

Combining these two, we have

ASgys+ ASgyr =0 Ll 2.18

Where equal to sign refers to a reversible proeessgreater than sign refers to an irreversible

process.
We can state equation 2.18 as follows:

In a reversible process, the entropy of the systemd the surroundings taken together
remains constant while in an irreversible procesthe entropy of the system and the

surroundings taken together increases.
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This statement is of great importance as it hefp® predict whether a given process can

take place spontaneously or not, i.e., whethartitérmodynamically feasible or not.

Since all processes in nature occur spontaneously,irreversibly, it follows that the
entropy of the universe is increasing continuou$lyis is another statement of second law of

thermodynamics.

The essentials of the first law and second lashefmodynamics were thus summed up

by Clausius as follows:

The energy of universe remains constant and theomn of the universe tends to

maximum.

2.6 PHYSICAL SIGNIFICANCE OF ENTROPY

Entropy is a measure of disorder or randomness yfstem. The entropy of the system
increases if it goes from orderly state to disdgdstate. This concept of entropy has led to the
conclusion that all substances in their normaltatiise state at absolute zero would be the most
ordered state with zero entropy. At this statepaidtions ceases. In case of a perfect crystal the

entropy is zero. This is third law of thermodynasnic

2.6.1 Entropy change of an ideal gas with change in V and T:

Since entropy of a system varies with the stata system, its value for a pure gaseous
substance will depend upon any two of the threabbas T, P and V. since T is taken generally
as one of the variables, the second variable tedmsidered may be V or P. thus the two

variables to be considered are either T and V and P.
2.6.2 Variation of entropy with temperature and voume:

Let us consider one mole of an ideal gas occygpyinlume V, pressure P and
temperature T. the increase in entropy of the gaabsorbing dg amount of heat reversibly at

temperature T is given by

ds=dgT 2.19
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According to the equation of first law of thermodymnics
dge~ dE+PdV

putting the value of dg, in equation 12.19 we get

ds=22222 L 2.20
we know PV=RT (for one mole of the gas)
P=RT/V

and G== or  dE=GdT

Cv is molar heat capacity at constant volume.
ds=[G,dT +(RT/V) dv]/T
ds= GdT/T + RdV/V ..2.21

Integrating the above equation from initial stateew temperature is; and volume is Yto final
state when temperature is and volume is Y assuming ¢to be constant with in temperature
range T and T, we have

[Fds =[2LZ4R[Faviv L 2.22
ThusAS =5-S,-CyIn To/T1 + RIn VLIV, ... 2.23
For n moles of an ideal gas the above equatiorbeamritten as
AS =nG INnT/Ti+nRInVL/V, ... 2.24

=2.303G log To/T1 + 2.303nR log WV1 ... 2.25

It is evident that the entropy change for the ¢geaof state of an ideal gas depends upon

the initial and final volumes as well as on thdiatiand final temperature.
Case I:
At constant temperature for an isothermal pro@gs3, then from equation 2.23

AST = RIn V2/V1
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= 2.303R log W/,
= 2.303 log PP, (As RV=P,V))

In an isothermal expansion,¥V; or P>P, hence AS; is positive whereas in isothermal

contraction \4<V; and R<P, thenASy will be negative.
and for n moles
ASr =nRIn W/V,
= 2.303nR log ¥V,

Thus subscript T i&Sr indicates that temperature remains constant dahniegrocess.

Case ll:
At constant volume (i.e., isochoric process) theagign 2.23 reduces to:
ASy =G/ InTJ/T,
=2.303 @ log To/T;
for n moles:

ASy =nG/InTo/Ty
=2.303n G log T[Ty

The subscript V inAS, indicates that volume remains constant during prezess. It

follows that increase in temperature of an idead gha constant volume is accompanied by

increase of entropy.
2.6.3 Variation of entropy with temperature and pessure:
We have from equation 2.23
AS= G/ In To/T1+R In Vo/V, ...2.23
If P, is the pressure of the ideal gas in the initialesaind Pin the final state, then
P.V:=RT; for one mole of the gas in the initial state

P,V,=RT, for one mole of the gas in the final state

UTTARAKHAND OPEN UNIVERSITY Page 31



PHYSICAL CHEMISTRY-II BSCCH-203

Then \b/V1 = PiTo/P,/T;
Substituting this value of ¥V in equation 2.23 we get
AS =Gy InTJTy+ RIn (RTL)/(P.Ty)
=G/ InT/T1+RINRAR/P, + R In TJ/T,
= (G+R) In T/T.— R In B/P,
=GINnT,/T.-RInBP, ... 2.26
for n moles we have

AS =nGIn T/T1—nR In B/P; v 2.27

=2.303n@glog To/T1 —2.303nR In PP, ....2.28

It is evident from the above equation that theayt change for the change of state of an
ideal gas depends upon the initial and final presss well as on the initial and the final

temperature.
Case I:
At constant pressure, i.e., when process is isolarP, then equation 2.26 reduces to,
ASp = Cpln TofTy
=2.303 ¢ log T/T;
and for n moles
ASp = NG In To/T,
=2.303 n glog To/T;

Evidently increase in temperature of an ideal ga®astant pressure is accompanied by increase

in entropy.

Case ll:

When temperature remains constant then,
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ASr =-RInRB/P1=RInR/P;
= 2.303 R log PP»
=2.303 R log WV1

and for n moles

ASr  =2.303nRlog PP,

=2.303n R log WV1

as RV1= PP, so H/Pz :V2/V1

2.6.4 Entropy change accompanying change of phase:

From solid phase to liquid phase:

Let us consider a case when a solid changes iepid | state at its fusion point. The

process requires heat for this purpose, known asdidusion.

Consider melting of one mole of a substance révgrat the fusion point {I, at constant

pressure. LefiS; be the molar heat of fusion. The entropy changdefprocessiiHz, will then
be given by

AS=aH/T 2.29

2.6.5. From liquid phase to vapour phase:

Suppose one mole of a substance changes fromd liguapour state reversibly at its

boiling point T,, under a constant pressure. l244,, be the molar heat of vapourisation. The

entropy change accompanying the process will tieegiven by

ASy =aHYT L 2.30

Since AH; and AHy are both positive, the processes of fusion andwagation are both

accompanied by increase of entropy?
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If we consider the change of state from vapodigiaid or from liquid to solid, therHy
and AH; will both be negative and hence the process oflensation of vapour or freezing of a

liquid would be accompanied by decrease of entropy.
Example 1:

Calculate the entropy change when one mole ohetha evaporated at 351 K. the molar
heat of vaporization of ethanol is 39.84 K J rifole

Solution: we know ASy, = aHV/Ty
Hence AHy = 39.84 KJ molé
= 39840 J molk

and T =351K
then ASy = 398.40/351 C
=113.5J K mole*
Example 2:

Calculate the entropy change in the melting ofglakice at 8C. Heat of fusion of ice is

334.72 33
Solution:
AS = AHAT
=334.72/273
=1.226 JK¥g™
For one Kg change of entropy will be 1.226x1000

= 1226 JKKg*
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2.6.6 Change of entropy from one crystalline fornto another:

The change in entropy when one mole of a sollsstsunce undergoes change of state
from one crystalline form (say, rhombic form) tooétmer crystalline form (say, monoclinic form)

at the transition temperaturg T given by
.'f'l.S[ = .'i'l.Ht/Tt

WhereaH; is the molar heat of transition of substance.advibkeat of transition is

the amount of heat absorbed or evolved by one ofadesubstance when it undergoes change to

state from one crystalline form to another at th@gition temperature.

2.7 ENTROPY OF MIXTURE OF IDEAL GAS:

From equation 2.21 we have the reaction for egtahfange for one mole of an ideal gas
dS= GdT/T + RdV/V
integrating this equation assuming thgtr€mains constant for an ideal gas,
S=GInT+RInV+3 ...2.31
where $is constant of integration
now G-Cy=R
SO & =GR
and V=RT/P we have
S=(G-R) InT + RIN(RT)/IP + §
S=GInT —= RINT+RINRINT-RINP+S ... 2.32
=CGINT-RINP+S§ where RINR+$=S, another constant.

Entropy of a system consisting of a mixture ofegasould evidently be given by the sum
of the individual entropies of the constituentspagssure (or concentrations) existing in the
mixture. If L and i are the number of moles of two gases presentemtixture and pand p

are their partial pressure, then entropy of thetunéxis given by

S=n(CeInT-RInp-S,) +m(CeinT-RInp +SY) ...2.33
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The partial pressure of pf an ideal gas is given by the expression
p1= x:P ...2.34
Where X is mole fraction of that particular gas in the tane and P is total pressure.
Substituting for pand p in equation 2.33 we get
S =n (Cdn T-RIn x,P+Sy) + p(Cp INT-RINXP+Sy)
= n(CeNT-RINX-RINP+Sg)+ m(CelnT-RINP+S,) L., 2.35
This equation given entropy of mixture of two idgakes.
Entropy of mixing:

Entropy of mixing is defined as the differencevibmtn the entropy of the mixture of

gases and the sum of the entropies of the sepgaaés, each at a pressure P. Thus
AShix = m(Cpln T-RINX;P-RINP+Sg)+nx(Crin T-RIN %-RINP+Sy)

-[M(CeINT-RINP+Sg) + n(CplnT-RINP+Sy)

= -nnRInxg-neRInx,. 2.36
Now x= ng/(n+ny) (mole fraction of first gas)
and %= m/(n+ny) (mole fraction of second gas)

for a total of one mole of the gaseous mixturedahiopy of mixing is given by
AShix = -nl/n+n; RInX; — n/m+m RInx. ... 2.37
Hence ASqhix = -X1RInX; — % RInx,

Since mole fraction xor x is a fraction, hence entropy of mixing is alwayssifive.
Hence entropy of mixing is always positive. Henaging of two or more gases is spontaneous

process.
Example:

Calculate entropy of mixing of one mole of oxygeas gand one mole of hydrogen gas,
assuming that no chemical reaction occurs and #sengixture behaves ideally (R=8.3145 K

'mole?).
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Solution:
Here n=1 mole and 1 mole
Mole fraction of oxygen = 1/(1+1)=1/2=.50
and mole fraction of hydrogen = 1/(1+1)=1/2=.50
AShix = -R(nnx+nmolnxz)
= -8.314(In.50+In.50)
= -8.314x2In.50
= -8.314x2x2.303log ¥2
=-8.314x2x2.303 (-.3010)

=11.523 J&

2.8 ENTROPY AS A MEASURE OF THE DISORDER OF THE
SYSTEM

We have already studied in the above discussiahath spontaneous processes, such as
flow of heat from hot end to a cold end of a condycexpansion of a gas in vacuum, diffusion
of solute from a concentrated to a dilute soluteme, accompanied by increase in the disorder of
the system. Spontaneous processes are accomparirextdase in the entropy a well as increase

in the disorder of the system.

We have also studied that melting of a solid apsvation of liquid is accompanied by
increase of entropy. At the same time, it is kndhett a solid has a definite crystal lattice, i.e.,
the atoms or ions or molecules in a solid are gedrin a definite order. The order is much less

in liquids and least in gases. Thus, increase wbpy implies increase in disorder.

Thus entropy is regarded as a measure of the @isofch system.

2.9 ENTROPY AS A MEASURE OF PROBABILITY

The thermodynamic probability is the number of say which a given system in a
specified thermodynamic state can be realizedtheprobability of the system. S = f(w).
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All spontaneous processes lead to increase inmn@ad also increase in disorder. A
little consideration will show that when a procésspontaneous it means that it is proceeding
from a less probable to more probable state. lears therefore, that there is a close relation
between entropy S and the thermodynamic probabilityf the state of the system, both of

which increase at the same time. This relationslap expressed by Boltsman as
S= kInW+ constant 2,38
Where k is Boltzmann constant (=R/N)
According to Planck the constant in the above eqnas zero. Hence
S= kinwW e 2.39
This equation is called Boltzmann entropy equation
A solid at absolute zero temperature is considéoede in most ordered state. In this

case, evidently, W is unity and hencg@& The entropy of crystalline solids at absoluteozs,
therefore, taken as zero.

2.10 CLAUSIUS INEQUALITY

Entropy change in an irreversible cyclic process

Consider a cyclic process, similar to that of Camyele in which one or more of its stages are
performed irreversible. Let ABCD denote the cyatefigure 2.2 in which AB and CD are
isothermal stages. Let us further suppose, therptiso of heatdq, by the system at
temperature Tfrom the source along AB is irreversible. The resthe stages are carried out
reversibly. The asterisk(*) would indicate the weesibility, otherwise transformation is

reversible. The heain, is given to the sink at temperaturgalong CD.

Fig 2.2 entropy change in irreversible cycle.
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This is an irreversible cycle and hence the edficy of the engine is less than that of the

Carnot cycle, or,
(8"t 8)/ 6" < (To-T2)/ T2
or 6qu/T, <& qu/Ty
When the cycle is completed, the engine has retuimés initial state
ASsystem=0

Now consider the surroundings and find out thetgffs. It is -3" ./, for the source and
8qo/T, for the sink.
Hence for the surroundings

¥ q/T =6qu/T- & qu/T1 which is from equation 2.5 is greater than zem, positive.

The heat change of sink is reversible. The fieat from the source was taken by the
system irreversibly. The source has l#sh and its entropy has decreased. The entropy- change

of the source from A to B would be evaluated atedtaarlier by supposing the loss of higt

occurred reversibly and consequently
ASsource — 5*CI1/T1
Or we can say,
ASqurr = 80/ To- 6§ qu/T1 >0
In this irreversible cyclic process, therefore
ASyni = -’:'lSsys'*' ASqurr = 0+ 4S5y >0
In an irreversible cycle process, there would o@cnet increase in entropy.
Next consider a general cyclic process involvingreeversible step.
We know in a reversible cyclic process

= dqu/T1+ dQ2/T2=0 (dg- terms involve their own signs)

ie., $= =0 (revesible)

—
i
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in an irreversible cycle
(6ay- 8g2)) 6a;< (T1-T2)/Ta
Hencedqy/T1+ &0/ T<0

This is often referred as Clausius enequality.

2.11 WORK FUNCTION AND FREE ENERGY FUNCTION:

The sum of the entropy change of the system ardwgudings &Ssys+ ASqun) Serves as a

criterion of spontaneity or feasibility of a prose#f total entropy change is positive, the process
is feasible. If it is zero the system remains istate of equilibrium. However in order to decide

about the feasibility of a process, we shall havkrtow the entropy change of the system as well
as that of the surroundings. This is not alwaysvearent. We may, therefore, consider entropy
change in terms of other state functions which fmayletermined more conveniently. Two such
functions are the work function A and free energgction or Gibbs free energy G. These two
functions are such that they utilize entropy inith&erivation. These are defined by the

equations.
A=ETS ... 2.40
G=H-TS ... 2.41

As E, H and S are state functions hence A and Glare state functions. The exact nature of

these functions will be clear from the following
2.11.1 Work function (A):
The work function A is defined as
A=E-TS

Let us consider a system which undergoes a chahgdate from (1) to (2) at constant
temperature. As already discussed above A is a &tattion depends only on initial and final

states.
A]_ = El-TS]_ ...... 2.42

and A=EBETS, ... 2.43
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substracting 2.42 from 2.43 we get
ArA1 = EXEi-T(S-S)
or AA=AE - TAS .. 2.44
2.11.2 Free energy function:
By definition free energy function is given byethquation
G=H-TS
If the system change from initial state (1) to fistate (2) then free equations can be written as
Gi= Hi-TS: ....2.45
and G=HxTS, ....2.46
substracting equation 2.45 from 2.46 we get
Gx-Gy = Hy-H1 = T(S-S)

AG=aH=TAs L 2.47

2.11.3 Variation of work function with temperature and volume:
We know work function is represented as
A=E-TS
Differentiation of this equation gives
dA = dE - TdS — SAT
but dE = TdS-PdV from final and second law @rthodynamics.
dA= TdS-PdV-TdS-SdT
dA=-Pdv-SaT . 2.48
At constant temperature

dAT = -PdV
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And at constant volume
dAy = -SdT

Eﬂ

T

hence[ ]V =-s 2.49

. )

This relation is utilized for establishing Gibbglrhholtz relation.
2.11.4 Variation of free energy with temperature ad pressure:
By definition

G=H-TS
Since H=E+PV
hence G=E+PV -TS
upon differentiating

dG= dE+PdV+VdP-TdS-SdT e 2.50
For an infinitesimal stage of reversible process,

dg= dE+PdV (from first law of thermodynamics)

Also dg=TdS (from second law of thermodynamics)
Hence TdS = dE+PdV or dE=TdS-Pdv ... 2.51

This equation is also known as combined equatidirsifand second law of thermodynamics as
both the laws are included in it. Substituting Wladue of dE in equation 2.50 we get

dG = TdS- PdV+PdV+VdP-TdS-SdT
= VdP-SdT ....2.52

At constant temperature G VdP

or [E—G]T =v . 2.53

AT S

and at constant pressure
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dGp = -SdT
(E)p=-s en2.54

This expression is useful in establishing Gibbsnitelltz relation.
From equation 2.54
dG= VvdP

Let the free energy of the system be & pressure Pand G at pressure Pthen

integrating the above equation we get;

= — (s — (B ET — Fy ;
ja_ dG—jF:LdP =173 dF—RTfF: dP /P
G»-G; = RTIn B/P; = 2.303RT Iogi—‘ = 2.3o3|n% ......255

Where Vi and \4 are the initial and final volumes respectively.

2.12 GIBB’S HELMHOLTZ EQUATION

These are the two equations derived by Gibbs agldhkbltz and are known as Gibbs-

Helmholtz equations. One equation can be exprességms of changes in free energyQ)
and enthalpy £H), while the other can be expressed in terms ahghs in work functior{A)
and internal energyA€). The former is generally employed and is appliedo all processes,
chemical or physical, but in a closed system. Feguation 2.52
We know dG = VdP- SdT
At constant pressure
dG=-SdT

Let G, represent free energy of a system in its initiatesat temperature T. suppose the
temperature rises to T +dT where dT is infinitedlypnamall. Let the free energy at the new

temperature be 3dG, then

dg =-Sd17 . 2.56

UTTARAKHAND OPEN UNIVERSITY Page 43



PHYSICAL CHEMISTRY-II BSCCH-203

where 3 is entropy in the initial state. Now suppose feeergy of the system in the final
state be @ at temperature T, and,®&IG; is the free energy at temperature T+dT in thel fina

state; then
dG, =-sdt7 . 2.57
where $ is the entropy of the system is the final state.
Substracting 2.56 from 2.57 we get
dG-dGy = - (§-Sy) dT
d @G) =-ASdT
as the pressure is constant, therefore,
(%(ﬂgnpz_ﬂs ..nn.2.58
We knowaAG = AH -TAS

HenceAG = AH+T [:—T(ﬂej)p .....259

This equation is known as Gibbs-Helmholtz equatlors applicable to all processes occurring

at constant pressure. It has been used for caloyl#te heat chang®H for a process or a

reaction taking place at constant pressure provitedvalues of free energy at two different

temperatures are known.

2.13 CLAUSIUS CLAPEYRON EQUATION

An equation of fundamental importance which finelstensive application in one-
component two-phase system was derived by ClawidsClapeyron, from the second law of

thermodynamics is known as Clausius Clapeyron emuat
The two phases in equilibrium may be any of théofaing types:

() Solid and liquid Sﬁ\ L at the melting podaitsolid
(i) Liquid and vapour Ls~— V at the boiling pointlajuid
(i Solid and vapour S V at the sublimati@mperature of solid
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(iv)One crystalline form to another crystalline form @mmbic sulphur to monoclinic

sulphur.

Sk ﬁ\ Sv at the transition temperature of the two allotcdprms.

In deriving the Clausius-Clapeyron equation we inkeep in our mind that, when the
system is in equilibrium there is no change in feeergy. If water is in equilibrium with its
vapour the free energy in water phase is equale® énergy in vapour pahse. In general equal
amounts of a given substance must have exactlyst#me free energy in two phases at

equilibrium with each other.

Consider the change of a pure substance from phasghase B in equilibrium with it
at a given temperature and pressure. disGree energy per mole of the substance in th&lini
phase A and g&is the free energy per mole in the phase B, tihmreds=Ga, there will be no

free energy change, i.e.,
AG=Gg-Gp=0 ... 2.60

If temperature of such a system is raised, say ffaim T+dT, the pressure will also have to

change, say form P to P+dP, in order to maintatnlibgum.

Let the free energy per mole of the substance as@lA at the new temperature and pressure

be G\+dGa and that in phase B,g®dGs. since two phases are still in equilibrium, hence

Gat+dGy = GGHdGs ......2.61

From equation 2.60 and 2.61 we have
G =d . 2.62

we know dG= VdP-SdT

then dG = VadP-SdT

and dG = VedP-SdT

From equation 2.62 we have
VadP-SdT = VgdP-SdT ... 2.63

d P(VB-V/_\) = dT(SB-S/_\)
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ors = (SS)/(VeVa) 2.64

It may be noted that Aand \& are molar volumes of the pure substance in the two

phases A and B respectively.

From definition of entropy &S = q
or $-Sa=AS =09/T

So equation 2.64 becomes:

dPAT =—"*— 2.65

- Er
FaN

")
this equation is known as Clapeyron’s equation

this equation gives change in pressure dP whicht masompany the change in
temperature dT or vice versa, in the case of asysontaining two phases of a pure substance
in equilibrium with each other. Suppose the systemsists of water in two phases, viz., liquid

and vapour in equilibrium with each other at terapare T, i.e.,
water (liquid) —— water (vapour)
Then g= molar heat of 46aporizatiaiHy
Vg = volume of one mole of water in the vapour phaag, \4
Va = volume of one mole of water in the liquid phassy
and T will be boiling point of water say, T

then equation 2.65, will take the form

(v =1 )

dP/dT =——— ....2.66

The molar volume of a substance in the vapour ssatensiderably greater than in the
liquid state. In the case of water, for example, ¥alue of \f at 100C is 18x1670=30060 ml
while that of \V is only a little more than 18 ml. Thuss¥, can be taken as gWwithout

introducing any serious error. The Clapeyron’s ¢éiguacan be written as

dP/dT =AHy/T, ..2.67
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Assuming that gas law is applicable, i.e., PV=RPaRT/P
Hence dP/dT =&H\/RT? .....2.68
or dP/P =AHV/RT? dT
or  d(InP) = @HJ/RTY)/AT

Assuming thattHy, remains constant over a small range of tempexatue have

s
dh

Jdnp = =[5 ....2.69

On integrating between limits of pressurealRd B corresponding to temperature dnd

T,, we get

Py o o AHy oT; dl

[pdinp = 2=
AH 1 1

In PZ/Pl:T-'[T___J e 2.70

This integrated form of Clapeyron’s equation is\Wwnaas Clausius Clapeyron’s equation.
2.13.1 Application of Clausius-Clapeyron’s equation

(i) Calculation of molar heat of vaporization

(i) Effect of temperature on vapour pressure of adiqui
(ii) Effect of pressure on boiling point

(iv) Calculation of molar elevation constant

(v) Calculation of molar depression constant

2.14 SUMMARY

As you have studied that first law of thermodynesns law of conservation of energy. It
does not tell us about the direction of the reactlo second law you have studied the direction
of a particular process by defining reversible (#Eogium) and irreversible (spontaneous)
processes. A thermodynamically irreversible progesalways accompanied by an increase in
the entropy of the system and its surroundingsngkgether, while in a thermodynamically
reversible process the entropy of the system asdsurroundings taken together remains

unchanged. By making use of entropy, we have inited free energy function and work
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function. The free energy function is an importfamiction as it gives an idea about feasibility of
a reaction. If free energy remains constant theegywill be in equilibrium, and if it is negative
the process is feasible. Study of Gibbs-Helmhotfaagion and Clausius-Clapeyron’s equation

are of importance for various calculations.

2.15 TERMINAL QUESTIONS

A. Objective type questions:

1. An adiabatic process is an:

(a) isobaric process (b) isochoric process igoenthalpic process

(d) isoentropic process

2. Mixing of two or more gases is a:

(a) spontaneous process (b) non-spontaneous prd@cessversible process
(d) none of these

3. The change in entropy of a reaction is given by:

() AS=) Sreactand? Sproducts (b) AS=) Sproducts™ Y. Sreactants

© | =) Sreactants > Sproducts (d) none of these

4. The free energy function G is defined as :

(@) G=H+TS (b) G=H-TS (c) G=TS-H (d) None ofgbe
5. The change in free energy is measure of

(a) Net work done  (b) Net change in entropy  (c) thetnge in enthalpy
(d) Net change in internal energy

A. Short answers type questions:

1. Define entropy

2. Write a note on physical significance of entropy
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3. Define expression for the entropy change accowipg variation of temperature and

volume.

4. Show that entropy is a state function.
C. Long answer type questions:

1. Discuss entropy change in reversible and irsallr processes. Comment on the statement

“entropy of the universe is always increasing”.

2. Derive an expression for the entropy of a mitof two ideal gases. Define from it an

expression for the entropy of mixing of two ideakgs.
3. Derive two important forms of Gibbs-Helmholtiateon. What are its important applications.
4. (a) Write a note on Clasius-Clapeyron’s relation

(b) Discuss the variation of Gibbs free energyction with temperature.

2.16 ANSWERS

1. (d) 2. (a) 3. (b) 4. (b) 5. (a)
Source of study material

1. Principles of Physical Chemistry. By Puri, Sharfathania
2. Essentials of Physical Chemistry By B.S. Bahl, ABahl G.D. Tuli

3. Physical Chemistry by P.C. Rakshit.
Books recommend for further study:

1. Physical Chemistry by Adkins.
2. Thermodynamics by P.C. Rakshit

3. Thermodynamics for chemists by S. Glasstone
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UNIT - 3 CHEMICAL EQUILIBRIUM

CONTENTS:
3.1Objectives

3.2 Introduction

3.3Reversible and Irreversible Reactions:

3.4 Chemical Equilibrium:

3.5Law of Mass action

3.6Law of Chemical equilibrium and equilibrium condtan

3.7Relationship betweenkand K

3.8 Thermodynamic derivation of law of Chemical Equilitm

3.9 Le-Chatelier’s principle

3.10Van’t Hoff isotherm or maximum work obtained frogaseous reactions:

3.11Van't Hoff equation for the temperature dependesfaequilibrium constant (Van't hoff
reaction isochore)

3.12 Clapeyron equation

3.13 Clapeyron Clapeyron-equation

3.13.1 Integrated form of clausius-clapeyron equation

3.13.2 Applications of Clapeyron Clapeyron-equation

3.14 Summary

3.15Terminal Question

3.16Answers

3.1 OBJECTIVES

After going through this unit, you will be able kaow.

* Reversible and irreversible reactions.

* Chemical equilibrium.

* Law of mass action.

* Relation between free energy and equilibrium carista

* Le Chatelier’s principle and its applications.
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* Clapeyron equation

* Clapeyron Clausius equation and applications.

3.2 INTRODUCTION

In a chemical reaction, chemical equilibrium is git@te in which both reactants and products are
present in concentrations which have no furthedéeny to change with time .Usually, this state

results when the forward reaction proceeds at dngesrate as the reverse reaction. The reaction
rates of the forward and backward reactions aremgdlig not zero, but equal. Thus, there are no
net changes in the concentrations of the reactarttproducts. Such a sate is known as dynamic

equilibrium.

3.3 REVERSIBLE AND IRREVERSIBLE REACTIONS

Not all chemical reactions proceed to completiom most reactions two or more
substances react to form products which themsehezst to give back the original
substances.Thus A and B may react to form C andhibhareact together to reform A and B.

—> .
A*B C+D  (Forward reaction)

- '
A+B C+D (Reverse reaction)

A reaction which can go in the forward and backwarddirection simultaneously is
called a Reversible reactionSuch a reaction is represented by writing a paarmws between

the reactants and products.

A+B C+D

The arrow pointing right indicates the forward r@c, while that pointing left shows the

backward reaction.
Some Examples of Reversible Reactions:

A few common examples of reversible reactions iated below:
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N, +3H, s=—  2NH,
Hy+l, === 2HI
PCIS ‘—_‘ PC13 +Cl,

On the other hand, the reactions which proceed anlgne direction are known as

irreversible reactions.
Examples:

BaCl, + Na,SO;, —— BaSO, +2NaCl

NaCl+AgNO; 5 AgCl+NaNO;s

3.4 CHEMICAL EQUILIBRIUM:

Let us consider the rection:
A+tB ———— C+D

If we start with A and B in a closed vessel, theMard reaction proceeds to form C and
D. The concentrations of A and B decrease and tbhb<e and D incease continuously. As a
result the rate of forward reaction also decrease ate of backward reaction increases.
Ultimately, the rate of two opposing reactions dguand the system attains a state of
equilibrium. Thus “ The state of reversible reawtin which the concentrations of the reactants

and products do not change is called chemical ibgui”.

The Rate Of Reaction

Reverse Reaction

E—

i_.______ii_q_ wilibrmum Statc
T TTT——

Forwards Reaction

Rate of the Reaction

Y

Time

Fig. 3.1 At equilibrium the Forward reaction ratequals the Reverse reaction rate
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Characteristics of chemical Equilibrium:
Some of the important characteristics of chemiqailédrium are follows:

(i) At equilibrium, the concentration of each of thag&nts and products becomes constant.

(i) At equilibrium, the rate of forward reaction becamequal to the rate of backward
reaction and hence the equilibrium is dynamic iture

(iif) A chemical equilibrium can be established yrfl none of the products is allowed to
escape out.

(iv) Chemical equilibrium can be attained from eith@ection i.e from the direction of
reactants as well as from the direction of the potsl

(v) A catalyst does not alter the state of equilibrium.

3.5 LAW OF MASS ACTION

Guldberg and Waage, the two Norwegian chemists864 put forward a law concerning
the dependence of rate of reaction on the condemtraf the reactants. This law is known as
Law os Mass Action. It states as followdhe rate of chemical reaction is proportional to

the active masses of the reactants.

The term active mass used in the above statemepiiesnactivity which, for the sake of

simplicity, may be taken as equal to molar con@iun.
Consider the following reversible reaction, takpigce at constant temperature:
A+tB ———— C+D

According the law of mass action, the ratg @t which A and B react is given by the

equation

r o< [4][5]

7y = ky[A][B] won o ()

UTTARAKHAND OPEN UNIVERSITY Page 53



PHYSICAL CHEMISTRY-II BSCCH-203

ar

Where k is the proportionality constant, called rate contstaf the reaction and the
square brackets indicate molar concentrations.rditeeof backward reactiony)ris given by

the equation

7 = ky[C][D]... ... (i)
Where kis the rate constant of reverse reaction.

Thus ultimately, a dynamic equilibrium is attaineden the rate of forward reaction

becomes equal to that of the reverse reaction jji.a.

3.6 LAW OF CHEMICAL EQUILIBRIUM AND EQUILIBRIUM
CONSTANT

Consider the following reversible reaction:

aB +bB f———= .C+dD

Where a, b, ¢ and d are numerical quotients ostistance, A , B, C and D respectively.
According to law of mass action,

Rate of forward reaction; r= k; [A]4B]"

Rate of backward reaction, £k, [C]° [D]°

Since at equilibrium, 1= r, it follows that

ki[AIB]° = k[CI°[D]°

) cl°[p]@ ,
by JFDE

© [Al=[B]?

e

=
b

ke is known as equilibrium constant and has a fixeldiesdor a certain reaction at a given
temperature and pressure and is independent ofrimunts of reactants and products.

However, its value depends on the temperatureyges tof reactions.
In a general reaction reprinted by the equation

aA +bB + cC+ ...... ~w—— [L+mM+nN+.....
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The equilibrium constant is given by

_ LY [m]™ [N
© o [ale[BP[Cle

For gaseous reactions, it is more convenient tqastal pressures instead of concentrations.

The equilibrium constant in that case is represkhtek,
Thus for a general gaseous reaction

aA +bB +cC+ ...... ~w—— [L+mM+nN+.....

[P ]l x [P, ...
[P,]= % [P.]P...

A

(iii)

K, =

Where R and R, etc stand for partial pressures of the products andPp, etc for the

partial pressures of the reactants.

3.7 RELATIONSHIP BETWEEN K- AND K¢

For a general reaction,

aB +bB === 14D

The equilibrium constant in terms of concentratimsles/liter) is

(1)

If the reactants and products are gaseous, theootiheentration terms may be replaced

by partial pressure. The equilibrium constantvifiten as,

_ PEDS

Kp .
piPg

o id)

For an ideal gags” = nRT or p = —RT = CRT,

Where C is the molar concentration. For differeageas A, B, C, D, we may write
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Pa= CART, g3 =CgRT, px =CcRT, p =CoRT
Putting these values in equation (ii), we get

_ (CcRT)®(C,RT)®
P (C,RT)?(CoRT)?

cd

_ “=c%“p (c+d)i—(a+m)
or K, = — (RT)\e7e/TharE
Pocock

K,= KE_(RTY™ | e (i)

Where

An= (c+d)— (a+b)=[number of moles of products]- [number of madéseactants]

3.8 THERMODYNAMIC DERIVATION OF THE LAW OF
CHEMICAL EQUILIBRIUM

Let us consider a general reaction,

aA +bB+... = cC +dD+.....

The chemical potential of a substance in a mixigirelated to its activity by the expression

p=u" +RTIna ..o eovre o (1)

Whereg® is the chemical potential of pure substance indsed state of unit activity, R is the

gas constant and T is the absolute temperature.
For a mole of the substance A we can write usiegetjuation (i)

au, =a(u®+ RTInay,)

And similarly,
buy, = b(u"+ RTInay)
cpr =c(u® + RTlna,)

duy, = (u° + RTIna,)

The change in free energy for the reaction is glwen
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AG = Gyrpquces — Oreacrants
On substitution we get
(cputduy, + ) — (ape, + bug = -
=(cu, +dpp + ) — (apy + bug + )

=c[u+RT INac] + d{u} + )} [a(ud + RTIna,} + b[uZ+RT Inag)]

. . . . afmafx
== [leue + dup + = F—{auy + pp + - 1 + RTIn 5=
al X a x ...
AG =AG® + RTIn— 22—~ . (i)
ai X ag X ..

WhereA6" is the difference in free energy of the reactidrew all reactants and products are in

their standard state. It is given by
AG® = {cpg + dup + -} —{apg+ pz +-)
In equation (ii) the factor A is given by

ag X ag X o

ai X ag X ..

Stands for the reaction quotient of activities leé product and reactants. It may be denoted by
J.The equation (ii) becomes,

AG=AG" +RT In] eer e (111

The equation (iii) is called van't Hoff reactiorotherm

For the reaction at equilibrium

AG=10
Therefore, AG®= —RTInJ
Or AG® = — RTInSCX80X
E;‘KEEK.
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As AG"Y is the free energy of the reaction in the standstate and is constant at given

temperature.

Also, the gas constant R and T are constanfattter

cEx:Ex. . .
=B IS a constant I.e,
[t i

ag ¥ ap X

———— = g constant = K

ai ®ag X .

From equation (iii) we have

AG® = —RTInK e (1)
Or ¢ = —2.303RTlogK e (V)

The equation (iv) is also called van't Hoff Isotirerlt may be used to calculate the change in

free energy of a reaction in the standax@?) from the equilibrium constant and vive —versa.

The sign ofAG indicates whether the forward or reverse reactospontaneous.Considering

the equation (iv), we can have three possibiliiegending on the sign &fz° for the reaction.

(1) If AG"is negative, log K must be positive and the reacfimceeds spontaneously in the
forward reaction.

(2) If AG" is positive, log K must be negative and K is s one. The reverse reaction is
then spontaneous.

(3) If AG" = 0,log K = 0 and K = 1. The reaction is at equilibrium.

3.9 LE- CHATELIER'S PRINCIPLE

The effect of concentration, temperature and pressao a system in equilibrium can be

predicted with the help of a generalization firsbgmsed by a French chemist-Chetelier in

1884. After his name, this generalization is knoas LeChatelier's principle. It states as

follows:

If a system is in equilibrium is subjected to chamd concentration, temperature or pressure, the
equilibrium shifts in a direction that tends toued the effect of the change imposed.
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Let us now discuss the effect of the various factore by one.

(1) Effect of Concentration Change on the Position gquiirium:

If the concentration of one of the substances ptasean equilibrium reaction is
changed without change in any of the other condtidhen by Le-Chatelier’'s principle,
the position of equilibrium will move to decreaseetconcentration of the added

substance. Thus, in the reaction

Ny(g) + 0, (g) ~=——== 2NO(g)

At a given temperature , adding Nr O, Would shift the equilibrium from left to right,

i.e, more nitric oxide (NO) will be formed.

The effect of changes in concentration of subs&snon the position pf

equilibrium in a chemical reaction may be summarise follows:

Change in concentration ofsubstance

Effect on equilibrium position of reactia

A+Bse—————=C+D

Increase in concentration of A or B

Decrease in concentration of A or B

Increase in concentration of C or D

Decrease in concentration of C or D

Proportion of C and D increased , i.e.,

Equilibrium shifts to right.

Proportion of C and D decreased , i.e.,
Equilibrium shifts to left.

Proportion of A and B increased , i.e.,

Equilibrium shifts to left.

Proportion of A and B decreased , i.e.,

Equilibrium shifts to right.

Some examples from everyday life:
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(1) Clothes dry quicker when there is a breeze or vep lan shaking it. This is because water
vapour of the nearby air removed and cloth losesemmater vapour to re-establish
equilibrium with the surrounding air.

(2) We sweat more on a humid day but it evaporates wieesit under the fan. More sweating
takes place because the surrounding air has largeirg of water vapour and our skin
cannot lose more to it. The fan removes the huinidrad evaporation starts from the skin.

(3) Transport of oxygen by hemoglobin in blood. Oxydamathed in combines with the
hemoglobin in the lungs according to the equilibriu

Hb (s) + O, ~——— HbO, (s)
When it reaches the tissues, the pressure of oxigyéow. To readjust the equilibrium,
oxyhaemoglobin gives up oxygen. When it returnkitms where the pressure of oxygen if
high, more of oxyhaemoglobin if formed.

(1) Effect of Temperature Change on the Position ofilbgium:

The change of temperature alters the state ofibguih for only those reactions in which
either heat is evolved (exothermic) or heat is el (endothermic). In fact, every such
reaction is made up of two opposing reactionsh#é torward reaction is exothermic, the
backward reaction will be endothermic and vice-aers

(i) Consider the exothermic reaction

Ny (@) +3H, (@<= 2NH3(2) sy = _92.4p;

Or it may be written as

€X0

N, +3H, (g) = — = 2NHj; (g) +92.4 k]

Obviously, the the forward reaction is exothermwbile the backward reaction is
endothermic. Now, if the temperature is increasedheat is supplied to the system, and then
according to Le Chatelier’s principle, the equiliion will shift to the side that absorbs heat i.e in
the backward direction. Similarly, decrease in terafure will shift the equilibrium in the

forward direction.

(i) Again , consider the endothermic reaction
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N, (2) + 0, (g) 2NO(®) ,p =

+180.7k]

Or it may be written as

N, (2) + Oy(g) + 180.7k) o240 = 2NO (g)
€X0

Here the forward reaction is endothermic while veankd reaction is exothermic .The increase of
temperature will favour the forward reaction whilee decrease of temperature will favour the

backward reaction. Thus in general,

Exothermic reactions are favoured by low temperatue whereas endothermic reactions are

favoured by high temperature.
Effect of Pressure Change on the Position of Boyuilm:

This factor has a significant role to play onlydase of gaseous reactions and those too
which proceeds with a change in number of moles.

(i) Consider the dissociation oh®, into NO,:

NOs @ S ST

1 mole

Here, the forward reaction occurs with increasenumber of moles. Therefore backward
reaction must proceed with decrease in number désndf now the pressure on the system is
increased, the volume of the system will decreaseespondingly. Hence the total number of
moles per unit volume will now be more than befdrberefore according to Le Chatelier's
principle, the equilibrium will shift in that diréon in which the total number of moles
decreases. Since backward reaction takes placedediease in number of moles so an increase
in pressure will favour the formation of,®,;. Conversely, if the pressure on the system is
decreased, the equilibrium will shift in the fordadirection which is accompanied by increase
in total number of moles. In other words, decreag@essure favours the formation of NO

(i) Consider another gaseous reaction involving foromatif ammonia.

Ny(g) +3Hy(g) <= = 2NH;
1 mole 3 moles 2 moles
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In this equilibrium reaction, the forward reactimnaccompanied by a decrease in the total
number of moles. On increasing pressure numberotésrper unit volume will increase as result
equilibrium will shift to the product side i.e iavours the formation of ammonia. Thus, higher
the pressure, the better would be the yield of amadn the other hand, a decrease in pressure

will favour the dissociation of NiHinto N, and H.

(iiLastly, consider the following equilibrium reaon involving the formation of hydrogen

iodide.

Hy(g)+ I, (o) =———= 2HI(g)
1mole Imole 2 moles

This reaction place in either direction withoutinolge in number of moles. So according

to Le Chatelier’s princilple, pressure will have eftect on this equilibrium. In general,

Low pressure favours those reactions which arerapanied by increase in total number
of moles and high pressure favours those reactwdmsh take place with decrease in total
number of moles. However, pressure has no effearoequilibrium reaction which proceeds

with no change in total number of moles.
Effect of addition of inert gas on the positionegjfuilibrium:

The effect of addition of addition of inert gasnche studied under two different

conditions:

(i) Addition of inert gas at constant volume: when a@rt gas is added to the equilibrium
state at constant volume, then the total pressiurénarease. But the partial pressure
of each component will remain unchanged. Underethenditions, there will no
effect on the equilibrium on addition of the ingds.

(i) Addition of an inert gas at constant pressure: wéreimert gas is added to the system at
constant pressure there will be increase in themel As a result, the number of
moles per unit volume of different components wliicrease. The equilibrium will
shift to the side where the numbers of moles areeased. For example consider the

following equilibrium.

2505 (g) at constant pressure

280, (2) + 02 (g)
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The addition of inert gas at constant pressuré stiift the equilibrium to backward

direction.
For the equilibrium

PCls (g =~ PCl;(g) + Cly(g) at constant pressure

The addition of inert gas at constant pressureshilit the equilibrium to the forward direction.
However , addition of an inert gas to the followeqguilibrium

N, (g) + 0, (g) —= 2NO (g) at constant pressure

Will have no effect because the number of molegaétants and products are same.
Effect of catalyst on the position of equilibrium:

There is no effect of addition of a catalyst oe #qguilibrium state. This is because catalyst
increases the rate of forward reaction as wellss of backward reaction to the same extent. It
simply helps to achieve the equilibrium quickly.niay be further noted that catalyst has no

effect on the equilibrium concentration of a reactmixture.
Applications of Le Chatelier’s Principle:

(1) Physical Equilibria
(&) Melting point of ice: Ice melts with decrease mlume as well as absorption of heat, e.g.,

H20 (S) —_— HZO (l)

It is represented as:

0°C
Ice = = Water - Heat

(More volume) (Less volume)

Increase of pressure or temperature will shifteqailibrium from left to right. In other words,

melting point of ice is lowered by an increase kgsure or temperature.
(b) Vaporization of water: The equilibrium between wated steam is represented as:

Water — = Water vapour - Heat
(More Volume)

(Less volume)
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On increasing the temperature, the equilibrium whift in that direction in which heat is

absorbed, i.e., forward reaction. So, more stealnbeiproduced. Similarly, on increasing the
pressure, the equilibrium will shift in that dirgxt in which volume is decreased, i.e., backward
reaction. So, steam will condense into liquid. thes words, formation of steam will be favored

by increase of temperature and decrease of pressure

(c) Solubility of substances: Certain substances liugas NaCl etc dissolve with an absorption

of heat, e.g.,
Sugar +aq S=———= Sugar (aq) - Heat

So, increase of temperature will shift equilibriim the right. So, the solubility of such

substances increases on increase the temperature.

Certain substances like Ca(QH)c. Dissolve with an evolution of heat, e.g.,

Ca(OH), + aq Ca(OH), + Heat

So, increase of temperature will shift the equilibr to the left, i.e., direction in which heat is

absorbed. So, the solubility of such substancemedses on increasing the temperature.

(d) Solubility of gases in liquids: Consider the sadatiof a gas in equilibrium with the gas.

The equilibrium can be represented as:

Gas + Solvent =—m———= Solution of gas

(more volume) (less volume)

If pressure is increased, volume will reduced withaffecting the pressure and some of
the gas will dissolve in the solvent. Thus, thaubdity of gas increases on increasing the
pressure.

(2) Chemical Equilibria:

(a) Synthesis of ammonia by Haber’s process: Habeosgss involves the reaction.

Ny (g) + 3H(g) = 2NH;(g).

1 vol. 3 vol 2 vol AH = —22 keal

(i) Effect of temperature: If the temperature of thact®mn is lowered, the equilibrium must
shift so as to tend to raise the temperature agdanChatelier’s principle). That is,

heat must be liberated by the production of ammdrtiat is low temperature favours
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the formation of ammonia. But lowering of temperateeduces the rate of reaction,
S0 it is necessary to use a catalyst which wilegvsufficient reaction rate inspite of a
relatively low temperature.

(i) Effect of pressure. Ammonia is produced from i=reents with reduction of volume.
Therefore, if the system is in equilibrium and theessure is then raised, the
equilibrium must shift so as to tend to lower thegsure (Le Chatelier’s principle).
To do this, the volume must be reduced by the prioolu of more ammonia. That is,
high pressure favours the formation of ammonia.

(iif) Effect of concentration. If the system is in eduilim and more Bis added to increase
its concentration, then according to Le Chatelipriaciple, the equilibrium will shift

SO as to tend to reduce Moncentration. That is, more ammonia will be ptlito

use up N. This increase the yield of ammonia relative to &hd viceversa if the H

concentration is increased.
The formation of ammonia is favoured by:

(i) Low temperature

(i) High pressure, and

(iif) High concentration of the reactants.

(b) Formation of sulphuric acid by the contact proc@dse first step in the production of
sulphuric acid is the conversion of sulphur dioxid® sulphur trioxide according the

reaction

250,(g) + 0,(n) ~——== 2503(»)

2 vol 1 vol 2vol = 47 keal

This reaction is just similar to the synthesis ainaonia described above. So, the effect of
pressure, temperature and concentration will besthmae as mentioned in the synthesis of
ammonia. Low temperature, high pressure and inetea®ncentrations of SCand Q will

favour the formation of sulphur trioxide.

The SQ is removed from the equilibrium mixture by dissolty it in fairly concentrated

sulphuric acid, forming oleum which is then dilutedget the acid of the required concentration.

(c) Formation of nitric oxide: The reaction is repregehas,
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Ny (@ + O, (g) 2§V00 l<g>

1 vol 1 vol AH = +432 k cal

(i) Effect of pressure: As no change of volume occuring the formation of nitric oxide,
there will be no effect of pressure on the equiilitor.

(i) Effect of temperature: if the temperature is inseghthen the equilibrium will shift in
that direction in which heat is absorbed, i.e., the forward direction. So , high
temperature favours the formation of nitric oxide.

(iif) Effect of concentration: If to the system in eduilum N, is added, the equilibrium will

shift in that direction so as to reduce the cormegion of N.So, more nitric oxide will

be formed. Similar is the effect of adding oxygen.
So, the formation of nitric oxide is favoured by

(i) High temperature and
(i) High concentrations of Nor O,.

3.10 VAN'T HOFF ISOTHERM OR MAXIMUM WORK OBTAINED
FROM GASEOUS REACTIONS

Consider the following reaction

aA + bB+ S IL+mM +....

Taking palce under any conditions of temperaturesgure and composition. The free energy
change of the reaction is given by the expression

AG = EG)_‘.‘I:'D:’;:E.‘E - (G)."EEETE."!?:‘ (l)

= (lp;, +mpy, +---) — (auy + bug + -

Whereu,, 15, i, 1y, €tc represents chemical potentials of the specieserned.

Let us suppose the various reactants and produets ajaseous state. Chemical potential of a

gaseous substance in any state is given by thdiequa

Mgy = Hiy + BT Inp, e e e 11)
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Where ,uf;:_u_-, is the chemical potential of gaseous componemm the standard state (partial
pressure = 1 atm ) and,,,;is the chemical potential of the gaseous compongnany state of
partial pressure;p

Substituting the values of chemical potentials afiaus species at their partial pressures from eq
(i) in equation (i)

AG = {I [;iEJ +RT inp; —m[:yﬁ'_,.:_,_]_-. + RT in TG.‘.!} + - } — {a [Jufl_] +

RT inp, + b(ugeyy + RT inpg) + -} oo (i6D)

Re arranging we have

AG = (L) + Ml + ) = (i + bisdiy + )

PPy ..
(PL)! (Pur) ()

A4 I
SR EREREN

The first expression on thr right hand side, eviljens the free energy change of the reaction
when the products and the reactants are all inm thepective standard states. This expression

may be substituted by G®.Hence,
AG = AG+RTIN Q, e (v)

Where Q stands for the reaction quotient of partial presswf the products and reactants, viz,

(P Pyl

(F '-ﬂ':FE .-.-S .

WA

Equation (v) is known as van't Hoff reaction isatine This gives the free energy change of a

reaction at any given temperature, pressure angasition of the reacting system,

Q, is different from K. Here the values p pu, pa, pe....etc are not the partial pressures at
equilibrium, but for any state. If the partial pgase values correspond to equilibrium state, then

Qp will become equal to K As we have
AG® = —RT Ink,
Substituting forA&© in eq (v), we have
AG= —RT inK;+ RTIn Q; or wow e (1)

Equation (v) and equation (vi) are two forms of 'v&toff reaction isotherm.
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Example: At 25°, theAG® for the reaction

Hy(g) + L (g) ——— 2HI(g),
is -3.1 kcal. CalculateA& when hydrogen gas at 0.1 atm and iodine vapoQrlaatm react to
form hydrogen iodide at 10 atm, and’25

Solution: For the given reaction,

__pPHD
TG'(H:)TGU:)

Where p terms represent partial pressures of theugaspecies in the reaction mixture.

p’(HI)

AG=AG°+ RTInK =AG° + 2303 RT log—————
TE’EH::'TGU:)

10)?
= —3100 cal + 2.303 (1.987cal K~ 'mol™1)(2 QSE{)E&gg
(01)(0.1)
= —3100 cal+ 1363.7log(10%) cal = —3100 cal + 4 (1363.7 )cal

= +2354.8 cal = 2.355 kcal.

3.11 VAN'T HOFF EQUATION FOR THE TEMPERATURE
DEPENDENCE OF EQUILIBRIUM CONSTANT ( VAN'T HOFF
REACTION ISOCHORE)

The equation for reaction isotherm when the reastas well as the products are gaseous and are

also in their standard states, is represented as

AGY = —RT InK_{p e (1)

Differentiating with respect to temperature at ¢anspressure, we have

arac® d(lnkp)
{ = }p= —RInK, — RT ——£=

Multiplying throughout by T, we get
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d(Ink,)
- e (1)

. (A"
aT

}p = —RT Ink, — RT*

Substitutingr 6° for —RT InK,, we have

d(Ink,)
—— e (i)

{a(aaﬂ'
T

a7 }p = AG® —RT*InK, — RT"*

The well known Gibbs-Helmholtz equation for substsin standard states may be written as

d(AG%)
ar |

AG® = AH® + T{

Comparing equations (iii) and (iv), we get

LK)

daT
’ d(Ink,) AH® ’
or ar  RT: (v)

Equation (v) is known as the van’'t Hoff's equatidi® is the enthalpy change for the

reaction at constant pressure when the reactamislbas products are in their standard states.

It is well known from experiments that the enthalplyange,AH, accompanying a

chemical reaction does not vary appreciably witAngje in partial pressures of the reactants and

products . Therefore, we may takeAH*® as equal taxH , whereaAH is the enthalpy change of

the reaction whatever may be the partial pressofréise reactants or products. Hence, the van’t

Hoff equation may be written as

d(In (K,) AH
dT  RT?

Integrating equation (vii) between temperaturesfid T, at which the equilibrium constants are

Kp'and K’ respectively and assuming tha#f remains constant over this range of temperature,
we get:

K, T.

: AH [ dT

T
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) C _AHTL 1
1 2
_AH[T,—T, i)
R | Ty,
7 " ] ' ] K‘J ! ‘lﬁ'H T: - T'l L
toghty,” —logky :‘Ggf{"zzaﬂaﬂ[ T,T ] - (wit)
<l ' 142

Knowing the equilibrium constant at a temperaturés ipossible to calculate the equilibrium

constant at another temperature provided the Heatotion (1) is known.

Alternatively, knowing the equilibrium constants afreaction at two temperatures, the heat of

reaction (45 can be calculated.

Example: The equilibrium constant <for the reaction

H-(g) +S (g) =—=H>S (&)

Is 20.2 atm at 94& and 9.21 atm at 1085. Calculate the heat of reaction.

Solution: Applying van’'t Hoff equation

it [ ﬂH
togh,” —logky =77303 E[

T, — T1]
I,T;

1 E 945+ 273 =1218 K
,T= 1065 + 273 =1338 K
oK=20.2 atm
oK=9.21 atm

Substituting the values, we have

AH 1338 — 1218
(2.303)(8.314 JK~lmol~1) [(1218K)(1338K)

log921 —log202 =

AH = —88126.3] = —88.826 kj
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3.12 THE CLAPEYRON EQUATION

Clapeyron equation is an important equation apple#o the equilibrium between any
two phases of the same substance. This equationbeamerived from second law of

thermodynamics as follows:

Suppose a single substance exists in two phasesl A & equilibrium with each other at
constant temperature and pressure. If one moleldtance is transferred from one phase A to
the other phase B without altering the temperatmc pressure , then there will be no work done

other than that of expansion. So from equatie@ € VdP — S4T'), we get,
fdG =0, asdP =0and dT =0
ie,Gy;— G, =0or G, =Gy

In other words, the molar free energy of a substas¢he same in the two phases which are in

equilibrium.

In a phase changei§ = VVdF — 54T, can be written as

dG, = V,dP — 5,dT v v enn (1)
And
dGy; = VgdP —5;dT e eee e (E1)

Subtracting equations (i) from (ii), we get,

dGy — dG, = (VgdP —5;dT) — (V,dP —5,dT)

Or 0= (VzdP —5.dT) — (V,dP — 5,dT) (As G, = Gy,
OrV;dP — SzdT=V,dP — 5,dT

Or (Vy —V,)dP = (55— 5,)dT

Or AVdP = ASdT

dP  AS
Or @ —=—
dT AV

Where,AS andAV have their usual significance.
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Recognizing further that at equilibrium we have thange in entropyA(7, given by

AH
AS = —
T

(AsAG = 0, at equilibrium)

Therefore,
dP _ AH (i)
dT ~ TAV

Equation (iii) was first derived by a French engné€lapeyron in 1834. It gives the

variation of equilibrium pressure (P) with temparatfor any two phases of a given substance.

Application (iii) is applicable to various equiliarsuch as solid-liquid equilibria, liquid-
vapour equilibria and equilibria between two sohddifications. The Clapeyron’s equation for

these various equilibria can be easily obtainefblésns:

(1) Solid-liquid equilibrium: We know that solid and liquid forms of a substanaa exist in
equilibrium only at the freezing or melting poidence, in equation (iii), T will be the
freezing point and P will be the external pres&xerted on the system. So, equation (iii) can

also be written in areversed form as:

dT _ TAV
dP  AH

If 1, andV; represents the molar volumes of the solid andlithed phases, respectively at
temperature T and pressure P, then,

AV =1, —

Where, Al represents the increase in volume in transfertimgole from solid to liquid phase,
AH the amount of heat absorbed may be replacedi)yi.e., molar heat of fusion. So making
these changes in equation (iv), we get the follgwitapeyron’s equation:

dT T (V, — V%)

=1Lt 5 )

dP AH,
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(2) Liquid-vapour equilibrium: In this equilibrium, the increase in volum&l{) accompanying
the transfer of one mole of liquid to the vapoutl We equal tol;. —1;, wherel’. and1;
represents the molar volumes of vapour and ligespectively AH may then be replaced by

AH,.i.e., molar heat of vaporisation.

From the above considerations, equation (iv) besome
dl T (V- —V;)
dP AH,

It is a well known fact that the boiling point ofliguid is the temperature at which its

vapour pressure becomes equal to the externalypesss

So, equation (vi) represents the variation of bgilpoint of a liquid with pressure P.

Thus, equation (vi) can also be written as:

dP  AH,
dT T (V. —V,) (i)

Equation (vii) represents the rate of change obuapressure (P) of the liquid with temperature.

(3) Equilibrium between two solid modifications: If a represents the stable form of solid
above the transition point aridthe stable form of the solid below the transitmint then

equation (iii) becomes:

dT T (V,— V)
dP AH,

e (01ED)

Where, 7, and V; represents the molar volumes of the two formseetspely andAH. is the
molar heat of transition determined at T.

Applications of Clapeyron Equation:

The Clapeyron equation can be applied in numerayswo several physio-chemical problems.

(i) It can be used for predicting the effect of pressam the volumes or densities of the solid
liquid phasesi{ and ;) and of heat of fusiqiaH, ).
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if 17 < V. then {; — %) will be negative and sdT /dF will be negative . In other words,

increase of pressure will decrease the melting tpdihis is observed in the ice-water

equilibrium

if Vo<V, then {; —1.) will be positive and s@T/dP will be positive . In other words,

increase of pressure will increase the melting poin

(i) Itis also possible to calculate the enthalpy sida (AH,) of a substance from equation
(vi), is dT /dF or ratherAT/AP and specific volumes of the solid and liquid plsase

are known.
(iif) Clapeyron equation can also predict the dffeicpressure on the transition temperature
with the help of equation (viii). Similarly, we camecisely calculate the enthalpy of

transition from the change in volume, i.gl;, — V) and the value ofiT /dF, from

equation (viii).
(iv) The enthalpy of vaporizatiori&,.) can also be calculated from equation and alsoame c

easily find the rate of change of boiling pointrfrequation (vi).

Problem 1: The orthobaric specific volumes of ice and wate8’€ are 1.0907c.c. and 1.0001
c.c., respectively. What will be the change in megltpoint of ice per atmosphere increase of

pressure? The latent heat of fusion is 79.8 cal/g.
Solution: Orthobaric specific volume of ice ¥ = 1.0001 c.c.
Orthobaric specific volume of water {\= 1.0001 c.c.
So V- Vg= —0.0906 c.c.

Latent heat of fusion AH; =1 atm =76 13.6 ¥ 981

1:013x10° dynes/sg.cm.
dT="

We know that for solid-liquid equilibrium, we have,

dT T (V, —1%)

dP AH,

UTTARAKHAND OPEN UNIVERSITY Page 74



PHYSICAL CHEMISTRY-II BSCCH-203

_ T V)
Y

dT P

273 x0.0906 X 1.013 x 10°
79.8 X 4.2 x 107

= —0.007476C

The negative sign indicates that melting pointcefdecreases by increase of pressure.

3.13 CLAUSIUS-CLAPEYRON EQUATION

If the temperature of the liquid is not too neax thitical point then we can easily neglect

the volume of the liquid (M), compared with that of vapour (Y¥In such a case, the equation

—= — reduces to equation (1) on replacing P.Bpp

(1)

Furthermore, under such conditions the vapour press very small, so it may be assumed that

the vapour behave as an ideal gas to which thetiegulRV,=RT is applicable.

dP  AH,
dr  'RT?
1dP  AH,
ar — = B
p.dT  RT?
dlogp AH, i)
o dT  RT? o

Equation (ii) is sometimes known as Clausius-Clapeyequation and is generally
spoken of as first latent heat equation.lt wast fiderived by Clausius (1850) on the

thermodynamics basis of Clapeyron equation.
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Equation (ii) is valid for evaporation and sublimat processes but not valid for
transition between solids or for the melting ofidel Clausius-Clapeyron equation is an
approximate equation because the volume of thédligas been neglected and ideal behavior of
the vapour is also taken into account. However gguaii) has the advantage of greater
simplicity because in the calculation of the vat@dT or dT/dp, it is necessary to know the

volumes of the liquid and the vapour.
3.13.1 Integrated form of clausius-clapeyron equatn:

Assuming the heat of vaporization to be indepenagntemperature, if we integrate

equation (ii) between the limits, 70 T, (for temperature) and fp, (for vapour pressure), we get,

! Ay
logp = =
Ju, gr JT, RT*

p, AH, [=dT
Or In—= —J —
2 R Jp T~
B, AH,TL 1
Or 2303 log—= —'[—— —]
P1 R IT, T,
s AH,, 1 1
Or logp—'= : [———] cerene e (1)
p, 2303RIT, T,

If AH, is expressed in cal/mole and R= 1.987 cal/degme/nthen equation (iii)

becomes
s AH, 11 1 .
log— = —[— ——] o (i)
p, 4576lT, T,

Equation (iv) is the integrated form of Clausiudag&yron equation. If the integration is

carried out indefinitely (without limits) then weuc write the vapour pressure equation as (ii) as,

MH..
logp = —R—T'— C (contant) ver e e (T7)
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Problem 1: The vapour pressure of water at’©5and 108C are 634 and 760 mm,

respectively. Calculate the latent heat of evajmmaif water per gram between@5and 108C.

Solution:
s AH, [T,—T,
log—= ' [ = ]
p, 2.303RL T,T,

Where p and p are vapour pressure at temperatur@id T, respectively ana.H, is the latent

heat of evaporation/mole.lt is given that:
P;=634m.m.
>=P60m.m.

1=B5+273=36%, T,=100+273=37%

760 AH, 373 — 368
50, lag [ ]

634 2303 x 1.987 [368 x 373

cal 9886 cel
=—— = 549

or  AH, = 9886

mele 18 Je|

Problem 2: At what height must the barometer stand in ordet thater may boil at 9g7?
Given that the latent heat of vaporization of water gram is 536 cal.

Solution: As known, the integrated form of Clausius-Clapeyeguoation is,

Py Ay -1y
log—= [ ]

p, 2.303RL T,T,
P;=76 cm. mercury ?
T1=100+273=373 K 2¥99+273=372

AH,.= 536cal/g =53&18 cal/mole

e 535 X 18 372—-373 536X 18 X1

log— = =—
g?ﬁ 2303 X 1987 L1372 X 373 2303 X 1987 X 372X 373

536 18X 1
2.303 X 1937 X 372 373

log p, —log76 = —
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536X 18 X1
2303 X 1987 X 372X 373

or log p, =log76 —

= 1.8806 — 0.0159 = 1.8659
taking antilog we get P, = 73.43 cm. of mercury.

3.13.2 Applications of clausius-clapeyron equation

(1) Latent heat from vapour pressure data:Suppose the vapour pressurgsamd p are
determined at two temperature dnd T respectively, then it is possible to calculatertiaar or
specific heat of vaporization. It is also possitidecalculate the value of HV graphically. It is
clear that if log p is plotted against the recimoof the absolute temperature,i.e.,1/T, then a

straight line will be obtained. The slope of thisel will be equal to-AH/R.So, knowing the

value of R, the value ¢tH can thus be easily determined after measuringltpe.

(2)Deduction of Trouton’s law: Equation (ii) can be written in the form,
1 pd _AH,
» dT  RT?
For liquid vapour equilibriumaHy=Le, i.e., molar heat evaporation. Hence, the last

expression becomes,

1pd L,
p dT RT?
T dP L, .
or P dT RT e (V)
T P
we know that, —=Ffand —=m,
T L

c c

Where R and Tc represent the critical pressure and critical teiaupee, respectively and & are

the educed pressure and reduced temperature, tigspeSo equation (vi) becomes,

8 dr L,
7w dd RT (vid)

Vander Waals (1888) suggested the empirical reiakip,
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Where k is constant which is equal to 3 for manlyssances. Hence in reduced terms it can be

put as,

logr = 23k [1 -]

logm = 2, 1—— viii
ogm k 2 (wiii)

Differentiating equation (viii) with respect ) we get,

cdlogm k
g =23—
46 52
:|_l'."lr.l'1'_23 k
or Tdg g
6dr _ K N
or zde g -+ ()

LE_EEk
RT 7@

L, EQE
or T @

If the temperature is taken to be the boiling pdigtthen& which is T/T. is nearly equal to 0.6

and, therefore,

So, the molar heat of vaporization of a liqdidided by its boiling point on absolute scale,
i.e., LdTp is constant and is approximately equal to 23, idiexy the latent heat is expressed in
calories. The fact was first observed by Pictet7@8and rediscovered by Ramsay (1877) and
Trouton (1884) and is commonly known &souton’s law. Some substances which obey

Trouton’s law are ethyl ether, benzene, propyl aeetmercury, zinc, potassium chloride etc.
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This law is an approximate law. For non-associatdastances of molecular weight of about 100,
the value of I(e/Tb) =21, provided the boiling point is not too highhe law breaks down for
associated compounds such as water and alcohdbasdbstances having high boiling points.

At the normal boiling point the vapour pressofdéiquid is equal to 1 atm., hence equation (v)

becomes,

AH,

+cC
4.576T,

logl= —

According to Trounton’s lawfor many non-associated substances /T, may be taken as

equal to 21Hence,

The expression for the vapour pressure p (in afn@ng substances to which Trouton’s law is
applicable now becomes,

)

e

4.576T

logp(atm) = — + 4589 con e e (1)

Problem 1:The normal boiling point of benzene is 81 estimate its vapour pressure al@0
Solution: Since | is 80.1+273=353.1, then by Trouton’s law
J#21  353.1=7415.1 cal.mdle
According to equation (xi),
7415.1 7415.1

logplatm) = — + 4589 = — + 4589 = —0.586
4.576T 4576 ®x 353.1

p=0.25%atm.= 0.259 X 76 = 19.6cm.
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3.14 SUMMARY

Chemical equilibrium is defined as the state ofesersible reaction when the two
opposing reactions occur at the same rate and dheeatrations of reactants and
products do not change with time.

A reaction which can go in the forward and backwdirdction simultaneously is called a
reversible reaction.

Chemical equilibrium is dynamic equilibrium

Law of mass action states that the rate of chemnézadtion is proportional to the active
masses of the reactants.

Realtion between KandKc¢

K, = K_(RT)™
Thermodynamic Derivation of Law of Chemical equililm is given as,

AG° =-2.303 RT log K

Van't Hoff reaction isotherm gives the free eneofya reaction at any given temperature,
pressure and composition of the reacting system.

Van't Hoff reaction isochors gives the temperatependence of equilibrium constant.
Le-Chatelier’s principle states that if a systeneailibrium is subjected to a change of
concentration, pressure and temperature, the bguit shifts in the direction that tends
to undo the effect of the change.

Clausius-Clapeyron equation is given as

dP/dTaH/T AV

It can be applied to various physicgligbria like melting, vaporization and sublimatio

3.15 TERMINAL QUESTIONS

1. Long Answer type questions:

1. Derive law of mass action thermodynamically.

2. Derive the following on the basis of thermodynamics
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4.

(a) Van't Hoff isotherm (b) van't Hoff isochore (c) Clausius-Clapeyron equation.

State and explain Le-Chatelier’s principle. Expltie effect of pressure and temperature

on equilibrium on the basis of this principle.

Derive Le-Chatelier’s principle thermodynamically.

2. Short Answer and Very Short Answer type Questiost

1. State law of mass action.

. Define Le-Chatelier’s principle.
. Derive Clapeyron equation.

. Derive integrated form of van’t Hoff isochore.

5. Write an equation which relates equilibrium danswith temperature.

6. Write an application of Clausius-Clapeyron egurat

7. Explain Trouton’s law.

8. State and explain Le-Chatelier’s principle.

9. Write a relation betweenplénd K.

3. Numerical Problems:

1.

2.

1.The melting point of sulphur is 398K and its tdatbeat of vaporisation is 9.3 cal/gm.
Find the change in melting point of sulphur per@phere change in pressure if the per

gram volume of ite andp forms are 0.732 c.c. and 0.7070 c.c., respectively

The heat of vaporization of water is 40.82 Kj th@he molar volume of liquid water is
0.019 dmi morl* and the molar volume of steam is 30.199°anol™,all at 1000C and
latm.Calculate the change in boiling point of wate00C,if the atmospheric pressure
is change by 1 mm? (latm. = 101325 Rm

Calculate the vapour pressure of water 8€80its value at 10tC is 76.0 cm. The mean

heat of vaporization of water in the given tempemarange is 540 cal'g

4. At what temperature will water boil under a presswf 790mm? The latent of

vaporization of water is 540 caf'dR=1.987 cal K mol™.

UTTARAKHAND OPEN UNIVERSITY Page 82



PHYSICAL CHEMISTRY-II BSCCH-203

5. At what temperature should water boil at spaceastathere the atmospheric pressure is

528 mm? Latent heat of vaporization of water is.5850 cal .

6. The vapour pressure of water at 40Gs 760mm. Calculate its vapour pressure 4€95
Given: latent of water =548 cal'g

4. Objective Type Questions:
1. Atequilibrium,AG is
(a) Positive  (b) Negative (c) Zero (d) None ofgshe
2. The maximum work done in a reaction is given by :
(a) Van't Hoff isotherm )(Wan't Hoff isochore
(c) Clausius-Clapeyron equation (d) None
3. The variation of equilibrium constant with tempeiratis given by:
(a) Van't Hoff isotherm (b) Van’t Hoff isochore
(c) Law of mass action (d) Le-Chatelier’s principle
4. The variation of vapour pressure with temperatargiven by:
(a) Van't Hoff isotherm (b) Van't Hoff isochore
(c) Law of mass action (d) Clausius-Clapeyron equation
5. Fill in the blanks:

5. The law of mobile equilibrium was given by.............

6. Van't Hoff equation gives the variation of............ with temperature.
7. The equilibrium constant.............. with incread temperature.

8. dP/dt =H/T Vis known as............. equation.

9. Kpand K:are related by the equation..............
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3.16 ANSWERS

Multiple choice questions
1. (¢) 2.(@) 3.(b) 4.(d) 5.Guldberg & Waage 6. ligrium constant 7.Increase

8. Clapeyron’s equation &, = K_(RT)™"

Source of study material:

1. Essential of physical chemistry by Bahal, Bahal @atil.
2. Principles of physical chemistry By Puri, Sharmd &athania.
3. Physical chemistry By P.C. Rakshit. Physical cisénty By Atkins.
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UNIT-4 IONIC EQUILIBRIUM

CONTENTS:
4.1 Objectives

4 .2 Introduction

4.3Electrolytes and Non-electrolytes
4.4 Acids, Bases and Salts
4.4.1Arrhenius concept
4.4.2Bronsted-lowry concept
4.4.3Lewis concept
4.5 lonic product of water
4.6 Common lon Effect
4.7 lonic Equilibria in weak Acids and Bases includiMagltistage Equilibria
4.7.1Dissociation of a weak acid
4.7.2Dissociation of a weak base
4.8 pH Scale Exact treatment of Calculation dfiehs and pH for HA and BOH
4.9 Hydrolysis

4.9.1 Salt hydrolysis
4.9.2 Hydrolysis constant
4.9.3 pH calculation

4.9.4 Degree of hydrolysis

4.10Titrations Acid- Base Titration Curve

4.11Buffer solution

4.12Buffer capacity

4.13Henderson equation

4.14Solubility and solubility product

4.15Indicators

4.16Common ion effect and the Solubility of a Sparingbjuble salt
4.17Summary

UTTARAKHAND OPEN UNIVERSITY Page 85



PHYSICAL CHEMISTRY-II BSCCH-203

4.18Terminal Question
4.19Answers

4.1 OBJECTIVES

After going through this unit, you will be able koow.

» Electrolytes and non electrolytes.

* Acids, bases and salts.

* lonic product of water.

* pH scale and pH calculation.

« Common ion effect and its applications.

* Solubility and solubility product of sparingly sble salts.
» Salt hydrolysis.

» Acid base titration curves and use of indicators.

» Buffer solution and buffer capacity.

4.2 INTRODUCTION

There are numerous equilibria that involve ionsyoim the following sections we will
study the equilibrium involving ions. It is well kwn that the aqueous solution of sugar does not
conduct electricity. However, when common salt (Na€added to water it conducts electricity.
Also, the conductance of electricity increases wiittrease in concentration of common salt.
Michael Faraday classified the substances intodategories based on their ability to conduct
electricity. One category of substances conduattietéty in their agueous solutions and are
called electrolytes while the other do not condelettricity are, referred to as non electrolytes.
Faraday further classified electrolytes into stramgl weak electrolytes. Strong electrolytes on
dissolution in water are ionized almost completeligjle the weak electrolytes are only partially
dissociated. For example, an aqueous solution dfuso chloride is comprised entirely of
sodium ions and chloride ions, while that of acetwod mainly contains unionized acetic acid
molecules and only some acetate ions and hydromas This is because 100% ionization in

case of sodium chloride as compared to less thamo&#ation of acetic acid which is a weak
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electrolyte. It should be noted that in weak eldgtes, equilibrium is established between ions
and unionized molecules. This type of equilibriumedlving ions in aqueous solution is called
ionic equilibrium. Acids, bases and salts come urle category of electrolytes and may act as
either strong or weak electrolytes.

43 STRONG AND WEAK ELECTROLYTES AND IONIC
EQUILIBRIUM

An electrolyte is defined as a compound whose aggigolution or molten state conducts
electricity. On the other hand, a compound whosgeags solution or molten state does not
conduct electricity is called a non electrolyte.

The conductance by an electrolyte is due to thegmee of ions produced by the dissociation of

the substance. However, different electrolytesatisde to different extents.

The fraction of the total number of molecules whitbsociate into ions is called the degree of

dissociation and is usually representediby

MNumer of moles dissociated

ie. o=
Total number of moles taken

Depending upon the degree of dissociation, thetrelgtes are divided into two

categories, called ‘strong electrolytes’ and ‘weddctrolytes’.

Strong Electrolytes These are the substances which dissociate alcoogpletely into ions in
aqueous solution and hence are a very good condattelectricity. Examples are: NaOH,
KOH, H,SO,, NaCl, KNG; etc.

Weak Electrolytes These are the substances which dissociate toa#l sxtent in aqueous
solution and hence conduct electricity also to alsextent. Examples are: NBH, CHCOOH

etc.

As strong electrolytes are completely ionised ia #yueous solution, therefore, their

ionisation is represented by putting a single arp@mting towards right e.g.

HCl + H,0 —— H,0 + Cl
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4.4 ACIDS, BASES AND SALTS

There are three concepts of acids and bases ientuanse. Each has its own peculiar
advantages. The student should understand alhtbe toncepts:

(a) Arrhenius concept
(b) Bronsted-Lowry concept

(c) Lewis concept

4.4.1 Arrhenius concept

Savante Arrhenius (1884) proposed his concept mofsaand bases. According to this
concept an acid is compound that releasésoHs in water; and a base is a compound that

releases OHons in water.

Examples: HCI, HNG;, H,SO,, CH;COOH, HCO3, HzP Q..
HCl(aq) ———— H (aq) + CI (aq)

NaOH(aq) ———» Na+(aq) + OH(aq)
Limitations of Arrhenius Concept

Arrhenius concept of acids and bases proved todrg wseful in the study of chemical

reactions.However, it has the following limitations:

(1) Free H and OH ions do not exist in water. The'ldnd OH ions produced by acids and
bases respectively do not exist in water in the B&te. They are associated with water
molecules to form complex ions through hydrogendaom Thus the Hion forms a

hydronium ion:

77N

e . +

H—O" +H ——> H3O+
| Hydronium ion
0]

Similarly, OH ion forms the complex D .
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(2) Limited to water only. Arrhenius defined acids dmases as compounds producing H
and OH ions in water only. But a truly general conceptasfds and bases should be
appropriate to other solvents as well.

(3) Some bases do not contain QHArrhenius base is one that produces @Hs in water.
Yet there are compound like ammonia @lldnd calcium oxide (CaO) that are bases but

contain no OHions in their original formulation.

4.4.2 Bronsted-lowry concept

Lowry and Bronsted suggested a more general defindf acids and bases. According to
their concept, an acid is defined as a substaneéehwtas a tendency to donate a proton to any
other substance and a base as a substance whialdredency to accept a proton from any other

substance. In other words, an acid is a proton4dand a base is a proton-acceptor.
When an acid loses a proton, the residual part bs a tendency to regain the proton.
Therefore, it behaves as a base. An acid and a thesefore, be defined by the general equation

Acid s——> H" + Base ... (i)
proton

Conjugate Acids and Bases. Consider the dissoniati@cetic acid in water which may

be represented as
CH;COOH + H,0 === H;0 + CHiCOO e (i)
Acid Base Acid Base

It is evident that acetic acid donates a protonvater and thus acts as an acid. Water
accepts a proton and, therefore, acts as a bashe Ireverse reaction, hydronium ions(H)
donates a proton to the acetate ion and, theredmis,as an acid. The acetate ion can accept a
proton and, therefore, behaves as a base. Suchgfaubstance which can be formed from one
another by the gain or loss of proton are knownagugate acid base pairs. Thus, acetic acid is
the conjugate acid of acetate ion and acetatesidhe conjugate base of acetic acid. Similarly,

water is the conjugate base of hydronium ion ardtdryium ion is the conjugate acid of water.

The following points emerge out of the followingdiussion:
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1. Firstly, it is evident that a substance is ablesitmw acidic character only if another
substance capable of accepting a proton is preSenexample, acetic acid in benzene is
not acidic because benzene is not in a positidaki® up protons.

2. Secondly, hydrogen ion in aqueous solution doesrist as H ion but as hydrated ion,
HsO" ion. It is called hydronium ion because of its resemblance with amumorion
NH4".

3. Thirdly, not only molecules but even ions may actacids and bases.

The dissociation of acetic acid in water can beasgnted as

Acid; + Base, ~——= Acid, + Base,

Acid; and Basgis a conjugate acid-base pair and so is Aa@dd Basg In general, the

dissociation of an acid HA in water may be représgias
HA + H0 <s==m1,0 + A

Just as an acid requires a solvent that can takepupton for its dissociation. Similarly, a
base requires a solvent that can give up a pratoisf dissociation. Water possesses both acidic
and basic properties. Therefore, acids as welbasdcan dissociate in water. Thus water acts as
an acid (a proton donor) towards ammonia and aasa (a proton acceptor) towards the acetic

acid. Such substance are said to be amphiproaophoteric.

Some common cases of equilibria between acids asdshinvolving proton transfer are

given in following table.

Table 4.1 Conjugate Acids and Bases.

Acid, + Base, ~——= Acid, + Base,
HCl " H0 <~——> HO0 " cr

HNO;  + HO0 ~—2>= 10 + NO,
H,S0,  + H0 ~——>  H,0 " HSO,
H,PO,  + H0 ~——>  H,0 " H,PO,
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+ -
H,CO; + 0 ~=——> H;0 + HCO;

HCN — + H0 ~——2= H,0 T CN

Relative strengths of Acid-Base pairs According to concept of Lowry and Bronsted, the

strength of an acid depends upon the its tendemdgse protons and the strengths of a base
depends upon its tendency to gain protons. If &h aach as HCI, is a strong acid, it will have a

strong tendency to donate protons. Thus, the é&quimn,
HCl + H0 <=—==H,0 + CI

Lies very much to thghti and the reverse reaction, representing the @fain
proton by the chloride ion leading to the reforraatiof HCI, will take place to a very small

amount. Thus, chloride ion is a weak base.

As a general rule, the stronger an acid, the weakest be its conjugate base and vice
versa. If an acid (e.g., HCI) is strong, its comjtegbase (Ol is weak. If a base (e.g., GEIOO)
is strong, its conjugate acid (GEIOOH) is weak.

4.4.3 Lewis concept of acids and bases:

In the early 1930s, GN. Lewis proposed even a more general model of aciddbases.

According to Lewis theory,
An acid is an electron @aiceptor
A base is an electron painor

N R

A + B ———>
Lewis acid Lewis base

B
Complex

It may be noted that: (1) all cations or neutra&ction deficient molecules act as Lewis acids;
and (2) all anions or molecules having electrom peti as Lewis base. An a few examples are

(i) BF + NH; — BF;NH;
Aci Base
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iy BF;, + F ——BF,
Aci Base

(lll) BC13 + (CH3)3N—>CH3)3NBCI3
Acid Base

+ . +
Gv) H + NH; —NH,
Acid  Base

4.5 |IONIC PRODUCT OF WATER

Pure water is poor conductor of electricity. Thiows that water is weak electrolyte i.e.,

it is ionized to a very small extent as

H0 === H+ OH

Applying law of chemical equilibrium, its dissod@t constant K is given by

_ [HT][oH"]

= 0] ()

Since dissociation takes place to very small coisthe concentration of the undissociated

water molecules, [kD], may be regarded as constant, say k.
K_xk=[HT][0OH"]

c

The product of the two constants &d k gives another constant which is designayed,p

Where K, is called the dissociation constant of water coygancommonly, the ionic product of

water.

Hence ionic product of water may be defined agtioeluct of the molar concentration of Bind
OH ions.

The value of K, at 298K (28C) is usually taken as

iK=1.00¢< 10
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Effect of temperature on K The ionic product of water ({ increases with increase of
temperature (as shown by the values given in fatigwable). This is because of the fact that

with increase of temperature, the degree of iormnatf water increases.

Table 4.2 Values of K at different temperatures.

Temperature®C) Ky

0 0.1x 10%
10 0.3¢ 10%
25 1.0¢ 104
30

1.5¢ 10
40

3.0< 10%*
50

5.5¢ 1014
60

9.6 1014

H* and OHion concentrations in pure water at 298K, Pureewinizes as:

H,0 === H + OH

Obviously, for any degree of ionization, we wilalys have

[£7]=[0H"]
But at 298K, we know that
K, =[H"][0H"]=1.0x 10*
[HT][HT] = 10x107%
or [ HT]* =10 x 1071
or [H']=410%10"1* = 1.0x 107" moles/litre

Thus in pure water at 28,
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[HT]=[0H]== 10x107'M

4.6 COMMON-ION EFFECT

When a soluble salt (say'®) is added to a solution of another salfBA containing a

common ion (A), the dissociation of AB is suppressed.

AB ==& + B

By the addition of the salt (AC), the concentratafmA” increases. Therefore, according
to Le-Chatelier's principle, the equilibrium willhgt to the left, thereby the decreasing the

concentration of Aions. Or that, the degree of dissociation of AH e reduced.

The reduction of the degree of dissociation of a kdy the addition of a common ion

is called the common ion effect.
Let us consider a few examples to illustrate thermon-ion effect.

Examplel. In a saturated solution of silver chleride have the equilibrium
AgCl(s) <== Ag(aq) + I (aq)

When NacCl is added to the solution, the concewtnanf CI ions will be increases. The
equilibrium shown above will be shifted to the l&stform more of the solid AgCIl. Thus the

solubility of AgCI, will decrease

Example2. When solid NALI is added to NEDH solution, the equilibrium
NH,0H === NH; + OH

Shift to the left. Thereby the concentration of @ekcreases.

4.7 IONIC EQUILIBRIA IN WEAK ACIDS AND BASES
INCLUDING MULTISTAGE EQUILIBRIA

4.7.1 Dissociation of a weak acid

Consider the dissociation of a weak monobasic iacweater, represented by the equation

HA + H,0O =— H;0 + A ... (i)

UTTARAKHAND OPEN UNIVERSITY Page 94



PHYSICAL CHEMISTRY-II BSCCH-203

Applying the law of chemical equilibrium, the edbrium constant Kis given by the expression

_ [H;0*][A]

T Almg

Since water is present in large excess in dilubetisms, its concentration may be taken
as constant, say, k. Further, since the symbsD'Hsimply indicates that hydrogen ion is

hydrated, it may be replaced by,Hor simplicity. The above equation may then beasu

]
Kc—m ......... |:1111I

Since the product of two constants &d k is equal to another constant, say,dq.(iii)
may be written as
_[H][a7]

* [HA]
The significance of equation (iv) is that the prodof the concentrations of the hydrogen
ion and the anions divided by the concentrationthefundissociated acid., is equal to a constant.

The constant (K is characteristic of the acid concerned and ievkn as the dissociation

constant of the acid.

Relative Strengths of Weak AcidsThe above equation for the dissociation constaat of
weak acid can also be expressed in terms of theedegf dissociationa and the total molar
concentration (c) of the acid. Consider, for examfie dissociation of acetic acid, represented

below:

—— S
CH;COOH~~—— H" + CH;C00
Original concs. ¢ 0 0

Equim.concs ¢(1-a) co ca

_ [H*1[cH C007]
© " [CH,COO0H]

(e ol s fole

:c(l—cr;l:l—cr
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Since for weak acidsy is very small,(1 — «) in the denominator may be taken as 1. The

above expression, therefore reduces to

for two weak acids of dissociation constants &nd K, at the same concentration c, it
follows from eq. (vi) that

ﬂi ’
/
| CEq

IIII &

]

.'IIKE ! )
=V 1:le . vow e v (P7EE)

Ga

Wherea, anda , are the respective degrees of dissociation ofvtleearids.

But, degree of dissociation of an acid is a meastings capacity to furnish hydrogen

ions and hence a measure of its strength.

Strength of one acid, say,HA, I!Ka‘l

v e o (i)

Strength ofanother acid, say, HA- N!.Kag

Table 4.3 Dissociation constants of some commordagit 25C

Acid Formula Ka1 Ka2 Kas

Acetic acid CH;COOH 1.75< 107°
Arsenic acid | H3AsO, 5.00% 105 8.30x 107% 6.30x 107
Benzoic acid PhCOOH 6.2Gx 105
Bori id HsBO

oric aci 3BO3 5 80x 10-10
Carbonic acid | H,CGO; A52x 107 4.69x 1071
Formic acid HCOOH

1.77< 107"
Hydrocyanic HCN
i 7.20x 1071
acid H,S
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Hydrogen HIO; 5.70x 107F 1.20x 1071°
sulphide
HPn (COOHy | 167x 107
lodic acid )
HsPOy 5.02x% 1072 5.18x 107°
Oxalic acid -13
H.SO, 7 50 103 6.20% 10-2 4.20x 10
Phosphoric acio
Strong

Sulphuric acid

4.7.2 Dissociation of a Weak Base

Representing the formula of a weak monoacid ba&(d4, its dissociation, in accordance with
Arrhenius concept, may be represented by the exquati
BOH=<—>F + OH
Applying the equilibrium law equation, the dissdima constant, K, of the base, will be
given by

_[B7][oH]
°  [BOH]

(1)
Assuming that the activity coefficient of thewarious species involved are equal to unity each.

If the initial concentration of the base is ¢ mofe liter and ifa is the degree of

dissociation, then,

BOH‘——‘B*' + OIjI

Original concs. ¢ 0 0
Equim.concs  ¢(1-at) ca ca
ca X ca cor”

N0 -qg @

Since, for a weak base, is very small as compared to 1, equation (ii) efote, is

reduced to:
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K, =ca*

ar o= 1 %/

[0OH ]=ca=c | b/. =.eK ev e (i
e v Ry,

“-.'.!
The dissociation constants of some common wealkskagegiven in the table 4.4:

Table 4.4 Dissociation constants of some commonedsaat 28C

Base Formula Ko
Ammonia NH,OH 1.81x 10°°
Aniline CsHsNH 383 % 1010
Dimethyl amine (CHs)2NH £ 19 % 104
Ethyl amine GHsNH» 560 % 10-*
Hydrazine NH,NH,»

3.00 x 107°

4.8 pH SCALE EXACT TREATMENT OF CALCULATION OF H
IONS AND PH FOR HA AND BOH

Knowledge of the concentration of hydrogen ionsng of the greatest importances in
chemistry. Hydrogen ion concentrations are typycgllite small numbers. Therefore, chemists
report the hydrogen ion concentration of solutioerms of pH. It is defined dke negative of
base-10 logarithm (log) of the H ion concentration. Mathematically it can be expressed as

pH = —log[H™]

Where[H™] is the concentration of hydrogen ions in molesliper
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Alternative and more useful forms of pH definitiare:

1
pH =log——
B E[H__

For pure water or neutral solution in which
[H']=1 x 10 "moldm™?*
pH = —log[H"]= —log(1x 1077) = 7 at 25°C

Some other Logarithmic Expressions. Just as ptéesl tio indicate hydrogen ion concentration,

pOH is used to indicate hydroxyl io@@§ ~) concentration. Thus,
pH = —log[OH™] ... ...(0
lonic product of water, i Is also frequently expressed ina similar manser a
pK,, = —logK,, erveee o (1)
Remembering thet? " ][[0H™] = K,, and taking logs and reversing signs, we have
—log[H™] — log[OH™] = —logK,,
or pH+pOH = pK,, U 1)
This relationship holds well for water as well as &any aqueous solution.
Since Ky at 25C is about0™**, pK,, is is 14.0. Hence,
pH+pOH=14 .. .... (iv)

In other words, the sum of pH and pOH is equal4adriwater or in any agueous solution at
25°C.

In pure water, as already statdaydrogen ion concentration is equal to hydroxyl io
concentration and each is equaility * moles per liter. Water is, therefore, neutral @aagH is
7. If water is made acidic, its hydrogen ion corication will increase to a value abov&™"

and, therefore, pH will fall below 7. On the othend, if water is made basic, its hydrogen ion

concentration will decrease to a value less ti@ifi and, therefore, pH will rise above 7. Thus,
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if pH of solution is 7, it is neutral. If pH is Ieghan 7, the solution is acidic and if it is mtran

7, the solution is basic.

4.9 HYDROLYSIS

The reaction of an anion or cation with water acpgamed by cleavage of O-H bond is

called hydrolysis.

A+ H-O-H <—2=H-A + O-H - (i)

+ .o
B+ H-O-H =<=—=BOH + H .. (ii)

The term hydrolysis is derived from hydro, meanwajer, and lysis, means breaking. It
may be noted that in anionic hydrolysis shown )rti{e solution becomes slightly basic (pH>7)
due to generation of OHons. In cationic hydrolysis shown in (i) ther® éxcess of Hons

which makes the solution slightly acidic (pH<7).
4.9.1 Salt Hydrolysis:

Salt hydrolysis is defined as the process in whidalt reacts with water to give back the

acid and the base.
Salt + Water———®» Acid + Base

Or

BA + H,0 — HA + BOH
Salt Water Acid Base

Depending upon the relative strengths of the aodl the base produced, the resulting
solution is acidic, basic or neutral.  On this bagie salts are divided into four categories:

|. Salts of Strong acids and Strong bases:
NaCl, NaNQ, NaSOy, KCI

As an illustration, let us discuss the hydrolysisNaCl. We may write:

NaCl + H,0 —3 NaOH + HCI

UTTARAKHAND OPEN UNIVERSITY Page 100



PHYSICAL CHEMISTRY-II BSCCH-203

or Na* + CI" + H,O——®=Na" + OH + H'+ CI

or H,O —» H" + OH

Thus it involves only ionization and no hydrolysiurther in the resulting solution, TH
= [OH. So the solution is neutral. Hence it can be gaimed that the salts of strong acids and

strong bases do not undergo hydrolysis and thétirggsolution is neutral.
ll. Salts of Weak acids and Strong bases:
Examples are:

CH;COONa, NaCO;, NaCN, KCO; etc.

As an illustration, the hydrolysis of sodium acetdCH3COONa) may be represented as

follows:

CH,COONa + H,0 <=2 CH3COOH + NaOH
Or CHyCOO + Na +H,0 == CH;COOH + Nd' + OH

Or CH,COO0 + H,0 ——— CH;COOH + OH

As it produces OHons, the solution of such a salt is alkaline @tune.
lll. Salts of Strong acids and Weak bases:

Examples are:

NH4CI, CuSQ, NH4NO3, AICI; CaCl etc.

As an illustration, the hydrolysis of NBI may be represented as followes:
NH,Cl + H,0 =g—=== NH40H + HCI

Or NH,+ C + H,0 =<—== NH,0H + H'+ Ci

Or NH; + H,0 —— NH,OH + H

As it produces Hions, the solution of such a salt is acidic inreleger.

V. Salts of Weak acids and Weak bases:
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Examples are:
CH3COONH,, (NH,),COs, AIPO;, etc.

As an illustration, the hydrolysis of GAHOONH, may be represented as follows:
CH;COONH, + H,O ~—> (CH;3COOH + NH,OH

Or CH;COO +NH} + H,0 ——— CH3;COOH + NH,OH

Thus it involves both cationic and anionic hydrady$ience the resulting solution is neutral.
4.9.2 Hydrolysis Constant

The general equation for the hydrolysis of a $#)(may be written as

Applying the law of chemical equilibrium, we get

[HA][BOH] _

K, The equillibrium constant
[BA][H,0]

Since water is present in very large excess in @gisolution, its concentration €]

may be regarded as constant so that we have

HA][BOH
M = K[H,0] = K,
BA -
Where K is called the hydrolysis constant.
| .Hydrolysis constant of Salts of weak acid ana&g base:

Representing the salt by BA as usual, the hydrslysy be represented as follows:

BOH + HA
Strong  Weak

Or B'+ A™ + H,0 ~——=B" + OH + HA

Or A’—I—HZO‘_—‘ OH + HA

i.e it is a case of anion hydrolysis.

The hydrolysis constantor the above reaction will be given by
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_[oH™ ] [Ha]

Kh W ......... (j.;l

For the weak acid HA, the dissociation equilibriiem

+ —
HA‘——‘H"'A

~. The dissociation constant, kf the acid HA will be given by

_[HTTAT] ’
Ka—m (11)

Further the ionic product of water,Ks given by
K, =[HTI[OH™]  .oer e (i)

Multiplying eq (i) with (ii) and dividing by (iii),we get

Il. Hydrolysis constant of Salts of Strong acid Aidak base:
For the salt BA, the hydrolysis may be represeated

~—
salt weak  strong

I.e it is case of cation hydrolysis.

The hydrolysis constantdor the above reaction will be given by

_ [BOH] [H7] .
Kh = ? ......... (1)

For the weak base BOH, the dissociation equilibrism
BOH=<—=B"+ OH
- The dissociation constant will be given by

_[B7][0H]
°" [BOH ]

U 1)

BSCCH-203
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lonic product of water,
K,, = [H*][0H"] e (1)

Multiplying eq (i) with (ii) and dividing by (iii),we get

K, = — e ee e LIV

Ky = —o e ()

4.9.3 pH calculation:
|. pH of Salt of weak acid and strong base:

In this case we have

ZA_ + H20 ‘——‘ OH_ + HA
Original conc: c 0 0
Conc. ateqm:  ¢(1-h) ch ch

ie, [OH = ch

K. K.
H™ = — =
[OH™] ©ch
|
K. H_.c
1= %
,\" w
| K
or [HT]= !! o
\
|
i |.Kl-"'|'!{|:
pH = —log[H™]= —log |—
N €
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1y
K .. KEJ /2

[

=Eag(

1
or pH = —3 [logK,+ logK_— loge]

Thus knowing the molar concentration ¢ of the sotuand the dissociation constang & the

weak acid involved, the pH of the solution can akewulated.

ll. pH of the Salt of weak acid and strong base:
1

pH = —E[Eagff,__,. —logk, + loge]

lll. pH of the Salt of weak acid and weak base:
1

pH = —E[Eagh’c +logK,, — logk,]

4.9.4. Degree of hydrolysis:

The degree of hydrolysis of a salt is defined asfthction (or percentage) of the total salt which
is hydrolysed.
e

_ No.of moles of the salt hydrolysed

" Total no.of moles of the salt taken

|. Degree of Hydrolysis of the salts of weak aand atrong base.

Suppose the original concentration of the salhandolution is ¢ moles/litre and h is the degree

of hydrolysis at this concentration. Then we have

A_ + H,0 ‘——‘ OH + HA
Original conc: c 0 0
Conc. ateqm:  ¢(1-h) ch ch

The hydrolysis constant gkwill, therefore, be given by

[OH™ ] [HA]  ch.ch ch?

=T ] Tca-m 1-n

If h is very small as compared to 1, we aketl-h=1 so that above expression becomes
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Substituting the value of fwe get,

| K.

JEo

h =

Il. Degree of Hydrolysis of the salts of strongchand weak base:

4.10. TITRATIONS ACID BASE TITRATION CURVE

Titration is measurement of the volume of a solutad one reactant that is required to
react completely with a measured amount of anatbactantUsually the concentration of one
of the solution is known (called standard solutianyl it is desired to find the concentration of
other by titration. The apparatus used is showfigin4.1. A known volume of the solution is
taken in the titration flask and the other solutisrtaken in the burette. The point at which the
required volume of one solution has been addedha@oother to exactly complete the reaction

between the two is calleshd point or equivalence point

The process of acid-base titrations is accompauyea change in pH. A plot between pH
of the solution during titration and the amountaofd (or base) added from burette is called a

titration curve.
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Indicators are frequently employed in detecting poohts in acid-base titrations. Since,
on account of hydrolysis, the pH at the end poepends on the relative strengths of tha acid
and the base being titrated and since different@tdrs have different pH ranges within which
they can be used. The pH changes occurring in smdebase titrations may be first considered.

Titrating a Strong acid with a Strong base

Fig (a) depicts the titration curve when NaOH isledl gradually to HCI. It shows that
the pH of the titration solution rises extremelpvely in the beginning. In the vicinity of
equivalence point, the pH rises dramatically anel ¢chrve becomes vertical. Beyond this, the
curve becomes almost flat that shows a slightafggH when only excess base is present in the

titration solution.

The vertical portion of the curve extends from pko3pH 7. The pH range of methyl
orange (3.1-4.4) and phenolphthalein (8.30-10.8)fairly narrow and fall on the vertical curve.
Thus both the methyl orange and phenolphthaleirsaitable indicators for strong acid/strong

base titrations
Titrating a Weak acid with a Strong base:

Figure (b) represents the titration curve when Ng&trbng base) is added to ¢EOOH
(weak acid). The pH curve rises slowly in the begig but near the equivalence point, the pH
changes abruptly from 6 to 11 and the curve becoveescal. Beyond this the shape of the

titration curve is similar to that for strong aattbng base.

Phenolphthalein has pH range 8.3 to 10.0 that fallghe vertical part of the titration

curve as marked in the figure.
Titrating a Strong acid with a Weak base:

The titration curve for HCI (strong acid) NBIH (weak base) is shown in fig.(c). As MPH is
added, the pH of the titration solution increaseslgally. Around the equivalence point, a sharp
rise in pH occurs approximately from 3 to 8, whike turve becomes vertical. The pH range of

methyl orange (3.1-4.4) falls on the vertical pmmtof the titration curve.

Titrating a Weak acid with a Weak base:
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The titration curve for CRECOOH (strong acid) NkDH (weak base) is shown in fig.(d).
The pH of the titration solution rises graduallydahere is no sharp change in pH around the
equivalence point. The vertical portion is missinghe titration curve. Under these condition,

all indicators change colour only gradually andmaticator is suitable.

TOOE e 10.01-- '
Phenolphthalei ) PRV S
T Mebiirssien el g ol Fhenolphthgigin |
4»4‘ T 44 R o o oMLl ' iy,
52 s.o] Methyl orange
S bt s s !
Voi of NaOH ——p L’"—‘“r of NaOH — E
(@) (k)
10.0 .: == e S A — 10.0 v g5 . e
*| Phenolphthalein ' Phenol i
T Wil e s ol i B e S e
S L LA S
i Methyl orange \.. o Methy! orang_e\.
=
i
| e
(c) (d)

Fig.4.1 To find a suitable indicator from a studyf the pH curve for:

(a) A strong acid and strong base; (b) weakdhand strong base;

(c) A Strong acid and weak base; (d) a weald and weak base.

4.11 BUFFER SOLUTION

For many purposes in chemistry, industry and biglagis necessary to have solutions
whose pH does not change much even on the additiappreciable amounts of strong acids and
strong alkalies. Such solutions are called buftdutsons.

A buffer solution is one which can resist changé&s pH on the addition of an acid or a

base.

Types of Buffer solutions There are two types of buffer solutions. These ar
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(i) Solutions of single substances. The solution ofstileof weak acid and a weak base e.g.
ammonium acetate (GBOONH,) acts as a buffer.

(i) Solutions of Mixtures. These are further of twodgp

(a) Acidic Buffer. It is the solution of a mixture ofwaeak acid and a salt of this weak acid
with strong base (e.g. GHOOH + CHCOONa).

(b) Basic Buffer. It is the solution of a mixture ofageak base and a salt of this weak base
with strong acid (e.g. N¥OH + NH,ClI).

Buffer action:

The property of a buffer solution to resist anyraes in its pH value even when small

amounts of the acid or the base are added t@dllied Buffer action.

Buffer Action of Acidic Buffer: Let us, for example, consider the buffer actiomaflic buffer
containing CHCOOH and CHCOONa. Acetic acid dissociates to a small extenerahs

sodium acetate is almost completely dissociatederaqueous solution as follows:
CH;COOH + H,0 ~~—==CH;C00 + H,;0'

CH;COONa — CH;CO0 +Na'

By ‘common ion effect’ the ionization of GBOOH is further suppressed. Thus in the

solution, there are excess of acetate {0BI0) and small amount of Hons.

When a few drops of an acid are added to the abuxire solution, the Hions given
by the acid combine with the GEOO ions to form weakly ionized molecules of gEOOH.

CH,COO0 + H" ——— CH;COOH
Thus the Hion concentration and hence the pH of the solutmnains almost constant.

Similarly, when few drops of a base are added0lée ions given by the base combine
with theH™ ions already present to form weakly ionized mdieswf HO.

H + OH ——— H,0
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As the H ions are consumed, the equilibrium shifts towaight. Thus more of CRCOOH
dissociates to make up the loss of idns. Hence the Hion concentration or the pH of the

solution does not change.
Buffer action of Basic Buffer:

A mixture containing equimolar solutions of ammanithydroxide (NHOH) and its
almost completely dissociated salt, ammonium ct&r{NHCI), constitutes another good

buffer. The mixture contains undissociated J0H as well as N and CI™ ions. The buffer

action of this mixture may now be considered.

If a strong acid is added, thé ibns added are neutralized by the base®i
+
H + NH,O0H — H,0 + NH,

If a strong base is added, th& ™~ ions added are neutralized by NHons forming very slightly

dissociated NEDH.

In this case, evidently reserve acidity is dueh resence of Nfions and reserve alkalinity is

due to the presence of NEH.

4.12 BUFFER CAPACITY

It is defined as the number of moles of an acid base required to be added to one litre

of the buffer solution so as to change its pH bg onit. Thus

No.of moles ofthe acid or base added to 1 litre of the buffer n

Buffer capacity(f) = Changs in pH = ApH

4.13. HENDERSON EQUATION

Consider first a buffer solution containing a wesakd HA and its highly dissociated salt

NaA. The hydrogen ion concentration of such a smhus given by the equation
[H™] = K, [salt] /[acid]

Taking logs and reversing the sign, we have

—log[H™] = =logK_ + log [salt] /[acid]
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ar pH=pK_+ log[salt] /[acid]

This equation, known as Henderson'’s equation, esable calculation of pH of a buffer
solution made by mixing known quantities of a waald and its salt.

4.14. SOLUBILITY AND SOLUBILITY PRODUCT

When an ionic substance dissolves in water, itodis¢ed to give separate cations and
anions. As the concentrations of the ions in sotuthcreases, they collide and reform the solid
phase. Ultimately, a dynamic equilibrium is estsidid between the solid phases. Ultimately,
dyanamic equilibrium is established between thedsphase and the cations and anions in
solution. For example, for a sparingly soluble ,sally AgCl, we can write the equilibrium

equations as follows:

+ -

Solid

At equilibrium the solute continues to dissolveatte that exactly matches the reverse process,

the return of solute from the solution. Now theusioln is said to be saturated.

A saturated solution is a solution in which thesdised and undissolved solute is in equilibrium.
The solubility (S) of a substance in a solventhe toncentration in the saturated solution.
Solubility of solute may be represented in grams1@ml of solution. It can also be expressed

in moles per liter.

Molar solubility is defined as the number of motdssubstance per liter of the solution.
The value of solubility of a substance dependshersblvent and temperature.

Applying Law of mass action to the above equilibritor AgCl, we have

_ [AgT][cl7]
~ [AsC]]

The amount of AgClI in contact with saturated solutdoes not change with time and the factor
(AgCl) remains the same. The equilibrium expressiecomes

K,, = [Ag™][CT"]
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Where [Ag™ ]and [CI”] are expressed in mol/L. The equilibrium constanthie new context is
called the Solubility Product Constant and is dedabyx_,. The value ofx_, for particular

solubility equilibrium is constant at a given temgtare. The produciAag™][CI™] is also called
the lonic Product or lon product.

TABLE 4.5 Solubility product values for some spagly soluble salts

Substance Kat 25C
PbS 3.4 x 107
Cds 3.6 X 107
Fe(OH) 11 % 10-38
Al(OH)s 8.5 x 10732
Mg(OH), ~
1.4 x 1071
CaCQg
4.8 x 1077
Pbj
1.39 % 10°°

The K, may be stated as: the product of the concentratioons in the saturated solution at a

given temperature is constant. This is sometimisdcthe solubility product principle.

4.15. INDICATORS

The substance usually added into the solution takethe titration flask to detect the

equivalence point is called an indicator.

Table 4.6 Common acid-base indicators and theiraiol changes

Indicator pH-range Acidic colour Basiaolour
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Methyl violet 0-2 Yellow Violet
Methyl yellow 1.2-2.3 Red Yellow
Methyl orange 3.1-44 Red Yellow
Methyl red 4.2-6.3 Red Yellow
Litmus 4.5-8.3 Red Blue
Phenol red 6.4-8.2 Yellow Red
Cresol red 7.2-8.8 Yellow Red
Thymol blue 8.0-9.6 Yellow Blue
Phenolphthalein 8.3-10.0 Colourless Red
Alizarin yellow 10.1-12.0 Yellow Violet
Trinirobenzene 12.0-14.0 Colourless Orange

4.16. COMMON ION EFFECT AND THE SOLUBILITY OF A
SPARINGLY SOLUBLE SALT

The common ion effect states that in a chemichitiem, if the concentration of any one
of the ions is increased, then, according to Let€lea's principle, some of the ions in excess
should be removed from solution, by combining wiie oppositely charged ions. Some of the
salt will be precipitated until the ion product egual to the solubility product. In short, the
common ion effect is the suppression of the degreelissociation of a weak electrolyte
containing a common ion.

Solubility effects:

The solubility of a sparingly soluble salt is redd in a solution that contains an ion in

common with that salt. For instance, the solubibfysilver chloride in water is reduced if a

solution of sodium chloride is added to a suspensiailver chloride in water.
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A practical example used very widely in areas dngwdrinking water from chalk or limestone
aquifers is the addition of sodium carbonate tor#tve water to reduce the hardness of the water.
In the water treatment process, highly soluble wodcarbonate salt is added to precipitate out
sparingly soluble calcium carbonate. The very pamd finely divided precipitate of calcium
carbonate that is generated is a valuable by-ptadex in the manufacture of toothpaste.

The salting out process used in the manufactusoaps benefits from the common ion
effect. Soaps are sodium salts of fatty acids. #aldiof sodium chloride reduces the solubility
of the soap salts. The soaps precipitate due tordimation of common ion effect and increased
ionic strength.

Sea, brackish and other waters that contain ajiMecamount of Na+ interfere with the
normal behavior of soap because of common ion effedhe presence of excess sodium ions

the solubility of soap salts is reduced, makingsbap less effective.

4.17. SUMMARY

» Equilibrium involving ions in aqueous solution &lled ionic equilibrium.

* An electrolyte is defined as a compound whose aggesmlution or melt conducts
electricity. On the other hand, a compound whosgeaqs solution or melt does not
conduct electricity is called a non electrolyte

* The fraction of the total number of molecules whaiksociate into ions is called the

degree of dissociation and is usually represernyad b

Numer of moles disseciated

Total number of moles taken

r-
o

» Strong Electrolytes these are the substances which dissociate alooospletely into
ions in agueous solution and hence are a very goaductor of electricity. Examples
are: NaOH, KOH, KHSOy, NaCl, KNG; etc

» Weak Electrolytes These are the substances which dissociate toal sxtent in
agueous solution and hence conduct electricity tdsa small extent. Examples are:
NH4OH, CHCOOH etc.

« According to Arrhenius concept an acid is compotinad releases Hons in water; and a

base is a compound that releases ©Hk in water.
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Examples: HCI, HN@ H,SO,, KOH, NaOH etc.
According to Bronsted and Lowery an acid is a @nedonor and a base is a proton-
acceptor.
According to Lewis theory, an acid is an electpair acceptor while a base is electron
pair donor.
lonic product of water may be defined as the proadiche molar concentration of 'H
and OHions.k,. = [H*][0H™]  The value of k& at 298K (28 C) is usually taken as
Ky = 1.00x 10",
The reduction of the degree of dissociation of lalsathe addition of a common ion is
called the common ion effect.
pH is defined ashe negative of base-10 logarithm (log) of the Hon concentration. .
Mathematically it can be expressed @# = —log[H™].

pH—+pOH =14
The reaction of an anion or cation with water acoamed by cleavage of O-H bond is
called hydrolysis
Salt hydrolysis is defined as the process in whidalt reacts with water to give back the
acid and the base.
Titration is measurement of the volume of a solutid one reactant that is required to
react completely with a measured amount of anateatant.
A plot between pH of the solution during titratiand the amount of acid ( or base) added
from burette is called ttration curve.
A buffer solution is one which can resist changésrpH on the addition of an acid or a
base.
The property of a buffer solution to resist anyraes in its pH value even when small
amounts of the acid or the base are added tedllsd Buffer action.
Buffer capacity is defined as the number of molesro acid or a base required to be
added to one liter of the buffer solution so ashange its pH by one unit.
Molar solubility is defined as the number of motésubstance per liter of the solution.
The substance usually added into the solution takethe titration flask to detect the

equivalence point is called an indicator.
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4.18. TERMINAL QUESTIONS

A. Objective Types Questions:

1. The p' of an aqueous solution is 4 its [Qli
a. 10 b. 1¢° c. 10 d. 3

2. The solubility product of sparingly soluble saltrabm temperature is 4.0x2M2. its

molar solubility is :

a. 4.0x10°M b. 4.0x10° M c. 4.0x10° M? d 2.0x10° M?
3. A buffer solution is one which can resist changésan
a. p" b. Concentration c. lonization d. Concentratibsait

4. Ka of weak acid HB is 10-5 the pKb of the conjuda&se Bis a

a. 2 b.9 c.5 d.7
B. Short Answer Questions
(1) Define the following terms
(&) Ostwald’s dilution law (b) Degree aggbciation
(c) Common ion effect (d) Solubilgguilibria
(e) Solubility product.
(2) What is the Henderson equation?
(3) Define and explain ionic product of water
(4) Explain any two applications of common ion etfe
(5) Define or explain the following terms

(a) Arrhenius acids  (b) Arrhenius bases (@riBted acids

acids

() Lewis bases (g) pH of solutions (h) Bufé®lution
(6) What are strong and weak electrolytes?

(7) What are conjugate acid-base pairs? Give tvaongtes

(8) What are buffers and how is their capacity mead?

(d) Bronsted bases (e) Lewis
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C. Long Answer Type Questions
(9) Define or explain the following terms
(a) Salt hydrolysis (b) Hydrolysis constantc) Degree of hydrolysis.

(10) Derive the relation between hydrolysis contsianic product of water and dissociation

constant of a strong acid and a weak base.
(11) Deduce an expression for the degree of hydi®bf a salt of a weak acid and a strong base.

(12) calculate the pH of (a) 0.0001M HCI solutidm) 0.04M HNQ solution, assuming complete

dissociation in each cases.
(13) Calculate the hydrogen ion concentration inaser litre of a solution whose pH is 5.4

(14) Calculate the pH and pOH of a solution cont@nhydrogen ion concentration
3.0 X 10 3 moldm™? at 25C.

1.19 ANSWER

1. c 2.b 3.a 4.c
Source of study material:

Essential of physical chemistry by Bahl, Bahl andi.T
Principles of physical chemistry By Puri, Sharmd &athania.
Physical chemistry By P.C. Rakshit.

Physical chemistry By Atkins.

© N o g &

Mannam Krishnamurthy; Subba Rao Naidu (2012). Ii8'Lokeswara Gupta. Chemistry
for ISEET - Volume 1, Part A (2012 ed.). Hyderabdddia: Varsity Education
Management Limited. p. 298.
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UNIT: 5 PHASE EQUILIBRIUM -|

CONTENTS:

5.1 Objectives
5.2 Introduction
5.3 Statement and meaning of the term
5.3.1 Phase
5.3.2 Component
5.3.3 Degree of freedom
5.4 Derivation of Gibbs phase rule
5.5Phase equilibrium
5.5.1 Criteria for phase equilibrium
5.6 Phase equilibrium of one component system
5.6.1 Water system
5.6.2 CO;, system
5.6.3 Sulpher system
5.7 Phase equilibrium of two component system
5.7.1Bismuth-Cadmium (Bi- Cd System)
5.7.2Pb-Ag system,
5.7.2.1 Pattinson’s Process for Desilverisatiohexdd
5.8 Summary
5.9 Terminal Question

5.10Answers

5.1 OBJECTIVES

A system consists of parts which have differentsptal properties (sometime different
chemical properties) and which are separated bynderes, the system is said to be
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heterogeneous. The equilibrium between differemtspar phases usually explained by four
principles.

i. Nerest distribution law.
ii. Law of mass action.
iii. Clapyron equation

iv. Phase Rule

5.2 INTRODUCTION

Phase Equilibrium is an important tool of the qitative treatment of heterogeneous system in
equilibrium. The No. of phase that can exist inigium depends upon the condition of temp,

pressure and concentration of different phases.

The phase rule can’t be express in words. In abdeenerous system at equilibrium, the sum of
the number of degree of freedom and the numbehas$gs is equal to the number of components

plus two. Mathematically it defined as,

F=C-P+2 Where C = Component, P= No. of Phases, d--ofN\degree of Freedom.

5.3 STATEMENT AND MEANING OF THE TERM

5.3.1 Phases:

It is defined as homogeneous part of a system wiBigysically and chemically different from
other part also it is mechanically separable fraimep part of the system.Completely miscible
gas and liquids form a singles phase while immlscdlystem give different phases i.e., solid +

Liquid, solid +gas, have two component. Phaseslaneted by P.
5.3.2 Components:

The number of components of a system at equilibritiha minimum number of independent
variable constitutions (chemical species) which aequired to express quantitavely the
composition of each and every phase either diremtlin terms of chemical equation is called
components or denoted by C. In the chemical equakgative and zero signs being permitted.

Example: (i) Water system consist of the equilibrium.
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Ice= Water = Vapour
(Solid) (Liquid)(Gasecus)

This system consists of one component only, iteis i one component system because the
composition of each of the three phases presernbedirectly expressed as®

(i) Sulphur system consisting of four phases- Mdmc (s), Rhombic(s), Liquid (L) and
vapors(g) is also one component system becausmthposition of each phase can be expressed

in term of one constituent sulphur.

the no. of component is calculate by

C=S-E-R

Where S= Total No. of constituents or species

E= No. of equation representing equilibrium betw#enconstituents
R= No. of restrictions for electrical neutrality.

Example:

NapS04-H,0

(a) Assuming no dissociation
S=2
E=0(No chemical reaction/equilibrium)
R=0(No. restriction of electrical neutrality or regtal balance
C=S-E-R=2-0-0=2 Thus no. of components=2
(b) Assuming complete dissociation of the salt.
S=3(N\a*, S0,* and HO)
E=0
R=1(For electrical neutrality,N&a"= S0,%)
C=S-E-R=3-0-1=2, Thus no. of components=2
(c) Assuming dissociation dfl,0 also.
S=6(NaSQy, Na', SQ; ", H,0, H', OH)
E=2(NaSQ, -=>2Na+SQ, ~and HO=> H" +OH)
R=2(2Nd=SQ* i.e. number of moles of N& X No. of moles of S¢ and H= OH)
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C=S-E-R=6-2-2=2 Thus no. of components=2
5.3.3 Degree of Freedom:

It is defined as the no. of independent variableh sas temperature, pressure and concentration
which must be specified in order to define the eystompletely. It is denoted by F Greater the

no. of component C, greater the degree of freedom F

Greater the No. of phases P, smaller the numbdegfee of freedom F. Degree of freedom as

also known as variance.

5.4 DERIVATION OF GIBBS PHASE RULE

Consider a heterogeneous system in equilibriumisong of C “components distributed in P
phase, The Degree of freedom of the system arel égube number of independent variable
which must be fixed arbitrarily to define the systeompletely. The number of such variable is
equal to the total number of variable minus the bemof variable which are defined

automatically by virtue of the system being in éiQaum.

At equilibrium, each phase has the same temperadud pressure, so Ibere is one
temperature variable and one pressure variabléhBowhole system. So, these variables total
two only. The number of composition (or concentmativariables, however, is much more. In
order to define the composition of each phases ihecessary to mention(C-1) composition
variables, because the composition of the remaiocamgponent may be obtained by difference.

For P phases, thus, the total number of conceotrati composition variables will be P(C-1).
Total number of variables

= P(C-1) for composition + 1 for temperature + ofi fressure

According to thermodynamics as derived in equat®)r(cf. 12.5), when a heterogeneous system
is in equilibrium, at constant pressure and tentpegathe chemical potential (1.) of any given
component must be the same in every phase. Theréftinere is one component in three phases
X, ¥ and z and one of these phases, say x is edféor as standard phase, then this fact may be
represented in the form of two equations:
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So, for each component in equilibrium in three glsagwo equations are known. In general,
therefore, for each component in P phases, (P-datems are known. For C components, thus
the number of equations or variables that are knivem the conditions of equilibrium are C (P-
1).

Since chemical potential is a function of pressteeperature and concentration, it means that

each equation represents one variable.

Therefore, the number of unknown variables (whiobutd be fixed) or degree of freedom,
F= number of variable- number of equations

F=[P(C-1+2]-[C(P-I)] or F=C-P+2,................ 5.1

This equation is the phase rule of Gibbs.

5.5 PHASE EQUILIBRIUM

A System is in equilibrium is the properties likartperature, composition etc. of the various

phases do not undergo any change with time.
It is of two type.

(i) True equilibrium  (ii) metastable equilibrium

(i) True Equilibrium : It defined as:
If the same state can be achieved by approach #&iher direction. For example, the
equilibrium between ice and water at | atm. Pressid 0°C is a true equilibrium, because it
can attained by melting of ice or by freezing oteva

(i) Metastable equilibrium:

If the state of a system can be attained only faome direction and that too by very careful
change of conditions. it is called a state of metasie equilibrium. For example, water ai@
can be obtained only by very careful cooling oulaywater but not by melting of ice. Hence

water at -2C is said to be in a state of metastable equilibriu
5.5.1 Criteria for phase equilibrium:
There are three equlibria that exist in phase #xjialis a multi component system.

(1) Thermal Equilibria:
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The temperature is every part of the system mushb® as otherwise heat may flow
from one part of the system to another.

Suppose a system consist of two phase A and B temmperature 4 and T
respectively.

At equilibrium, let a small amount of heat dq. fleivom phase A to phase B.

Then, Entropy change of phase A@Sf—z

Entropy change of Phase B (S —f—;

So, Total entropy change of system

deq g
ds=— =

A TE

The condition for equilibrium is terms of entropyange is (dS)E.V.=.0

e, 22 + 2.0 or X + 22 or TA=TB
TA TA TE

(i) Mechanic Equilibrium:

The equilibrium where the pressure in every partthed system must be same as
otherwise matter may flow form one part of the systto another. In an as isolated system

containing two phase in equilibrium at constanuweé and temperature.

A small amount of matter flow from phase A to B #suat volume phase A decrease by small

volume @ and volume of phase B increase by small volume d

The pressures of two phases akeaRd R respectively. So, change in Helmoltz free enerigy o
phase A(dA) = Pa dv

Change in Helmoltz free energy of phase B{dAPsdV
But at equilibrium (dA)V.=0
dA=dA,+dAg=-P,dV+PzdV=0 or B\=Pg

(iif) Chemical Equilibrium . At equilibrium, the chemical potential of any cooment in all the
phases must be same. This is calléetrmodynamic criteria for phase equilibrium. For a

solution(or a phases containing a number of camestis, the chemical potential of any
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component is the increase of decrease of free eiieag)takes place, at constant temperature and
pressure, for the addition or removal of one mdléhat component, keeping the amount of all

other components constant it is usually represemyed’)

5.6 PHASE EQUILIBRIUM OF ONE COMPONENT SYSTEM

Some of the one component system and their phageadin’s can be given as:
a. Phase diagram of water system:

The system consists of three phases.

Ice (solid) === Water (liquid) + Vapour (gas)
(s) (i) (9)
These three single phases may occur in four p@ssdrhbinations in equilibrium as
() Liquid === Vapour
(i) Solid ==== Vapour
(ii)Solid ====Liquid
(iv)Solid ==== Liquid === Vapour

The number of phases that can exist in equilibrairany point depends upon the conditions
of temperature and pressure. These conditions bega determined experimentally and a
phase diagram is constructed by plotting pressgagnat temperature (Fig 5.1). The phase
diagram consists of:

(i) Three stable curves OA, OB, OC and one metastaiple ©A’
(i) Three areas and
(iiN)Definite point, O.

These are separately discussed as under:
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C (2000atm-26C)

Triple point

Pressure

27FC o 10Cc 3740

-

Temperature

Fig. 5.1 Water System

(i) Cureves (i) OA.This is vapour pressure curve of water. It repressthe equilibrium between
liquid water and vapour at different temperatureaAy point on the curve, the two phases are
present. The curve starts from the point O, theZzireg point of water and ends at A, the
critical temperature (37€) beyond which the two phases merge into eachr.o@ensider
any point on the curve. For a fixed value of presstemperature has also a fixed value. if by
keeping the pressure constant, an attempt is nadaige the temperature then the liquid
phase will disappear and if temperature is lowéhet the vapour phase wil disappear, Thus,
to define the system completely at any time, nesessary to mention either temperature or
pressure. In other words, pressure being fixedréfbee, water-vapour system is univariant,
or it has one degree of freedom. It also follovesrfrthe phase rule equation.

F=C-P+2
F=1-2+2=1

(i) OA. The dotted curve OA: a continuation of curve OAresents the vapour pressure curve

of super-cooled water. It is metastable curve. @mdpdisturbed, the super cooled phase at

once changes to solid ice and curve merges into OB.
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(i) OB. 1t is the sublimation curve or the vapour presscueve of ice. It gives values of
temperature and pressure at which ice and vapamsegist together. It is obtained by
studying the effect of pressure on the freezingipof water. The curve starts from the point
0O, the freezing point of water and ends at B (°€J3As temperature decreases, the vapour
pressure of ice tends to become negligible. We firad for a particular temperature, there
can be one and only one pressure value and visa.vier other words, ice- vapour system is
univariant, or has one degree of freedom.

(iv)OC. It is melting point curve and represents the dguilm between ice and liquid water at
various pressures. In other words, It shows thecetif pressure on the melting point of ice.
It should be noted that the line OC is inclined &0 the pressure axis. The slope of the
curve OC clearly indicates that melting point & is lowered by increase of pressure. There
is, however, no limit for the curve OC. It goes tg a point corresponding to 2000
atmospheres and -ZD. At this point, one type of ice changes into aeotsolid modification
but the solid-liquid equilibrium still remains.

At any point on the curve OC, two phases (ice aaid water) are present in equilibrium.
Hence the system is univariant, or degree of freeboone.

(I Areas: The areas, i.e., the regions bounded by two limés tipe conditions of temperature
and pressure under which the single phase i.eg@ridiguid water or vapour is capable of
stable existence. Area below AOB has water vapaig,BOC has ice and area COA has
liquid water. These areas are bivariant becausgctaie any point in the area, temperature as
well as pressure must be fixed, thus indicating tlegress of freedom. This also follows

from phase rule equation.
F=C-P+2
F=1-1+2=2

(Il Triple point: It is a point where the three curves OA, OB, O€einAt this point the three
phases-ices, water and vapour are in equilibridrahduld be noted that it is only a point
indicating that there is only one set of conditiamgler which it is possible for the three
phases to exist together. The point O is a selfiddf point corresponding to definite
temperature of 0.0088 and a definite pressure of 4.58 mm. If eitherspuee or

temperature is changed, then one of the three phailedisappear. Since on changing
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either pressure or temperature one of the phasepmkar, therefore, the system at the
point O has no degree of freedom, that is, it isf@nt or nonvariant. The same result

follows from phase rule equation.
F=C-P+2
F=1-3+2=0
5.6.2. Phase diagram of carbon dioxide system:
Phase diagram of carbon dioxide system resemhd¢®thvater system with some differences.

The phase diagram for carbon dioxide system is shiowFig. It has three distinct areas in

which carbon dioxide can exist either as solidjitigor gas.
Areas

Area on the R.H.S. of the curve ABD consists ofarapphase. Area above the curve CBD

consists of the liquid phase while the area onlihéS. of the curve ABC consists of solid

phase.
C D
72.8 atm
Liquid @
&Qﬁ&: E
& :
w i
5 |
v) [}
@ |
o |
Gas i
78°C 579C 31°C

L

Temperature

Fig 5.2 The phase diagram for the carbon dioxide system.
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Curves:

AB is the sublimation curve along which solid aamldioxide is in equilibrium with the gas. BD
is the vaporization curve along which liquid carlmbaxide is in equilibrium with the gas. This
curves ends at 31°C, the critical temperature of G@nd corresponding to a pressure of 72.8
atmospheres. The curve BC is the fusion curve alamgh solid and liquid carbon dioxide are

in equilibrium with each other.
Point:

B is the triple point at which all the three phaségarbon dioxide co-exist in equilibrium with
one another. The temperature of the system aptiig is -57C while the pressure is 5.2 atm. A
slight variation in temperature or pressure at plogt may result in the disappearance of one of
the two phase. For example, a slight increasempégature will result in the disappearance of
the solid phase and the equilibrium will shift ajothe curve BD while a slight decrease in
temperature will result in the disappearance oflitpeid phase and the equilibrium will shift
along the curve BA. Keeping the temperature comsththe pressure is increased, the gaseous

phase will disappear and the equilibrium will skiibtng the curve BC.

The phase diagram of carbon dioxide resemblesahatater in showing three distinct
areas for solid, liquid and gaseous phases. Riitfé@rs from the latter in several respects. In the
first place, the melting point slopes away from ghiessure axis. This indicates that increase of

pressure raises the melting point of solid carlioxide.

The second difference is that solid carbon dioxiae exist in equilibrium with its liquid
only at a very high pressure equal to 5.2 atm. Thisnlike the water system in which ice and
water can exist in equilibrium even at a very lovegsure equal to 4.58 mm of Hg (Refer to

phase diagram of water).

The third difference is that the vapour presaifrsolid carbon dioxide even at extremely

low temperature is very high and many times highan that of ice.
5.6.3. Sulphur system:

We can describe the sulphur system into followiteps:
Sublimation curve of rhombic sulphur, representg@B curve. This curve AB gives the vapour

pressure of rhombic sulphur at different temperattiere, the two phases in equilibrium arg (S
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- Sv) rhombic sulphur and its vapour, is monovarieterefore, at one temperature, there can be
one vapour pressure only. Point B is the transitemperature (95°€) at which rhombic
sulphur changes into monoclinic sulphur. B is thusgple point at which three phase, two solids
and the vapour - Sy — &) coexist in equilibrium.

Sublimation curve of monoclinic sulphur, represdntey BC curve. The curve BC is the
sublimation curve of monoclinic sulphur. It giveapour pressure of monoclinic sulphur at
different temperatures. As the number of phase the system is monovarient. The point C is
the melting point (12TC) of monoclinic sulphur. This is another tripleiqtoat which three
phases, viz., monoclinic sulphur, liquid and vapfsy — S — S/) are in equilibrium. This is a
non — variant point.

Vapour pressure curve of liquid sulphur, represebte CD curve. Here, the two phase (SS))
equilibrium is also monovarient.

Transition curve of rhombic sulphur to monoclinidghur, represented by BE curve. The BE
curve gives the effect of pressure on the transitiemperature of rhombic sulphur into
monoclinic sulphur. The equilibrium involved alotite curve is (& - Su). Both the phases are
solid. The system is monovarient. Since transfoionadf rhombic into monoclinic sulphur is
accompanied by increase of volume, the increaspredsure causes a rise in the transition

temperature.

#
rd

/151 1288 ATM

Figure 5.3 Sulphur System
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Fusion curve of monoclinic sulphur, representedCiiy curve. This gives the effect of pressure
on the melting point of monoclinic sulphur. The twghase equilibrium (SM — SL) along the
curve CE is univarient. As the melting point of mohnic sulphur is accompanied by a slight
increase of volume, it follows from Clausius — Ggon equation that the melting point will rise
slightly by the increase of pressure. The curve @ierefore, slops slightly away from the
pressure axis. As the slop of this curve is musk han that of the curve BE. The two curves
meet at the point E. Thus, E is another triple paihere three phases, viz., rhombic sulphur
monoclinic sulphur and liquid sulphur (SR — SM -) @ke in equilibrium and the system is non
— variant. At E, the temperature is #61and the pressure is 1290 atm.

Fusion curve of rhombic sulphur, represented by &@se. Here, the two phasegr(S )
equilibrium is also monovarient as the number cg#s is 2.

Metastable equilibria indicated by solid line BH-,ECF are metastable curve thus, here F
represents melting point of the metastable rhorsbiphur. F, is the another triple point where
the three phases viz. SR — SL — SV, coexist in stgiée equilibrium with liquid.

It should be noted that the variation of vapoursptge of all phases of sulphur with temperature
always can be studied with the help@ausius — Clapeyron equation The BE curve, slops
away from the pressure axis because, dp/dt havéveosign in Clausius — Clapeyron equation
due to lesser density (1.95 gfnof monoclinic sulphur than rhombic sulphur (2g/8nT) and

Vg is larger than Y
dp A H
dT T(Vg—V,)

5.7 PHASE EQUILIBRIUM OF TWO COMPONENT SYSTEM

Broadly, there are three types of two-componertesysnvolving solid-liquid equilibria.

Type I. Those in which the two components do not reach weéch other but simply mix into
each other in the molten slate or in the solutiExamples of such system are lead-silver system
and KI-H0 system.

Type Il. Those in which the components react to form a @amg with congruent melting
point. These are those system in which the two goraponents react to form a compound

which is stable up to its melting point At the nadt point, it melts to give a liquid of the same
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composition as that of the solid compound. The acwmgd formed is then said to have a

congruent melting point.

For example in Fe@H,O system, each hydrate formed is stable up to thking point and
possesses a congruent melting point.

Type lll. Those in which the components react to form a @amg with incongruent melting
point. These are those two-compound formed doesenadin stable up to the melting point. On
heating, it starts decomposing before the meltioigtpto give a new solid phase and a solution
with composition different from that of the solitigse. When this happens, the compound is said
to undergo a transition or peritectic(reaction aadaid to have incongruent melting point. In

general, a peritectic reaction may be representetdeequation
C, = G+ solution, molten),

C, represents is the compound formed as a resuétaation between the two pure components’
and (G is the new compound (or a pure consitituent) falras a result of decomposition of
compound (@ below its melting point. An example of this typé system is Nzg5O;-H,0
system in which the hydrates formed undergo péiiteeaction.

5.7.1 Phase diagram of Bismuth-Cadmium (Bi-Cd) sysin:

This is an example of a two component system wiidcims a simple eutectic. The various
phases that may be present are (I) solid bismuytisdiid cadmium (iii) solution of bismuth in

cadmium or vice versa in the molten stale (iv) wapo
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Fig. Phase diagram Bi-Cd system curves
Fig 5.4

Curve AO. It represents the freezing point curve of bismuthwhich different amounts of
cadmium are added. The point A represents the mggttoint, or freezing point of pure bismuth
(2721°C). We find that the melting point (or) free/mi pti of bismuth is lowered gradually by
addition of cadmium into it. The added cadmium gmes the solution and the separation of
bismuth occurs till the point) is reach. At thismgpno more cadmium goes into the solution as
the solution becomes saturated with cadmium andehére melting point of bismuth does not
fall further. Thus the point O represents the cositimn with lowest melting (point 14€).
Point O represents the eutectic po9int. Along e AO, two phases in equilibrium are solid
bismuth and liquid melt (neglecting the vapour g)aJherefore the system is univariant as

shown below.

Curve BO. This is the freezing point curve of cadmium to evhdifferent amounts of bismuth

are added. The point B represent the melting pmiriteezing point of pure cadmium (32 1 V)
We find that melting point of cadmium decreasesnase and more of bismuth is added into it
the added bismuth goes into the solution and tparaéon of solid cadmium takes place. This
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continues till the point O is reached. At this goio more bismuth goes into the solution and the

solution is said to have become saturated with isikm
Hence, the melting point does not fall any longer.
Along the curve two Phases solid cadmium and lispédt are in equilibrium
Therefore,
F=C-P+1=2+1=1 i.e., the system is univariant.

it may be noted that the point -, on me curves AQ BO represent the initial freezing points
while the points on the line CD represent the fiineézing points. It may also be noted that the
curve AO is not only freezing point curve of bisimdtut may also be considered as solubility
curve of bismuth because the points on this cuepeesent the solubilities of bismuth in the
molten cadmium at various temperatures SimilaHg, durve BO may also be considered as the

solubility curve of cadmium.

Eutectic Point O. This is the point where the two curves AO and f€et. At this point solid
bismuth and solid cadmium are in equilibrium witle tmelt, i.e, three phases are present Degree

of freedom at the point O is zero.
F=C-P+1=2-3+1=0

The point O represents the lowest possible temper&144C) below a liquid phase cannot exist
and above which the liquid phase cannot be enrighezither component by treezing out the
other component. Such a liquid mixture of two comgrats which has the lowest freezing point
compared to all other liquid mixtures is called @memixture. This mixture freezes out
completely at constant as solid phases in the gaoportion in which they were present in the
liquid phase. The temperature corresponding poirg €alled | he cutectic temperature. This is
always lower than the melting points of the eitbemponent. In this system, eutectic mixture
(containing about 40% Cd and 60% Bi by mass) nalisi4C, which is lower than the melting
point of bismuth (27%C of cadmium (32%C).

5.7.2Pb-Ag System:

Pb-Ag system is a four phase and two componenémygstor which a complete phase diagram
can be represented as:
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According to the above phase diagram the variog®ms, curves, eutectic point, eutectic T and

eutectic composition in the phase diagrams of Plsysgem can be define d as:

Various regions: Different types of the regions present in the twmponent PB-Ag system are

given as.

a) Region above the ACB: Liquid solution of Pb and Ag

b) Region within the ACD: Solid Pb and Solution of A&gPb
c) Region within the BCD’: solid Ag and the solutiohRb in Ag

Various curves:

1. Curve Ac indicates the freezing curve of Pb with #ddition of Ag in which point A

indicates the freezing point of pure Pb.

Inthe curve Ac;C=2,P=2

So according to reduced phase rule;

F=C-P+1
F=2-2+1
F=

i.e. System in the curve AC will be univarient.
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2. Curve BC indicates the freezing curve of Ag witle @iddition of Pb, in which point B

indicates the freezing point of pure Ag.

Eutactic point, Eutactic temperature and Eutactic @mposition: In the phase diagram of
Pb-Ag system the melting point of AC and BCcurvk&nswn as eutectic point. Temperature and
composition corresponding to this eutectic poiet lemown as eutectic temperature (80Band
eutectic composition (97.4% Pb + 2.6% Ag) for Pbsigtem.

5.7.2.1Pattinson’s process for desilverisation of lead:

Galena (PbS. an ore of lead) is usually associattdsilver. When galena is processed
for the extraction of lead, some traces of silvassinto it, because silver is soluble in lead to
some extent. The lead thus obtained is known anéfgrous lead the desilverisation of lead is
carried out which can be easily understood frompttese diagram of lead-silver system, shown
in Fig. 5.4.

The argentiferous lead containing small percentagsilver is first of all heated to a
temperature well above its melting point so tha 8ystem consists only of liquid phase
represented by the point x in Fig. 5.4. It is tfedlowed to cool gradually along the line xy
without any change in concentration till the poynis reached. When this point is reached, lead
starts separating and solution will contain progjsedy increasing amounts of silver. Further
cooling shifts the system along the line yC. Leadtimues to separate out. (Which can be
removed with the help of ladles’ perforated spocasil the melt continues to be richer and
richer in silver, till the point O is reached whear alloy containing about 2.4% of silver is

obtained.

The above principle is employed in Pattinson’scpes which is used for increasing the
relative proportions of silver in the alloy. Thdatéve increase in the amount of solid lead that

separates out and in the proportion of silver @rttelt on cooling as shown in Figure.

5.8 SUMMARY

With the help of phase rule it is possible to eedualitatively the effect of change of
pressure, temperature and concentration on a Igeteeous system in equilibrium. In the phase

diagram the various phases can be representedeby @ne phase, by line two phases and by
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point three phase in equilibrium. Metastable eftilim, allotropy, enantiotropy, monotropy has

been explained for equilibrium conditions of statenatter.

5.9 TERMINAL QUESTIONS:

A. Objective types questions:

1. The degree of freedom at a triple point yrtdagram for water

@ O (b) 1 (c)2 ()3
2. Following is wrong about the phase diagram
(a) It gives information on transformation rate
(b) Relative amount of different phases cafolb@d under given equilibrium conditions.
(c) It indicates the temperature at which ttiedent phases start to melt.
(d) Solid solubility limits are depicted by it.
3. Pick the odd one of the following:
(a) Isomorphous alloy (b) Terminal Solid Solution
(c) Intermediate Solid Solution (d) Compound
4. The boundary line between (Liquid + SolidigSolid) regions must be partof
(a) Solvus (b) Solidus (c) Liquidus (dieT Line

5. An invariant reaction that produces a sojpydon cooling two liquids:

(a) Eutectic (b) Peritectic (c) Monotechtic (d) Syntectic
6. A Liquid Phase produces two solid phasesdur reaction up on cooling.
(a) Eutectic (b) Eutectoid (c) Peritectic (d) Rectoid

7. On heating one solid phase results in ancthled phase plus one liquid phase during
----------- Reaction.

(a) Eutectic (b) Peritectic (c) Monotechtic (d) Syntectic
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8. In a one component system the maximum numijgnases that can co-exists in
Equilibrium is:
@1 (b) 2 (©3 (d) 4
9. In terms of number of phases (P), compon@jtand degrees of Freedom (F), the
Phase rule is expressed as:
@P+C=F+2 (b)F=P+C-2
cP+F=C+2 (dP-F=C+2
10. In the phase diagram of the benzene- nalgmbaystem, the point C is called the:
(a) Eutectic Point (b) Congruent Point (c) Triple Point (d) Critical Pain
11. Lowest temperature is reached by using:
(a) CaCl2H.0O (b) Acetone with dry ice (c) Ned (d) Ether + Dry Ice
12. A compound with an incongruent melting palatomposes on heating into:
(@) A liquid of the same composition as thedsoli
(b) A new solid phase and a solution with a cosijon different from that of the solid
Phase.
(c) A new and a solution with the same composisisrthat of the solid Phase.
(d) A solution of fixed composition.
B. Short Answer Questions:
1. Define the terms :- Phase, Components and degifeesafom
2. What do you understand by desilverization. (Patti's Process)
C. Long Answer Questions:
1. Discuss the phase diagram of water system
2. Discuss the phase diagram of sulpher system.

3. State the Phase rule and give its derivations.
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5.11 NSWERS
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9. Essential of physical chemistry by Bahl, Bahl andi.T

10. Principles of physical chemistry By Puri, Sharmd &athania.
11.Physical chemistry By P.C. Rakshit.

12.Physical chemistry By Atkins.
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UNIT 6: PHASE EQUILIBRIUM - 1l
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6.1 OBJECTIVES

After reading this unit you will be able to:

+ Define Phase rule.

» Know congruent and incongruent melting point.

» Classify liquid- liquid mixture.

» Define the lower and upper consolute temperature.

* Explain the process of steam distillation.

» Define freezing mixture.

6.2 INTRODUCTION

Phase as we know is the homogenous part of a systeah has same physical and chemical
properties throughout the system. For example,urexbf gas consists of one phase. System on
the other hand is the part of universe which iseurdnsideration.

The present unit deals with the study of phaselibquim that includes different topics like
phase rule, congruent melting point, incongruenitinge point, freezing mixture, liquid- liquid

mixture, ideal liquid mixture, Henry’s law, azeqtes, partially miscible liquids, lower consolute

temperature, upper consulate temperature, immestidpiids, steam distillation.

In order to understand the unit properly we willthoough the above topic in detail along with

suitable examples.
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6.3 SOLID SOLUTION

Solid solution consists of a solute dissolved ipaaticular solvent forming a homogeneous

solution. Here the crystal structure of the solvémés not change by the addition of the solute.
For example metal alloys, moist solids. These gmist are used in industries. When these

solutions attain unstability, the two phases (shrnd solvent) separates out.

6.4 COMPOUND FORMATION WITH CONGRUENT MELTING
POINT (Mg-Zn)

For two component system A and B, a compound ABiisied chemically. There are
three phases, solid component A, solid componerdnB solid compound AB formed by
combining A and B. As a result of melting, fourthgse i.e. liquid phase is formed. Congruent
melting point is defined as a temperature whenctimaposition of the liquid formed by melting
of solid compound is same as the composition ofsibled compound. At congruent melting
point, system having two components gets reduceméoccomponent as both the liquid and solid
form of the compound AB have same composition. esgystem is two components, we apply
reduced phase rule for calculating the number gfekeof freedom.

At congruent melting point: F=€P +1=1-2 + 1 = 0 (Non- variant)

Keeping magnesium (Mg) in place of A, Zinc (Zn)place of B and compound MgZim place

of AB, we obtain Mg- Zn system. Therefore, the sgstconsists of four phases: solid Mg, solid
Zn, solid MgZn and liquid phase of Mgzn Figure 1 shows the phase diagram of Mg- Zn

system which consists of area, curves and points.

Figure 6.1. Phase diagram of Mg-Zn system
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The figure shows that there are four curves: AC, OB and EB. The curve AC represents the
freezing point of Mg, curve CD represents the fiegpoint of intermetallic compound MgZn
curve DE represents the lowering of the meltinghpand curve EB represent the freezing point
curve of Zn. Along the curve, two phases existqunibrium. Therefore applying reduced phase
rule, we have: F=G P +1=2 -2+ 1 =1 (Monovariant). The area abthe four curves
represents only one phase i.e. liquid phase whitsist of solution of Mg and Zn. Here the
degree of freedom is two which is obtained by useduced phase rule. There are three points in
the phase diagram of Mg- Zn system i.e. point @nid E. At point C, there are three phases in
equilibrium: solid Mg, solid MgZsnand a liquid. Thus according to reduced phase thie,
number of degree of freedom is zero at the pofitgoint E, there are also three phases: solid
Zn, solid MgZn and a liquid phase. Here also the number of degfréeedom is zero. Point D
represents a congruent melting point of the comgobaving two phases: one solid phase

MgZn, and another liquid MgZnhaving same composition.

6.5 INCONGURENT MELTING POINT (NaCl-H,0), (FeCk- H,0)
AND (CuSo04- H20) SYSTEM)

There are some compounds which on heating gethgease without melting. Therefore
such compounds have different composition from tfaie solid phase. Incongruent melting
point also known as transition temperature of apaund is defined as the temperature at which
the composition of a solid compound is differenonfr the components formed by the
decomposition of this solid compound. This decontfms results in the formation of another
solid and a liquid which shows that there are tipleases. The number of degree of freedom at
incongruent melting point is equal to zero (nonHasat). Now we will discuss two component

system: NaCl — kD system, FeGi H,O system and CuS©OH,0 system one by one.

6.5.1 NaCl — HO system:
This is a two component system having four phaskd NaCl, solid HO, NaCl.2HO and a
liquid phase (solution). The phase diagram of NaG#,0 system is given in Figure 2. The

compound formed is NaCl.2B which dissociates to form another solid and aidig
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Figure 6.22. Phase diagram of NaCl —B system

The phase diagram consists of curves, points aal &here are three curves represented by AB,
BC and CD in the phase diagram. The curve AB remtssthe depression in freezing point of
water which is due to the addition of sodium clder(NacCl). As two phase are in equilibrium
(ice + solution) along the curve, therefore numbtmdegree of freedom is equal to one as
calculated by using reduced rule (F =® + 1 =2 -2 + 1 =1 (monovariant). The curve BC
represents the solubility curve of hydrated Na€l NaCIl.2HO. Along this curve, NaCl.24D
and solution phase are in equilibrium. Thereforee humber of degree of freedom is one
(monovariant). The third curve CD represents thdliggium between solid NaCl and solution.
Here also the degree of freedom is one. Thereiegefea in the phase diagram, A, Az, A4
and As. Figure 2 also shows that there are two pointeéndiagram, one point B and other point
C. At point B, three phase exist in equilibrium I@gmn, ice and solid NaCl.2iD). Using
reduced phase rule, the number of degree of freezddenlated is zero (non-variant). Point B is
also known as eutectic point and the correspondemperature is known as eutectic
temperature. Point C represents incongruent mapimigt in which compound NaCl.2B
decomposes to form NaCl and a liquid (saturatedtisol).

6.5.2 FeC}- H,0O system:

FeCk- H,O system consists of two components Eedld HO which exist in vapour phase, ice,
FeCls.4H,0, FeCle.5H,0, FeCls.7H,O, FeCls.12H0O. The phase diagram of FgCH,0
system consists of curves, points and areas asnsimolgure 3.
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Figure 6.3. Phase diagram of FeglIH,O system

It is clear from phase diagram that FeCGH,0 system consist of ten curves which are AB, BC,
CD, DE, EF, FG, GH, HI, IJ and JK. Curve AB reprasedepression in freezing point of water
on addition of FeGl There are three phases (ice, vapour and soluttbigh are at equilibrium
along the curve AB. The curve BC represents thebdlily curve of FeCls.12H,0 along which
three phase exist in equilibrium (vapour, satura@dtion phase and Fels.12H,0). The curve
CD represents the melting point curve 0f®le.12H,O. The curve DE represents the solubility
curve of FeCls.7H,O while the curve EF represents the melting paimve of FeCls.7H,O. The
curve FG represents the solubility curve ob@g5H,O while the curve GH represents the
melting point curve of F€Ils.5H,0. The curve HI represents the solubility curvé-efCls.4H,0O
while the curve 1J represents the melting pointveuof FeCls.4H,O. The last curve i.e. JK
represents the solubility curve of anhydrous fechioride (FeClg).

There are nine points in the phase diagram of #¢GD system. These are point B, C, D, E, F,
G, H, I and J. Point B, D, F, H and J are calletketic points while the points C, E, G and | are
called congruent melting point. At point B: ice,,E&.12H,0 and solution phase exist in
equilibrium. At point D: FeCls.12H,0, FeCls.7H,O and solution phase are in equilibrium. At
point F: FeCle.7H,O, FeCls.5H,O and solution phase exist in equilibrium. At poidt
FeCls.5H,0, FeCls.4H,0O and solution phase exist in equilibrium whilgaint J: FeCls.4H,0,
FeClg and solution exists in equilibrium. It is cleaathat all the eutectic points, the degree of
freedom is zero as the number of phase are thikeanponent is two. At the congruent melting
point, the solid phase (hydrate) and the liquid gehare in equilibrium having the same

composition. The degree of freedom obtained byguseduced phase rule is zero.
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6.5.3 CuSQ- H,O system:
CuSQG- H,O system is a two component system as it contauSGg and BHO. The system
consists of five phase: vapour, anhydrous CLHEDSQ.H,0, CuSQ.3H,0 and CuSQ5H,0.

Anhydrous means without water. Figure 4 represir@phase diagram of Cud®,0 system.

Figure 6.4 Phase diagram of CuS©H,0 system

The phase diagram consists of curves: AB, BC, CB, BF and FG. The curve AB represents
the dehydration curve of Cug6H,O where it dissociates to form Cus8H,O. Along the
curve AB, three phases are in the equilibrium: CuSO, CuSQ.3H,O and vapour phase.
The curve BC represents the decrease in vapousypeefrom 47 mm to 30 mm which is due to
the conversion of CuS(H,0 to CuSQ.3H,O. The curve CD represents the dehydration curve
of CuSQ.3H,O which is due to the formation of CusB,0. Along the curve CD, there are
three phases in equilibrium: Cus8H,0, CuSQ.H,O and vapour. The curve DE represents the
decrease in vapour pressure from 30 mm to 4.4 mnchwis due to the conversion of
CuSQ.3H,0O to CuSQ.H,O. The curve EF represents the dehydration curv€u$Q.H,O
which results in the formation of anhydrous Cy%®a particular pressure. Three phases exist in
equilibrium along the curve EF: Cua8,0, anhydrous CuS{and vapour phase. The curve FG
represents the decrease in vapour pressure resimtihe formation of anhydrous CusO

There are seven points in the phase diagram of U3 system: A, B, C, D, E, F and G. at
point A, CuSQ.5H,0 is present in pure form. At point B, Cu$S&H,O get completely
converted into CuS§EBH,O. At point C, the dehydration of Cua@H,O starts. At point D,
CuSQ.3H,O get completely converted into Cuf,O. At point E, the dehydration of

UTTARAKHAND OPEN UNIVERSITY Page 145



PHYSICAL CHEMISTRY-II BSCCH-203

CuSQ.H;0 starts. At point F, CuS(H,0O get completely converted into Cu$@t point G,
anhydrous CuS£is present.

6.6 FREEZING MIXTURES

Freezing mixtures are defined as a mixture of saltl ice which decreases the
temperature of the system. For example, mixturgodium nitrate and ice, sodium chloride and
ice, ammonium chloride and ice, ammonium nitrate @e. Let us discuss how these mixtures
lower the temperature of the system: When saltléded into ice, some of the salt get dissolve in
water (formed by melting of ice) resulting in theerhation of three phases: ice, salt and solution
which are in contact with each other. At euteaimperature, all three phase exist in equilibrium.
The melting of ice and dissolution of salt requhleat which results in the lowering of

temperature.
6.6.1 Acetone-dry ice:

Acetone-dry ice constitutes a freezing mixturey e as we know is solid GOThis
mixture is commonly used in the laboratory for loiwg the temperature of the system. In a
sealed container, when dry ice is added to theomeetdry ice undergoes the process of
sublimation (conversion of solid into vapour) caugsintense lowering of temperature by taking
heat from acetone. The freezing point of acetor€@%'C. By adding large amount of dry ice we
can attain the freezing point of acetone. Coobagh used in the laboratory also consist of a

mixture of acetone and dry ice.
6.6.2 Liquid- liquid mixtures:

Liquid- liquid mixtures are also called by nameusiain of liquid in liquid. Solution as we know
consist of a solute and a solvent. In liquid- ldjunixture, solute and solvent both are in liquid
phase and are volatile in nature. The liquid- kigoixture depends on the type of intermolecular
forces and the nature of these forces between tfi&e.properties of these mixtures depend
upon the vapour pressure, viscosity, refractiveexpdsurface tension etc. Depending upon the

miscibility of two liquids, these mixtures are @dged into three types:
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6.6.2.1 Immiscible liquid- liquid mixture:

In these mixtures, both the liquids are insolulmlecach other forming a layer between them.
These liquid mixture do not interfere the propertigf the individual liquid. For example,

benzene in water, kerosene in water, oil in water.
6.6.2.2 Partially miscible mixture:

In these liquid mixtures, both the liquids are ®tduto some extent or to a limited ratio resulting
in the formation of two layers. With increase iimfmerature, the miscibility of these liquid
mixture increases. For example, nicotine- watetesys phenol- water system, triethylamine-

water system.
6.6.2.3 Completely miscible mixture:

In these liquid mixtures, two liquids are complgtaoluble in each other at all ratio. For
example, ethanol- water system, benzene- acet@tensyThese mixtures are classified into two

types: ideal liquid mixture or ideal solution anshrideal liquid mixture or non- ideal solution.

6.7 IDEAL LIQUID MIXTURES

These mixtures are also known as ideal solutiomsidéal solution, each component obeys
Raoult’s law at all temperature and concentratior. an ideal solution, enthalpy of mixing is
zero AHpmix = 0) and volume of mixing is also ze®\(mix = 0). It means that final volume of the
solution is equal to the sum of volume of two ldjubeing mixed. In ideal solution, the
interaction between A-B is same as the interactietween A-A and B-B which are the
constituent. The partial molar volume of a constiiuin an ideal solution is equal to the molar
volume of the constituent when present in the fone. For example, n-hexane and n-heptane,

benzene and toluene, carbon tetrachloride andafblon, n-butyl chloride and n-butyl bromide.

6.8 RAOULT'S LAW

According to Raoult’'s law: At any temperature, thartial pressure of a component
(volatile liquid) of a solution is equal to the \ap pressure of the pure component multiplied by

the mole fraction of that particular component présn the mixture. Consider a binary mixture
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containing two volatile liquid A and B. Lelxand » are the mole fraction of two liquid A and B
while Py and B are the partial pressure of two liquid A and BnEke according to Raoult’s law:

Pa=xa P’ and RB=xgPs°

Where R°and R° are the vapour pressure of the pure liquid A angédpectively. A solution is
said to be ideal, if all the constituent of a mmetwobeys Raoult’'s law at all temperature and
concentration. Figure 5 represents the vapour pressirve for an ideal solution.

Figure 6.5 Vapour pressure curve for an ideal stin

When the constituent of a mixture affect the inteleoular forces or when there is a formation
of a compound by the interaction of the componeR&ult's law is not applicable. Vapour
pressure of a liquid is defined as the pressuretexkdy the vapour in equilibrium with a liquid
in a closed container a particular temperature.usetalculate the vapour pressure of an ideal
solution. Total vapour pressure of a solution @P¢qual to the sum of the partial pressure of two
liquid A (Pa) and B (R) respectively.

P=R+Ps = XaPa® + xg Ps°

6.9 HENRY'S LAW

Henry's law is applicable for a solution of a gas liquid. This law is given by William
Henry. According to this law: At a particular tergiire the mass of a gas (m) dissolved in
definite amount of a solvent is directly proportro the pressure of the gas (P) which is in
equilibrium with the solution. Accordingly:

m=kP
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Where k is proportionality constant or Henry’s laanstant. The value of k depends upon the
nature of the gas and the solvent. Figure 6 shbevsdlidity of Henry's law.

Figure 6.6 Validity of Henry’'s law

Henry’s law is not applicable under the conditigngen: Firstly, when the solubility of a gas in a
particular solvent is low. Secondly, when a gaseugdes association or dissociation in the
solvent. Thirdly, when pressure is very large amarthly, when temperature is very low or very
high.

6.10 NON- IDEAL SOLUTION

Non- ideal solutions are also known as non- idigaid mixtures or real solutions. If a
solution don not obey Raoult’'s law over the entarge of concentration and temperature, the
solution is said to be non- ideal solution. Theowppressures of these solutions are higher or
lower than the pressure obtained by using Raolalits Here the enthalpy of mixing and volume
of mixing is not equal to zero. In these solutioiheg force between A-B is different from A-A
and B-B (individual components). Non- ideal solo8aare classified into two types: Non- ideal
solution showing positive deviation (vapour pressabtained is higher than calculated using
Raoult’'s law) and non- ideal solution showing negateviation (vapour pressure obtained is
lower than calculated using Raoult’s law).

UTTARAKHAND OPEN UNIVERSITY Page 149



PHYSICAL CHEMISTRY-II BSCCH-203

6.10.1 Non- ideal solution showing positive deviatn:

In the solution of component A and B, the interactbetween A-B is weaker than A-A and B-B
interaction. Hence the vapour pressure of the molus higher than the pressure predicted by
Raoult. The enthalpy of mixing is positive. For exyade, ethanol and hexane, acetone and carbon
disulphide, carbon tetrachloride and benzene, cartatrachloride and toluene. Figure 7

represents the curve showing positive deviation.

Figure 6.7 Non- ideal solutions showing positiveuigtion

6.10.2 Non- ideal solution showing negative deviati:

In the solution of component A and B, the interaicibetween A-B is stronger than A-A and B-B

interaction. Here the vapour pressure of a soludawer than the pressure predicted by Raoult.
The enthalpy of mixing is negative. For exampleetage and water, phenol and aniline,

chloroform and benzene, acetic acid and pyridinguré 8 represents the curve showing

negative deviation.

UTTARAKHAND OPEN UNIVERSITY Page 150



PHYSICAL CHEMISTRY-II BSCCH-203

Figure 6.8 Non- ideal solutions showing positiveuigtion

6.11 AZEOTROPES (HCI-HO) (MAXIMUM BOILING
AZEOTROPES)

Azeotropes are also known as constant boilingumest It is defined as mixtures which
have same composition both in solution phase as agein vapour phase. It is difficult to
separate the components of these mixtures by dredtidistillation. Azeotropes have a
characteristic boiling point which is either lowénegative deviation) or higher (positive
deviation) than any of its constituents. Azeotropaging positive deviation are called minimum
boiling azeotropes. For example, nitric acid andewaAzeotropes having negative deviation are
called maximum boiling azeotropes. For exampleamvhand water.

Let us discuss HCI- $#D system. It is a two component mixture. It posseagimum boiling
point which shows that the system have low votstiliFigure 9 represents the boiling
temperature versus composition curve of HGIOHystem.

Figure 6.9 Boiling temperature versus compositioarge of HCI- H,O system
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We know that pure water boils at P@0and the boiling point of HCI is85°C. Their mixture
that constitutes the azeotrope boils at 1%B.8nd at latm pressure contains 20.24% of HCI
shown by point D. If a solution contains less tl#n24% of HCI| undergoes distillation, the
water constitute the distillate. This is shown by & the Figure 9. In this case, we are unable to
recover the pure HCI as the residue left contamixdure of the same composition (20.24% of
HCI solution in water). If a solution contains mdhan 20.24% of HCI undergoes distillation as
shown by BD, the pure HCI constitute the filtrate this case, we are able to recover the pure

HCI as the residue having the same composition.

6.12 ETHANOL- WATER SYSTEM (MINIMUM BOILING
AZEOTROPES)

This is a two- component system in which one camept is ethanol and other is water.
The azeotropic mixture of ethanol and water bail§&13C and at one atmospheric pressure
shown by point C. The mixture contains 95.6 % dfaablic solution in water. Figure 10

represents the boiling temperature versus compasttirve of GHsOH- H,O system.

Figure 6.10 Boiling temperature versus compositioarve of GHsOH- H,O system

If a solution having composition between pure waied 95.6 % ethanol undergoes distillation
as shown in Figure 10 by AC, ethanol (95.6 %) dtutst the distillate while the pure water
constitute the residue. In second case, if thetisolthaving composition between pure ethanol
and 95.6 % ethanol undergoes distillation as shimwfigure 10 by BC, ethanol (95.6 %) and

pure ethanol get separated.
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6.13 PARTIALLY MISCIBLE LIQUIDS

As discussed earlier, these are the liquid mixtoreing two layers which are soluble in
each other to some extent. The miscibility of theped mixtures depends on temperature. At a
particular temperature, two partially miscible lidumixtures become completely miscible. This
temperature is known as critical solution tempemmtor consolute temperature. For example,
phenol- water system, triethylamine- water systemd micotine-water system. Let us discuss

these systems one by one:
6.13.1 Phenol —water system:

When phenol mixed with water, there is a formatidriwo layers as these liquids are partially
miscible. Figure 11 shows the variation of tempeeatwith phenol composition. It is clear that
with increase in temperature, the miscibility ofotwquid increases. At 65.8C, two liquids

(phenol and water) get completely miscible and ¢beresponding temperature is known as
critical solution temperature. Critical solutionmiperature is a characteristic property of a

particular system. This system possesses uppmatgblution temperature.

Figure 6.11 Phenol —water system
6.14.2 Triethylamine-water system:

In this system, two liquids which are taken areng&thylamine and water. Both the liquids are
allowed to mix resulting in the formation of twoy&s. The critical solution temperature is
below 18.5°C and above this temperature, these two liquidernes partially miscible as shown

in Figure 12. These systems possess lower crgadation temperature.
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Figure 6.12 Triethylamine-water system

6.13.3 Nicotine- water system:

Here the two liquids taken are nicotine and wathictv are partially soluble. For this system
there are two temperatures at which these liquixkures get completely miscible. These two
temperatures are 60.8 (lower critical temperature) and 2a8 (upper critical temperature). It is

clear that when temperature range is between%0t8 208°C, the two liquids become partially

miscible as shown in Figure 13.

Figure 6.13 Nicotine- water system

6.14 LOWER AND UPPER CONSOLUTE TEMPERATUTE

As we have discussed earlier about the consolutzitical solution temperature, it is
defined as a temperature at which two partiallycible liquid becomes completely miscible.
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There are two consolute temperature: one is lowas@ute temperature and the other is upper
consolute temperature. In case of phenol- watetesysthere is upper consolute temperature
which is 65.8°C, above which two liquids becomes completely nbigci The lower consolute
temperature is possessed by trimethylamine- wgites.

6.15 EFFECT OF IMPURITY ON CONSOLUTE TEMPERATURE

We know that consolute temperature is one of tieacteristic properties of a system
and is affected by the presence of small amoumhpdrities. In case first, if impurity is soluble
in any one of the liquid, it will affect the misdiby (decreases) thereby raising the upper
consolute temperature and decreasing the lowerotdnstemperature. For example, the
presence of sodium chloride as impurity in phewedter system raises the upper consolute
temperature. In case second, if the impurity isiislel in both the liquid, the miscibility of two
liquid increases thereby decreasing the upper ¢otestemperature and increasing the lower
consolute temperature. For example, the presensediiim salt (soap) in phenol- water system
lowers the upper consolute temperature.

6.16 IMMISCIBLE LIQUIDS, STEAM DISTILLATION

Immiscible liquids as we have discussed earlier aot soluble in each other. For
example, kerosene in water, oil in water. Distitlatis a process that involves evaporation
followed with condensation. In steam distillatissieam is passed into a round bottom flask
containing the impure organic liquid. Through stedistillation, we purify the given organic
liquid which is immiscible in water on the basistbéir volatility. Figure 14 shows the process
of steam distillation.

Figure 6.14 Steam distill
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The Figure 14 consist of a condenser, adapterhditom flask and round bottom flask. In round
bottom flask, impure organic liquid containing wateving non-volatile impurities is placed.
Our aim is to remove the impurity and purify thgamic liquid. Allow the steam to pass through
the round bottom flask. Now using a burner, heat fthsk which leads to the formation of
vapour. The vapour along with steam passes thrthegybondenser. Condenser as we know is an
apparatus used for converting vapour phase inundigphase. The distillate (liquid produced
after the process of distillation) is collectedairflat bottom flask. In the flat bottom flask, the
formation of two layers takes place. One layerfipure organic liquid and another layer is of
water. Then by using separating funnel, we canragpdhe two liquid. In this way, we purify
the organic liquid. The process of steam distilatis used for the purification of phenylamine

i.e. aniline and for calculating the approximateghie of an organic liquid.

6.17 SUMMARY

In this unit, we have discussed about the concépphase, component, degree of
freedom, congruent melting point, incongruent mejltpoint, freezing mixtures, miscibility. We
are able to know about the types of solution wlaoh classified on the basis of miscibility and
the process of steam distillation used for thefmation of an impure organic liquid.

» Congruent melting point - Temperature when the composition of the liqudrfed by
melting of solid compound is same as the compaesiithe solid compound.
* Incongruent melting point - Temperature at which the composition of a solid gound

is different from the components formed by the aegosition of this solid compound.

» Azeotropes- Mixture having same composition both in solutmrase as well as in vapour

phase.

Immiscible liquid mixture — Liquid mixture not soluble in each other.

Consolute temperature - Temperature at which two partially miscible liguecomes

completely miscible.

Partially miscible liquids — Liquid mixture soluble to some extent.

Distillation — Process involving evaporation followed with cengation.
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6.18 TERMINAL QUESTIONS

A. Objectives Type Questions:

1. Phenol- water system consist a liquid mixtureciwiare .......... miscible.

2. Consolute temperature is also known as .......... &zaipre.

3. Triethylamine-water system contain .......... consohagimperature.

4. Addition of NaCl in phenol- water system ......... ethpper consolute temperature.
5. Steam distillation is used for the purificatioi.......... liquid.

6. Azeotropic mixture is also known as .......... mixture

7o oiinnns law gives the relationship of solubilityagas with pressure.

8. Ideal solution obeys .......... law at all range ohperature and concentration.

9. Non- ideal solutions are also known as .......... sotu

10. Kerosene in water consists of a system which is.....

11. Water consists of .......... phases.

12. Phase rule for one —component system is giyen b.....

13. Phase rule for two-component system is given.by.....

14. Chloroform and benzene constitute a system isigow. ... ... deviation.
15. Ethanol and hexane constitute a system showing... deviation.

B. Short Answer Type Questions:

1. Explain in detail about the liquid- liquid mixgu

2. Explain the concept of congruent and incongruagiting point by giving suitable example of
each.

3. What are Azetropes

C. Long Answer Type Questions:

1. State and explain the Rault's & Henery Law alsd discuss the importence of these laws.
2. Write an example of partialy miribleliquid mixeu

3. Draw & discuss the phase diagram of Mg-Zn system

4. Discuss the NaCl-4® System having incongruent melting point.
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6.19 ANSWER

Fill in the blanks:
1. Partially; 2. Critical solution; 3. Lower; 4. Ras; 5. Organic; 6. Constant boiling; 7. Henry's;
8. Raoult’s; 9. Real; 10. Immiscible; 11. Three, R=C - P + 2; 13. F=C - P + 1; 14.

Negative; 15. Positive.
Source of study material:

Bahl, A., Bahl, B. S., Tuli, G. D. (2014), Esseitdiaf Physical Chemistry, S. Chand & Company
Pvt. Ltd., New Delhi.

Puri, B. R., Sharma, L. R., Pathania, M. S (20B)nciples of Physical Chemistry, Vishal
Publishing Co., Jalandhar, India.
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UNIT -7 SURFACE CHEMISTRY

CONTENTS:

7.10bjectives

7.2Introduction

7.3Some common terms used in Surface Chemistry
7.4Types of adsorption

7.5Difference between the physical and chemical ad&orp
7.6 Adsorption isobar

7.7 Adsorption isotherm

7.7.1 Freundlich’s and Langmuir’s absorption isatie

7.8 Charge on the colloidal particles

7.9Size of the colloidal particles

7.10 Perrin’'s method of determination of the Avogadnmasnber
7.11 Summary

7.12Terminal Question

7.13Answers

7.1 OBJECTIVES

After studying this Unit, you will be able to:

» Describe interfacial phenomenon and its signifieanc

» Define adsorption and classify it into physical ahémical adsorption;

* Explain mechanism of adsorption;

» Explain adsorption results on the basis of Fraahdidsorption isotherms and
Langmuir’s absorption isotherm;

» Explain Charge on the colloidal particle and siz¢he colloidal particle

» Explain Perrin’s method of determination of the Aadro’s number
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7.2 INTRODUCTION

Surface chemistry is the branch of Physical Chiynithat occurs at the surfaces or
interfaces. The interface or surface is represeyeseparating the bulk phases by a hyphen or a
slash. For example, the interface between a salilaagas may be represented by solid-gas or
solid/gas. Due to complete miscibility, there isinterface between the gases. The bulk phases
that we come across in surface chemistry may be pampounds or solutions. The interface is
normally a few molecules thick but its area depemishe size of the particles of bulk phases.
Many important phenomena, noticeable amongst theseg corrosion, electrode processes,
heterogeneous catalysis, dissolution and crysadilim occur at interfaces. The subject of surface
chemistry finds many applications in industry, gtiahl work and daily life situations.

7.3 SOME COMMON TERMS USED IN SURFACE CHEMISTRY

a) Adsorption: As like to the liquid surface, there occur certanibalance residual forces at
the surface molecules of the solid substances. Taugendency of the surface molecules
of the solid substances to attract the moleculeth@fother substances at the surface to
minimize the unbalanced residual forces is knowmdsorption phenomena. Example :
When the gases like NHCl,, SO, etc. comes in the contact of charcoal then thecers
the adsorption of the gases at the charcoal surface

In the adsorption phenomena two types of the speciinvolved:

a. Adsorbent: That substance which attracts the molecules obther substance at its own
surface will be called as adsorbent.

b. Generally solid substance can be used as a adsarbéhe adsorption phenomena.
Adsorbate: That substances of which molecule are adsorbedheatsurface of the
adsorbent will be called as adsorbate.

Mostly gaseous molecule can behave as an adsanithie adsorption phenomena.

b) Absorption: The process of attracting the molecules of therathbstance in the inner
bulk is known as absorption phenome&xample: When the Nitigas comes in the
contact of HO then the NHlis absorbed by theJ@ to form the NHOH.
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A. Sorption: When both the adsorption and absorption phenomemiee tplace
simultaneously, than such type of the processasvkinas sorption.

Representation of the adsorption, absorption angtisa process can be given as:

Y

Adsorption Absorption Sorption

7.4 TYPES OF ADSORPTION

Depending on the force of attraction between theodxhte and adsorbent surface the
adsorption can be divided in to two different typshich are given below:

1. Physical adsorption: Such type of the adsorption phenomena in whichetloacur a
weak Van der Waal attraction force between adserlatl adsorbent surface is known as
physical adsorption.

2. Chemical adsorption: Such type of the adsorption phenomena in whichetloecur a
strong chemical bonding between the adsorbate asdrlzent surface is known as

chemical adsorption.

7.5 DIFFERENCE BETWEEN THE PHYSICAL AND CHEMICAL
ADSORPTION

Properties Physical adsorption Chemical adsorption
Specificity Physical adsorption does no€Chemical adsorption has
having the specificity specificity
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Force of attraction In the physical adsorption therén the chemical adsorption there
occur weak Vander waal force pbccur strong chemical bonding
attraction between the adsorbatsetween the adsorbate and

and adsorbent. adsorbent.

Enthalpy of adsorption | In the physical adsorption therdén the chemical adsorption there
occur very low enthalpy ofoccurs very high enthalpy of
adsorption(4-40KJ/mol) adsorption (40-400KJ/mol).

Activation energy Physical adsorption requiredChemical adsorption requires
negiliziable activation energycertain activation energy value,

value.

Reversibility Due to the weak Van der waagDue to the stronger chemical
force of attraction between thdonding between the adsorbate
adsorbate and adsorbent, thend adsorbent the chemical
physical adsorption havingadsorption having irreversible

reversible nature. nature.

Effect of temperature | With the increase in theWith the increase in the
temperature, the extent ptemperature, the extent opof
physical adsorption is decreases.chemical adsorption is initially

increase and finally decreases

7.6 ADSORPTION ISOBAR

At a constant pressure the graph plotted betwhenxim (extent of adsorption) and
temperature T is known as adsorption isobar. Ferpghysical and chemical adsorption, the

adsorption isobar can be represented as:
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X/m x/

P -

T T
Adsorption isobar in physical adsorption Adsorption isobar in physical adsorption

Where y = Amount of the adsorbate at the adsorbent or rSBusface mass of the

adsorbent.
Explanation: Physical adsorption require negligible amount of #rctivation energy due to
which the physical adsorption can occur at the detapadsorbent surface at the very low
temperature without providing the energy and witl increase in the in the temperature there
occur the desorption by which the value of x ad a®ix/m will be decreases with the increase in
the Temperature. While on the other hand chemidabmption require a certain amount of
activation energy due to which when the temperaituceeases then the increased temperature
can provide the required activation by which theroital adsorption is increases with the
increase in the temperature but after a certaie titerval when the complete adsorbent surface
is adsorbed then the increase temperature candgr@vcertain amount of energy to cause the

desorption by which the chemical adsorption is €ases.

7.7 ADSORPTION ISOTHERM

At the constant temperature the graph plotted betwihe extents of adsorption (x/m) and
pressure (P) is known as adsorption isotherm.

There are some different types of the adsorptiothesm which can be defined as:
7.7.1Freundlich and Langmuir adsorption isotherm:

A. Freundlich adsorption isotherm: In 1909 Freundlich has been proposed an empirical
eguation to define the effect of pressure on tle®igadion of gases molecules at the solid surface,

which is known as Freundlich absorption isotherm.
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According to the Freundlich adsorption isotherm eqguation;

1 1
ZocPr or S ocKn

T i

x/m = Extent of adsorption, P = Pressure, n = ieteg
Where K, n = constant variable
Test of the Freundlich absorption isotherm: Accogdio the Freundlich absorption isotherm;

x =
— O KN
=K, (1)
Taking the Log of the this equation
x ‘
In—=InK pPV"
T
x ‘
In— =InK + ln PY™
!
x 1
In—-=InK+-InpP
T T
Or
In— = %lnP—Eﬂff ........................ (2)

Compare equation number (2) with state line eqnatio

Y = mx + C

Then,
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y
A
m = 1/n
In x/m
C=InK
— > X
InP
Fig. Freundlich absorption isotherm

Fig 7.1

Limitations of Freundlich adsorption isotherm:
1) Limitations of Freundlich adsorption isotherm edgomtis an empirical equation which
does not having the mathematical proof.
2) Limitations of Freundlich adsorption isotherm edgmatcannot completely applicable at
very low or high pressure.
Langmuir adsorption isotherm:
After the failure of Langmuir adsorption isothernguation Langmiur has been proposed
isotherms which define the adsorption of the gasekecule at the solid surface which is known
as Langmuir adsorption isotherm.

Some of the postulates related with the Langmuwspgation isotherm are given below.

1) According to the Langmuir when the gases molecolmes in the contact of solid surface
then initially there occurs the formation of unirealilar layer at the solid surface. Bimolecular
or multimolecular layer can also be formed atgbkd surface by the Vander Waal attraction
force but Langmiur does not consider the formatbhimolecular or multimolecular layer.

2) According to the langmiur when the gases molecateses in the contact of solid surface

then two types of the opposing process can occtineasolid surface which are known as
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adsorption (condensation) and desorption (evamoratinitially rate of the condensation being

very high and rate of vaporization being very lowt lwith the passes of time rate of

condensation being decreases and rate of evapoiatincreases, after a certain time interval

both become equal to each other, this conditigmasvn as adsorption equilibria.

Thus at the adsorption equilibria

Rate of condensation

Derivation:

Suppose total surface area of adsorbent =% cm

Surface area already covered ent

Remaining surface area for adsorption =6lent
Number of gases molecules striking at the surfane =

Fraction of the molecules adsorbed at the surface =

No. of adsorbing molecule =on
Then,
Rate of condensation = (@) na
Rate of evaporatios 6
=K®6
At adsorption equilibria,
Rate of condensation = Rate of evaporation
(1-6) no = Ko
No- Na 6 = KO
no = K6 + nod
na. = O(K + nay)

8 =na/K +na

Rate of evoporation
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Since according to postulates of kinetic gas theory

no P
n=pP
SO
1 K
i wgP + 1
K 1
af K
Then,
K_1+K'P
¥ K'P
'
= 1f;p(l)
According to Langmiur,
—ow A
I
e K B (2)

Puttingd from equation (1) to (2)
K _ K;K/wP

g} - 1+K:P

Case I:1f P = very high
Then K'P>>> 1 or 1+K'P ~K'P

So i“ = K, (Constant)

Case II: If P = very low
1>>> K'P

Or 1+K'P ~1

S0— = K,K P/1

or=w P

BSCCH-203

UTTARAKHAND OPEN UNIVERSITY

Page 167



PHYSICAL CHEMISTRY-II BSCCH-203

Case lll: At the average pressure range,

Langmiur adsorption isotherm equation behaveskaddi Freundlich adsorption isotherm i.e.

x .
— P'.l"'
i

According to Langmiue diagrammatic representatiballadhe above three different cases can be

given as:

x/m= constant

x/m [ 1
x/moyl/n/

xma P

L

P
Fig. Langmiur adsorption isotherm

Fig. 7.2

7.8 CHARGES ON THE COLLOIDAL PARTICLES

The particles of a colloidal solution possess andef electrical charge, either positive or

negative. Due to the presence of the same chdrgg,répel each other and do not combine to
form larger particles. This keeps them dispersatiermedium, and hence, a colloidal solution is
stable.

Based on the nature of the charge on the collgédeicles, colloidal solutions are classified as

positively charged or negatively charged sols.

UTTARAKHAND OPEN UNIVERSITY Page 168



PHYSICAL CHEMISTRY-II BSCCH-203

Hydrated metallic oxides, like ADs.xH,O, FeO3;.xH,O and CsO3.xH,O, and basic dyes like

methylene blue, form positively charged sols.

Starch solution, metal sols like copper sol anddgall, metal sulphide sols and acid dyes like

Congo red, are examples of negatively charged sols.

A list of some common sols with the natuoécharge on their particles is given below:

Positively charged sols Negatively charged sols

Hydrates of metallic oxides, e.g.,285.xH,0, Metals, e.g., copper, silver, gold sols.
Cr0Os.xH20 and FgO3.xH,0, etc.

Hemoglobin (blood) Acid dye stuffs, e.g., eosimngo red sols.
Oxides, e.g., Ti@sol. Sols of starch, gum, gelatin, clay, charcoal,
etc.

The electrical charge on colloidal particles maydoe to several reasons. These include
electron capture by the colloidal particles durielgctro-dispersion of metals, preferential
adsorption of ions from the solution, and the falioraof an electrical double layer.

The combination of two layers of opposite chargesuad a colloidal particle is called the
"Helmholtz electrical double layer."

The presence of equal or similar charges on aaloparticles is highly responsible in
providing stability to the colloidal solution, berse the repulsive forces between charged
particles having same charge prevent them fromeagdging when they come closer to one

another.

7.9 SIZE OF THE COLLOIDAL PARTICLES

A colloidal dispersion comprises a collection afadl particles, droplets, or bubblesf
one phase, having at least one dimension betweeut dband 1000 nm, andispersed in a
second phase. Either or both phases may be inigaisl, solid or supercritical phase states.

Simple colloidal dispersions are two-phase systerosprising a dispersed phase of
small particles, droplets or bubbles, and a dispermnedium (or dispersing phase) surrounding

them. Although the classical definition of colloidspecies (droplets, bubbles, or particles)
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specifies sizes of between one nanometer and omeommeéter, in dealing with practical
applications the upper size limit is frequentlyended to tens or even hundreds of micrometers.
For example, the principles of colloid science dan usefully applied to emulsions whose
droplets exceed the 1 mm size limit by several reraé magnitude. At the other extreme, the
field of nanotechnology is pushing the lower size limit for angaed structures below 1 nm. To
give some idea of the sizes involved here, the diamof a human blood cell is about 7500 nm
(7.5 mm) that of an individual hemoglobin molecideabout 2.8 nm, while that of an oxygen

molecule is about 0.16 nm.

7.10 PERRIN'S METHOD OF DETERMINATION OF THE
AVOGADRO'’'S NUMBER

According to the Perrin’s method when the substascdissolved in the medium like
H,O then molecules of the substance in the medium legimave as a gas molecule and
concentration of the molecules at the lower levelthe medium being higher than the
concentration in the upper level due to the graeital force.

The value of potential energy for the moleculethat two different height as well as

potential energy difference between these two tegah be given as:

E: = mgh
Ex= mgh
E =mg (h-hy)
For Na number of molecules,
E=Namg (h-hy)ecevevvinnn. (1)

According to Boltzmann vertical distribution law,

2 -

—=e " R, (2)
Taking log of this equation
lag-e:—l = loge e E/ET

lage% = —% ................... 3)

Putting E from equation (1) to (2)
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h2 — hl

n2
loge— = —NAmg
nl

If the density of medium and species are e andsgectively,
Then,

n2 h2—h1 €
Eage—l = NAmg ( }
T

h2 —hl

n2 C
In— = NAmg (e—e'/e")
nl
Since m/e’=V

1

—ht |
T (e —e)

, 172 VA
In— = NAm
nl g K

Or
RT n2 h2-hl
—In—=Vg
NA nl RT

If all the variables being given than the valuéNafcan be calculated by the above equation and

its value comes approx equal to the 6.023% &4Ad known as Avogadro number.

7.11 SUMMARY

Adsorption is the phenomenon of attracting andingig the molecules of a substance on
the surface of a solid resulting into a higher @mration on the surface than in the bulk. The
substance adsorbed is called as adsorbate andlib&sce on which adsorption takes place is
called adsorbent. In Physical Adsorption (physitiory), adsorbate is attracting to the adsorbent
by weak force (Van der Waals forces), and in chamidsorption (chemisorptions), adsorbate
is attracting to the adsorbent by strong chemiaaldb(like covalent bond, ionic bond etc.).
Almost all solids substance adsorbs gases. Thaeteateadsorption of a gas on a solid depends
upon nature of gas, nature of solid, surface afé¢heosolid, pressure of gas and temperature of
gas. The relationship between the extent of adsorfk/m) and pressure of the gas at constant

temperature is known as adsorption isotherm.

In this Chapter we talk about the phenomenon ofsofgtion and its type i.e.
Physisorption and Chemisorption. The factors oncivtihe extent of adsorption of a gas on a
solid are also given. Freundulich and Langmiur Aggon Isotherm is also discussed under

these factors.
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7.10 TERMINAL QUESTIONS

A. Objective type Questions:

1. At the equilibrium position in the process of aggimm
(i) AH>0
(i) AH = TAS
(iii) AH > TAS
(iv) AH < TAS

2. The term ‘Sorption’ stands for

(i) Absorption
(ii) Adsorption
(iif) Both adsorption and Absorption
(iv) Desorption
3. Extent of physisorption of a gas increases with

() Increase in temperature.
(i) Decrease in temperature.
(iif) Decrease in surface area of adsorbent.

(iv) Decrease in strength of Van der Waals forces.

4. Which one of the following isot applicable to the phenomenon of adsorption?
() AH>0
(i) AG<O0
(iii) AS<O0
(iv) AH<O
5. Which of the following isnot a favorable condition for physical adsorption?
(i) High pressure
(i) NegativeAH

(iif) Higher critical temperature of adsorbate
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(iv) High temperature
6. Physical adsorption of a gaseous species may chiargemical adsorption with
(i) Decrease in temperature
(ii) Increase in temperature
(i) Increase in surface area of adsorbent
(iv) Decrease in surface area of adsorbent
7. In physisorption adsorbent does not show spegifioit any particular gas because
(i) Involved van der Waals forces are universal.
(i) Gases involved behave like ideal gases.
(iif) Enthalpy of adsorption is low.
(iv) It is a reversible process.
8. Which of the following is an example of absorption?
(i) Water on silica gel
(i) Water on calcium chloride
(iif) Hydrogen on finely divided nickel
(iv) Oxygen on metal surface
9. On the basis of data given below predict whichheffollowing gases shows least adsorption
on a definite amount of charcoal?
Gas CO SG CH, H,
Critical temp./K 304 630 190 33
(i) CO
(i) SO,
(i) CH4
(iv) H2
10. For Freundilich isotherm a graph of log x/m is fddtagainst log P. The slope of the line
and its y-axis intercept, respectively correspdods
@) 1/n, k
(i) log 1/n, k
(ii) 1/n, log k
(iv) log 1/n, log k

B. Short Answer Type Questions:
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1) Write any two characteristics of Chemisorption.

2) Why does physisorption decrease with the increbtentperature?

3) Why are powdered substances more effective adstsrbisam theircrystalline forms?

4) Distinguish between the meaning of the terms ad®or@nd absorption. Give one
example of each.

5) What is the difference between physisorption arehtkorption?

6) Give reason why a finely divided substance is neffective as an adsorbent.

7) What is an adsorption isotherm? Describe Freundidgorption isotherm.

8) Why is adsorption always exothermic?

9) Discuss the effect of pressure and temperature@adsorption of gases on solids.

10)What is adsorption?

11)What is desorption?

12)What are adsorbate and adsorbent? Give an example.

13)Give two examples for adsorption.

14)Give differences between adsorption and absorption.

15)What is the effect of temperature on physical amehacal adsorption?

16)Mention any two applications of adsorption.

17)What happens taH, AS andAG during the process of adsorption?

18)Write any three differences between two types sbgation of gases on solids.

19)What are the applications of adsorption in chemacellysis?

C. Long Answer Type Questions:

1. Define the term with examples- a. Adsorptionséiption and Sorption.

2. Discuss briefly Langmuir’s adsorption isotherm

3. What is the difference between physical adsonpaind chemical adsorption?

4. Discuss in detail Perrin’s method for the deiaation the size of colloidal particles.

5. Derive the expression for Freundlich adsorptsmtherm
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7.13 ANSWER

1., 2.iii, 3.1i, 4.1, 5. iv, 6. i, 7. i, 8. ii, 9. MO. ii
Source of study material

13. Essential of physical chemistry by Bahl, Bahl andi.T

14. Principles of physical chemistry By Puri, Sharmd &athania.
15.Physical chemistry By P.C. Rakshit.

16.Physical chemistry By Atkins.
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UNIT -8 ELECTROCHEMISTRY-I

CONTENTS:
8.1 Objectives

8.2Introduction
8.3 Electrical transport-
8.3.1Conduction in metal and in electrolyte solution
8.3.1.1Mechanism of electrolysis
8.3.2Electrolytic conduction
8.3.3Measurement of electrolytic conductance
8.4 Arrhenius theory of ionization & migration of ions
8.5 Transport number
8.5.1Definition
8.5.2Determination of transport number
8.6 Kohlraush’s Law
8.6.1Application of Kohlaruch'’s law
8.6.1.1lonic conductance of weak electrolytes
8.6.1.2Calculation of the solubility of sparingly soluldalts
8.6.1.3Calculation of degree of dissotion or conductivayio
8.7 Conductometric titrations
8.7.1 Titration of strong acid against a strong bases
8.7.2 Titration of weak acid against a strong alkali
8.7.3 Titration of a strong acid against a weak base
8.7.4 Titration of weak acid and weak base
8.7.5 Precipitation Titrations
8.7.6 Applications of conductometric titrations
8.8 Ostwald’s dilution law
8.8.1 Factor that explain the failure of Ostwaldw in case of strong electrolytes
8.9 Theory of strong electrolytes
8.9.1 Debye- Huckel- Onsager’s equation
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8.10 Summary
8.11 Terminal equations

8.12 Answers

8.1 OBJECTIVES

Most chemical reactions occur in solution. The gtatilsuch solutions constitutes one of
the most important branches of physical chemidfryve analyze the solubility of solutes in
various solvents, we find that the polar solutes rapre soluble in polar solvents whereas non
polar solutes are soluble in non polar solventse Beneral principle of solubility is like
dissolves like. We see sodium chloride is solublevater but it is insoluble in carbondisulphide
or carbontetrachloride. The compounds which coneleattricity when dissolved in water or in
the molten state are called electrolytes. Sodiultoricte, copper sulphate etc are example of
electrolytes. The substances which do not condectrecity under these conditions are called
non electrolytes.

8.2 INTRODUCTION

Substances like mica, wax, glass ebonite etcnglyoresist the flow of electricity and
practically do not allow any current to flow thrdughem. These substances are called non-
conductors. On the other hand there are substesswds as copper, silver, mercury, water
solutions of salts acids etc. through which electurrent can easily pass; these are called
conductors. The conductors are broadly classifrta two categories: (i) electric conductors or
metallic conductors and (ii) electrolytic condustor electrolytes.

Electronic conductors are included the metalspyall graphite etc. in which the
electricity is carried exclusively by the transpoftelectrons. The electrons flow from a higher
negative potential to a lower one; there is nogpant of matter during the passage of electricity.

In electrolytes the flow of current is accompanieith actual transfer or migration of
matter. Such transfer of matter leads to the decsitipn of matter at the points where

electricity enters or leaves the electrolyte andhie process helps in the transfer of electrons.
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The electrolytes are solutions of salts, acidsebasually in water. The conducting capacity of
different electrolytes is different.

The word electrolysis can be split and resultingrdv—electro (meaning-electricity i.e.
flow of electrons and lysis (meaning — pertainiapexplain the word completely.

8.3 ELECTRICAL TRANSPORT:

8.3.1 Conduction in metal and in electrolyte soludin:

Metal in general allow an electric current to pds®ugh and are called conductors of
electricity. The phenomenon of an electrolyte bggiag electric current through its solution is
termed electrolysis. The process of electrolysisaisied in an apparatus called the electrolytic
cell. The cell contains water-solution of an elelgtte in which dip two metallic rods, Electrodes.
These rods are connected to the two terminals lodteery which is source of electricity. The
electrode connected to the positive terminal ofltagery attracts the negative ions (anions) and
is called anode. The other electrode connectedh@onegative end of the battery attracts the
positive ions (cations) and is called cathode.
8.3.1.1 Mechanism of electrolysis:

The process of electrolysis actually taking placshown in fig 8.1. The cations migrate
to the cathode and form a neutral atom by accegliecirons from.

o Battery e

(,——’ 1]+ ’ﬂ'

& =t

Anode ? ; Cathode
/ / |
Cation |

= O !

e

N
Neutral atom

Fig 8.1 The mechanism of electrolysis

Electrolyte ——
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The anions migrate to the anode and yield a nepasicle by transfer of electrons to it. As a
result of the loss of electrons by anions and gdirelectrons by cations at their respective
electrodes, chemical reaction takes place.
Let us consider the electrolysis of hydrochlor@da In solution hydrochloric acid is
ionised.
HCl —— H' +CI
In the electrolytic cell Clions will move towards the anode and theibhs will move
toward the cathode. At the electrode, the followiegction will take place.
At cathode:
H+e —— H (reduction)
You see each hydrogen ion picks up an electram tiee cathode to become a hydrogen
atom. Paris of hydrogen then unite to form a mdkeofihydrogen gas H
At anode
CI —» CIl+¢€ (oxidation)
After the chloride ion loses its electron to tm@de, pairs of chlorine atoms unite to form
chlorine gas, Gl
The net effect of the process is the decomposiibRCI into hydrogen and chlorine
gases. The overall reaction is
2HCI —— H+Cl,

Cathode Anode
lons attracted Cations Anions
Direction of electron Into cell Out of cell
Movement
Half reaction Reduction Oxidation
Sign -ve; since it is attached +ve; since it iacted
to the —ve end of battery to the +ve end of bwtter

Table 8.1 Description of the cell

Electrolytes obey Ohm'’s law, to the same exterihasnetallic conductors. According to

this law the current | flowing through a conduc®given by the relation I=E/R, where E is the
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electromotive force i.e., the difference of potahat the two ends of the conductor, and R is
resistance
I= E/R

Electric units:

There are a few electrical units which you shauiderstand before taking up the
study of quantitative aspects of electrolysis. Eha®:
Amperes: Current strength is generally expressed in anspérke ampere is defined as the
current which deposits 0.00118 gram of silver psosd from a 15 per cent solution of silver
nitrate in a coulometer. Or we can say an ampeaiecigrent of one coulomb per second.
Coulomb: The quantity of electricity passing through a awactor is the product of current
strength and time and is generally expressed idooths. A coulomb is a unit quantity of
electricity. It is the amount of electricity whietill deposit 0.001118 gram of silver from 15 per
cent solution of silver nitrate in a coulometer.
Ohm: The unit of electrical resistance is ohm. It is thsistance offered al@to a current by a
column of mercury 106.3 centimeter long of abow# equare millimeter cross-sectional area and
weighing 14.454521 grams.
Volt: A volt is a unit of electromotive force. It is tliference in electrical potential required to
send a current of one ampere through a resistdramsemhm.
Faraday’s law of electrolysis:

Faraday discovered that there exists a definitatioglship between the amounts of
products liberated at the electrodes and the dqyaafi electricity used in the process. He
formulated two laws in 1834, which are known asaBay's law of electrolysis. The laws are as
follows
Faraday’s first law of electrolysis:

The amount of a given product liberated at antedde during electrolysis is directly
proportioned to the quantity of electricity whichgses through the electrolytic solution.
Faraday’s second law of electrolysis:

When the same amount of electricity passes thr@aditions of different electrolytes,
the amount of substance liberated at the electradedirectly proportional to their chemical

equivalents.
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These two laws have been shown to hold very ygidbvided the passage of electricity
takes place entirely by electrolytic conductionafiplies to molten electrolytes as well as to
solution of electrolytes and is independent of terafure, pressure or nature of solvent.

If m is the mass of substance deposited on eletby passing Q coulombs of electricity,

then
me Q
But Q=Ixt
Where | is the strength of current in amperes asdiime in seconds for which current has been
passed.
Therefore, mee Ixt

or m= zxIxt

Here z is constant known as electrochemical etgnivaf the electrolyte. If I=1 ampere
and t=1 second then
m=z

from this it follows that, electrochemical equigat is amount of substance deposited by
one ampere current passing for one second (i.e.conlomb)

It has been found that the quantity of electricgguired to liberate one gram equivalent
of substance is 96,500 coulombs. This quantitynewkn as Faraday and is denoted by the
symbol F.

It is clear that the quantity of electricity topaesit one mole of substance is given by the
expression,

Quantity of electricity= nxF
Where n is the valence of the ion. Thus the quanfielectricity required to discharge.

one mole of A§ = 1xF = 1F

one mole of Ctf = 2xF = 2F

one mole of Al* = 3xF = 3F

We can represent the reaction on the cathode as:

Ag’ +€ = Ag
CUl'+26=Cu
Al + 36 = Al
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It is clear that the moles of electrons requirediischarge one mole of ions AgCU**
and AP* is one, two and three respectively. It means thatquantity of electricity in one
Faraday is one mole of electrons. Now we can say

1 Faraday = 96500 coulombs= 1 mole electrons
Verification of the second law of electrolysis:

Faraday's second law states that when same quanitielectricity is passed through
different electrolyte solutions, the masses of sistances deposited on the electrodes are
proportional to their chemical equivalents.

To verify this law, let us take the arrangementhef type shown in fig. 8.2. Now pass the
same amount of electricity through the three coeltmrs containing solutions of dilute sulphuric
acid (HSQOy), copper sulphate (CuQP and silver nitrate (AgNg) respectively. These
coulometers are fitted with platinum, copper aitkes

Key

R
— D

G

Acidulated H,0 CuS0, Solution AgNO; Solution

Fig. 8.2 Verification of Faraday’'s second law ofegtrolysis

electrodes as shown in fig. 8.2. The masses ofduygr, copper and silver liberated/ deposited at
the respective cathodes are in the ratio of tregin@lent weights. That is
mass of hydrogen liberated- equivalent weight of hydrogen

mass of copper deposited equivalent wafobpper
and mass of copper deposited = etpnvaveight of copper
mass of silver deposited equivalent wedgtdilver
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From this experiment, we can calculate the masg/dfogen, copper and silver liberated
at their respective cathodes by one coulomb otmtéy. We find these are always
Hydrogen =0.00001036 g
Copper = 31.78x0.00001036 =0.0003292 g
Silver =107.88x0.00001036 =0.001118 g

Since the equivalent weights of hydrogen, copper silver are 1. 31.78 and 107.88 g
respectively, it follows that the electrochemicajuwalents are proportional to chemical
equivalents (or equivalent weights).

Faraday’s second law of electrolysis helps touate equivalent weights of metals, the
unit of electrical charge and the Avogadro number.
Examples:

(i) 0.1978 g of copper is deposited by a current ofedripere in 50 minutes. What is the
electrochemical equivalent of copper?

Solution: Given t= 50x60 = 3000 seconds, |I= 0.Jaras, quantity of electricity used Q= Ixt =
3000x0.2 = 600 coulombs

Amount of copper deposited by 600 coulombs = Bl®7
Amount of copper deposited by one coulombs = (B0
= 0.0003296 g

This is chemical equivalent of copper
(i) Calculate the current strength in amperes requodiberate 10 g iodine from potassium

iodide solution in one hour. Equivalent weight @dine in 127.

Solution:
127 g of iodine is liberated by 96500 coubsm
1 g of iodine will be liberated by _ 9650@oulomb
127
10 g of iodine will be liberated by _ 96500 coulombs
127

Let the current strength be |
Time in seconds = 60x60 seconds

The quantity of electricity is given by Q=Ixt
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I= Q/t =96500x10
127x60x60

= 2.11 amperes

8.3.2 Electrolytic conduction:

From the above discussion it is clear that thevflof electricity through solutions of
electrolytes is due to the migration of ions wheteptial difference is applied between the two
electrodes. The power of electrolytes to conduettdatcal currents is formed conductivity or
conductance. It is defined as the reciprocal ofistasce (R) of solution. Like metallic
conductors, electrolytes obey Ohm’s law. Accordimghis law the current I flowing through a
metallic conductor is given by the relation.

I= E/R
Where E is the potential difference at two ends \olts); and R is the resistance

measured in ohms (). The resitance R of a conductor is directly prtipaal to the length |
and inversely proportional to the area of crossisecA. That is

Ro —

A

OF R=p = i (8.1)

wherep “rho” is a constant of proportionality and is ledl resistivity or specific resistance.

Its value depends upon the material of the conduEtom (8.1) we can write
A
@ = Rx—
fu.
If p=1cm and A =1 5g.cm, then
=R
It means that the specific resistance of a conduistothe resistance in ohms which one
centimeter cube of it offers to the passage oftettty. The reciprocal of specific resistance,,i.e

1/ p is called specific conductance.

Specific conductance:
It is evident that a substance which offers veitjel resistance to the flow of current

allows more current to pass through it. Thus thegrmf a substance to conduct electricity is the
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converse of resistance. The reciprocal of specdgistance is termed specific conductance or
specific conductivity. Hence,
The conductance of one centimeter cube (cc) oflatisn of electrolyte is specific

conductance (fig. 8.9). It is denoted by the symdh(dappa). Thus

" _
Electrolyte ),P/

% Conductance

_— of cube =

%‘. specific conductance

o E A
Unit of specific conductance:
Specific conductance is generally expresseddiprecal onms (r.0.) or mhos or

ohm. Its unit can be derived as follows:

= ohmi*cm?

The internationally recommended unit for 6ig@r mho) is Siemens. When s is used the
conductance is expressed as $'cithe Siemens unit is named after Sir Willian Siemevho
was a noted electrical engineer.

The specific conductance increases with: (i) iocwacentration, and (ii) speeds of the
ions concerned.

In measuring the specific conductance of aqueoligisn of an electrolyte, the volume

of water in which certain amount of water electtelys dissolved is always measured in cubic
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centimeters and is known as dilution. If the volumik the solution is vcc, the specific

conductance of the solution is written:as

Equivalent conductance:

Specific conductance, although a suitable propeidy characterizing metallic
conductance, is not so for characterizing electiomlyonductance where the value, amongst other
things, depends upon the concentration of the isolubf the electrolyte as well. While
measuring conductance of electrolytes in solutioaspther quantity of much greater
significance, known as equivalent conductancegiguently used.

Equivalent conductivity is the conducting powerabf the ions produced by one gram
equivalent of an electrolyte in a given solutidrisidenoted b\. It is equal to the product of the
specific conductance;, and the volume V in cc containing one gram-eqeintbf the electrolyte
at the dilution V.

ThusA =k.V

This is shown in fig 8.4. A solution having one mraquivalent water between electrode placed

lcmaparthat =xx9

Conductance =
Equivelent conductance,
A = conductance of
Scubes =k x 9

Fig 8.4 solution of 1 g-equivalent dissolved in 9otthe electrolyte dissolved in, say, 9cc water be

placed between two electrodes. 1 cm. apart.
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The solution could be considered as consistingrad cubes, each of which has a conductance
(specific conductance). Thus the total conductaridie solution will be 9 . Similarly, Vcc
of solution will form V cubes and the total condarate will bex xV.

If an electrolyte solution contains N gram equévas in 1000cc of the solution, the

volume of the solution containing 1 gram-equivaleiit be 1000/N. Hence

x 1000

A=

The unit of equivalent conductance may be dedusddl®ws

M= kxV

Molar conductance:

Some times molar conductance is helpful in conmgaconductances of electrolytes. It is
defined as:

The conductance of all ions produced by one mofe (gram-molecular weight) of an
electrolyte when dissolved in a certain volume V&&nown as molecular conductance. It is
denoted byu. the value of molecular conductance is obtainednijtiplying the specific
conductancey by the volume inc containing one mole of electrolyte.

Molar conductance:= x=x1". Here V is the volume of the solution in cc whiobntains
one mole of the electrolyte.

. 1 1
Sincex = =x -
E A

Effect of dilution on specific conductance, equivant conductance and molecular

conductance:
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Specific conductance is the conductance of ondinseter cube of a solution of an
electrolyte. If we dilute the solution the specifienductance decreases. On diluting the solution
the concentration of ions per cc decreases. Hereespecific conductance decreases. But the
equivalent conductance and molar conductance iseseavith dilution. This is because
equivalent conductance and molar conductance arertbduct of specific conductance and the
volume of the solution containing one gram-equinbl®r one mole of the electrolyte
respectively. With dilution specific conductanceidases while volume increases. The increase
in the second factor is much more than the decrieabe first factor. Also on dilution more and
more electrolyte dissociates into ions and hencaivatgnt conductance and molecular

conductance increases.

Volame, Vin cc Specific conductance, Molar conductance
containing 1 g mol ohm™ em? eqvt™ ohm™ ecm® mol™
1,000 0.0744 74.4
5,000 0.01760 88.2
20,000 0.0479 95.9
500,000 0.000213 106.7
1,000,000 0.0001078 107.3
2,000,000 0.0000542 108.5
5,000,000 0.0000218 109.2

10,000,000 0.00001097% 109.7

Table 8.2 specific and molar conductance of NaCluion at 18C Strong and weak electrolytes:

Strong and weak electrolytes:

There are two classes of electrolytes, dependiog tipeir ionisation

(i) Strong electrolytes

(i) Weak electrolytes
Strong electrolytes:

A strong electrolyte is a substance that giveslatisa in which almost all the molecules

are ionized. Strong electrolytes have a high vadfieequivalent conductance even at low
concentration. HCI, b80,;, HNO3, HCIO,4, HI, HB;, NaOH, KOH, Ca (OH), Mg (OH), and

almost all salts are examples of some strong elgtts.
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Weak electrolytes:

A weak electrolyte is a substance that gives ati®ol in which only a small proportion of
the solute molecules are ionized. Such solutiocalled a weak electrolytic solution. That has
low value of equivalent conductance.

All organic acids such as acetic acid, oxalic anidst organic bases and a few salts such
as mercury chloride and lead acetate are some dgswipweak electrolytes.

8.3.3 Measurement of electrolytic conductance:

As you know that conductance is the reciprocaksfstance, hence it can be determined
by measuring the resistance of the electrolytiatsmh. This can be measured with the help of a
Wheatstone bridge. The solution whose conductasi¢e be determined is placed in a special

type of cell known as the conductivity cell.

Conductivity cell and cell constant:

The vessel in which the measurement of condugtofitsolution is to be made is known
as conductivity cell. They are of various shaped sizes depending upon the nature of the
solution taken. A simple type of conductance cséidiin the laboratory is shown in fig 8.5. The
electrodes fitted in the cell are made of platinplates coated with platinum black. These are
welded to platinum wires fused in two thin glasbest. The contact with copper wires of the
circuit is made by dipping them in mercury contdife the tube.

Copper

/— wires
r

Sﬁi =39 —— Ebonite cover
|

Lt
l‘ }—-— Giass cell
]

% Mercury
1 contact

Platinum
eiectrodes

'_——“‘:::::ZZ Electrolytic
E SR S e i I I scolution

Fig 8.5 conductivity cell
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The arrangement commonly used for the measureaiengisistance of the conductivity
cell is shown in fig 8.6. When a direct currenpmssed through a solution, the following two
difficulties arise:

(1) The electrodes are polarized i.e. the product@lkctrolysis accumulate on them.

(i) The passage of current involves the decompositioa portion of the solute so the
concentration of this substance changes duringagasslectric current.

In order to remove these difficulties, we use al¢ing current in place of direct current. In this

case galvanometer is replaced by head-phone. ABnsangnin wire tightly stretched over a

meter rule graduated in millimeters. A sliding @ritG moves along this wire. R is resistance

box. S is induction coil from which alternating cemt is led as shown in the fig 8.6. A

conductivity cell containing the experimental efebtte is attached in the bridge as shown.

RESISTANCE

BATTERY

Fig 8.6 Apparatus for measuring conductivity
The sliding contact is moved slowly along the wiB, till a point x is reached at which the
potential becomes equal to that of R. under sugtditon, no current will flow through the
head-phone and it will be silent. At all other gsina buzzing sound can be heard in the head-
phone. In actual practice, it is not usually pogstb obtain complete silence in the head-phone,
so the point of minimum sound is taken as the pailht of the experiment. When this occurs we

have
resistance of € _ resistence of BX__ length BX
Registance of B regigtence of AX length AX

UTTARAKHAND OPEN UNIVERSITY Page 190



PHYSICAL CHEMISTRY-II BSCCH-203

length of BX

or Resistance of c =————— x resistance of R
length of AX

The resistance of a solution in the conductivityy @ measured above can be converted to

specific conductance by using the equation

K=

m| =

A

==
e}

The ratio:—i has been put equal to x, that is,

distance between the electrodes

= x [cell constant
area of the electrodes ( )

The value ofx is the same for a given cell and is called theamistant.
After determining the specific conductancethe equivalent conductancs, and the

molar conductancg of the solution can be calculated by using theesgion

_w w1000

dhi=

v

w1000

M

and u=

where N is the gram-equivalent and M is the granterdo the electrolyte.
Determination of cell constant:

The exact value of cell constant (I/A) can be deiteed by measuring the distance
between the electrodes (I) and the area of crossose(A). Actual measurement of these
dimensions is very difficult. Therefore an indireséthod is employed to determine the value of
cell constant.

We know that:

Specific conductance = 1;,1—
Iy A

k= observed conductance x cell constant

specific conductances

Hence cell constant =

shzarved conductance
To determine the cell constant, a standard solwfdCl whose specific conductance at a given
temperature is known, is used. Then a solution ©f & the same strength is prepared and its
conductance determined experimentally at the samgdrature. Substituting the two value in

the above expression, the cell constant can belesta.
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Examples:
(i) Specific conductance of a decimolar solution ofagsium chloride at £8 is 1.12 mho.
The resistance of a conductivity cell containing #olution at 1% was found to be
55 ohm. Calculate the cell constant.
Solution:
R= 55 ohm, conductivity= 1/55 mh+1.12 mho

Cell constant == 11—1 =61.6

(i) The resistance of a decinormal solution of a sadtipying a volume between two
platinum electrodes 1.80 cm apart and 5.4 amarea was found to be 320 ohms.
Calculate the equivalent conductance of the saiutio

Solution:

Given 1=1.80 cm and A=5.4 ém
1 180

Hence cell constant = - = — =

i} T

e |

Observed conductanceal,: mhos
Since the solution '?E , V=10,000 ml
Specific conductance =x observed conductance

1 1 1
=x— = — mhos
3 32 56

A=xxV=c x10,000 = 104.1 mhos érequiv*

8.4 ARRHENIUS THEORY OF IONIZATION

Arrhenius studies the conduction of current thfowgater solutions of electrolytes. He
came to believe that the conductivity of solutioves due to the presence of ions. In 1884 he put
forward his theory of ionization. Arrhenius thearyionization may be stated as:

0] When dissolved in water neutral electrolyte molesuére split up into two types of
charged particles. These particles are called amusthe process was termed ionization.
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The positively charged patrticles are called catiand the negatively charged ions were

called anions.

The theory in modern form assumes that the ionsatmeady present in the solid
electrolyte and these are held together by eldetiioforces. When placed in water these neutral
molecules to form separate anions and cations.,Thus

AB —» A" +B old view
A'B —» A'+B’ modern view
(i) The ions present in the solution constantly urotéotm neutral molecules. Thus there is
state of equilibrium between the undisassociatelcntes and the ions
AB =A"+B
Applying to law of Mass Action to the ionic equilibm we have,

[a*1057] _
[aE]

Where K is called the dissociation constant

(i)  These charged particles are free to move througlsdfution to the oppositely charged
electrode. This movement of ions constitutes tleetat current through electrolytes.
This explains the conductivity of electrolytes asllvas the phenomenon of electrolysis.

(iv)  The conductivity of an electrolyte solution depewdsthe number of ions present in the
solution. Thus the degree of dissociation of arcteddyte determines whether it is a
strong electrolyte or a weak electrolyte.

Migration of ions:
We know that electrolyte dissociate in solutiorfdom two types of ions namely cations

(positive ions) and anions (negative ions).

AgNO; =  Ag'+NOs”
CusQ = Cu'+SQ?
HSO, = 2H +SQ”
As the current is passed between the electroddéseotlectrolytic cell, the ions migrate to the

oppositely charged electrode. Thus in the eledimBolution of AgNQ, the cations (A will

move to the cathode and anions @NQvill move to anode.
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5 5 NGO ions migrating
Ag lons migrating 3
to cathode to anode

y &
.f. A
- & )
|
o

"%;ﬁt‘\'

Fig 8.7 Migration of ions to opposite electrodes

The migration of ions ions through the electrolysiclution can be demonstrated the above
experiment, fig 8.7.
Relative speed of ions:

From the above discussion it should be clear tothat the ions move to the oppositely
charged electrode under the influence of the etectrrrent. But the speed of the cations and
anions are not necessarily the same. However pinedsof a cation moving away from the anode
will be proportional to the fall of concentratiohtbese ions at the anode. Similarly, the speed of
an anion moving away from cathode will be propardibto the fall of concentration of anions
around the cathode. Hittorf studied such changesraxentally and gave a general rule known
as Hittorf's rule. It stated that:

The loss of concentration around any electrode isrpportional to the speed of the ion
moving away from it.

Studying electrolysis it is found that ions area}s discharged in equivalent amount on
the opposite electrodes. It is really due to tHéedince in the speeds of anions and cations that
the changes in concentration around electrodesaused. We also conclude that the loss in
concentration around any electrode is proportiomdahe speed of the ion moving away from it.

This is known as Hittorf’s rule. Thus:
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Fall in concentration around anoadespeed of catior#+ and fall in concentration around

cathode speed of ania#n .

Here +++ and - is the speed of cations and anions respectivelyeriving the above

relation, an important assumption has been madweelyathe discharged ions do not react with
the material of the electrodes. In many cases tloeybine with the material of the electrodes

rather and depositing on it. This results in ameéase in concentration around such an electrode
instead of decrease.

Migration speed of Ag” and NO;~ ions:

Let us study the electrolysis of a solution o¥ailnitrate in cell using silver nitrate in a
cell using silver electrodes. We find that insteddall of concentration of silver nitrate around
anode, it increases. This is due to fact that edsdy ~ ion that arrives at the anode dissolves
from it one Ad ion to form AgNQ. If the electrodes were of platinum, the statafédirs would

have been according to Hittorf's rule. With sihaectrodes, however, we have the condition
shown if fig 8.8

Anode — cathode

A

AR +

i 1

| 1

1 |

| | y
++++++t+++++:++++++

I
a7 B I

| i

1 1

I i

L

Fig 8.8 with silver electrodes concentration aroutite cathode falls while it increases around the

anode.

8.5 TRANSPORT NUMBER

8.5.1 Definition:

From the above discussion of the Hittorf's theilogdtdevice as discussed above, it is

evident that the number of ions discharged at esttrode depends upon the sum of the speeds
or nobilities of the two ions.
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Since according to Faraday’s first law of elegtstd the number of ions discharged at an
electrode is proportional to the total quantityetéctricity passed through the solution, hence it
follows that the quantity of electricity carried hyparticular ions is proportional to the mobility
of that particular ion. The fraction of the totalrent carried by the cation or anion is termed its

transport number or Hittorf’'s number.

The transport number of cation

+ T P-

The transport number of aniant

+ T V-

or== and t+t=1

if the ratio = is denoted by r we have, and

r:r—: —

N

ot

[
k|

and t=

8.5.2 Determination of transport number:

There are two methods for determination of transpomber of an ion
(i) Hittorf’'s method
(i) Moving boundary method.

(i) Hittorf’'s method:

This method is based on the concentration chaopssrved in the vicinity of the
electrodes. According to Hittorf's rule, the los§ @oncentration around any electrode is
proportional to the speed of the ion moving awaynirit. The apparatus used in this method
consists of two vertical glass tubes joined togetheough a U-tube in the middle. All the three
tubes are provided with stopcocks at the bottone Wkube is also provided with the stopcocks
at the top of the two limbs fig 8.9. By closing $kestopcocks, the communication between the
solution in the cathode and anode limb can be sbpphe silver anode is sealed in a glass-tube
and the cathode is a piece of freshly silvered fidile apparatus is filled with a solution of silver

nitrate and a steady current of about 0.01 ampeneassed for two to three hours. It is an
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important precaution and the current is passed fomlg short time so that too large a change in
connection does not take place. The apparatusnsected with a silver or copper voltmeter
(coulometer) as shown in the fig 8.9. This shovesdincuit of the experiment.

——n— D
| varnable Ammeler

resisiance
| AgMCS | 3
I» Saolution ! | _[
| | silver

=

1 voltameter

L= -

Arade
Tpartment

1 | Cathode
| camparimeant

| 1‘
\ k |
¢ E N

comoartment

Fig 8.9 Hittorf's apparatus for determining transgonumber

When the current has been passed for about thnas,hbe stopcocks at the top of the U-tube
are closed. The whole of the liquid in the anodengartment is carefully drained into a
weighing flask and its weight determined. Its gileentent is determined by titrating against a
standard solution of potassium thiocynate. The kteigf silver deposited in the silver
coulometer is also noted if a copper coulometersed in place of silver coulometer. The weight
of silver equivalent to the copper deposited isdalted by multiplying it with 108/31.5. There
should be no change in the concentration of thatisaol in the U-tube if the experiment has been
successfully performed.

If the above experiment has been performed bygusimer electrode, in this case nitrate
ions attack the silver anode. Consequently thereci®ase in concentration of Agns rather
than decrease. The same experiment can be perfdiyngsing platinum electrodes to avoid the
attack of ions on the anode.

Calculations:
Two different cases may arise:
Case I: When electrodes are un-attackable (Pt electradessed) after passing electric current;

Let weight of anodic solution taken out =a g
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Weight of AQNQ present in it by titration =b g

Weight of water = (a-b) g
Before passing electric current:
Let weight of AgNQ, in (a-b) g of water before passing the electuicent be = c g
Hence fall in concentration

=(c-b) g of AgNQ

:_: g eqvt of AgNQ

:jé_’ g equivalent of Ag = d (say)

Let the silver deposited in the silver voltameter b
= ng

= Eg eqgvt of Ag

=W g eqvt of Ag (say)

Transport I’]umber of A{-qu_'_) ! Qi IN CONCENCTalion aroung anoce tn g El-e"..‘.z E

Amt of Ag depogited in g egve

And transport number of NOion (tNg;)=1 _E

Case IIl: When electrodes are attackable (Ag eldes@re used)

increase in concentration of anodie solution =)lg-of AgNG;

== x 108 g of Ag

= ﬁ g eqvt of Ag

= e say
If no Ag® ions had migrated from the anode, the increassoitentration of Agions would
have been equal to w

Hence fall of concentration due to migration of Agns=w-e

Hence transport number of A@n (tag:) =

W8

And transport number cf9;~ ion (1;)

(i) Moving boundary method:
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The moving boundary method is based on the daksérvation of migration of ions in

an electric field. This method is very accurate &ad been used in recent years for precision

Cor

b - b v [

=
- i
af-—---a 1
!
CdCly

Cadmium
stick

measurement

Fig 8.10 The moving boundary method for determirati of transport number

The apparatus used consists of a long vertica fiited with two electrodes at the two
ends, as shown in fig 8.10. The tube is filled vétkolution of cadmium chloride (Cd{Cht the
lower end and hydrochloric acid at the upper end way that there is a sharp boundary between
the two. Here we have to determine the transporthau of H ions, hence HCI solution is taken.
The selection of indicator electrolyte is chosersirth a way (in this case CdfCthat cation
should not move faster than the cation whose t@hspmber is to be determined.

The platinum cathode dipped in HCI solution isenied at the top and the anode
(cadmium stick) is introduced at the bottom.

On passing electric current through the apparitydrogen gas is evolved at the cathode
and H ions move toward the cathode. Thé idns are replaced by €dions and hence the
boundary line moves in the upward direction. Byimpthe length through which the boundary
moves and the quantity of electricity passed thinoilg cell the transport number of kn can
be calculated.

In general, if transport number of catiori /& to be determined, the electrolyte AX
solution taken in the upper part of the apparahgsalayer of another electrolyte BX (known as
indicator electrolyte) is selected so that the e#@joof B” ion is less than Aion. In such a case,

the solution is described in fig 8.11.
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—— AX solution
Final —— AX solution
boundary ~_|

: 1nit§:| T B

oundary

A+T //lx I cm
!

—— BX solution

B:T X
T
— T BX solution o i
® ®

Fig 8.11 Moving boundary experiment for determinirtge transport number of Aion.

Calculation:

Let ¢ be the original concentration of &n in gram-equivalents per ml of the solution. If
the distance through which the boundary movedm,Itbe area of cross-section of the tube=s
sg cm.

Then the number of equivalents of Aoving upward =4 xc
Let the number of faradays of current passed = n

The fraction of current carried by Aons = nx tas
Here netar =Sxlxc

and b+ =(sxlxcxF)/Q

Where n=Q/F, Q being the quantity of current passetlF stands for Faraday (=96500

coulombs)

Example:

Calculate the transport number of &hd Clions from the following data obtained by
moving boundary method:

Concentration of HCI solution = 0.10N

Weight of silver deposited in the coulometer =291

Distance moved by the boundary  =7.5cm
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Cross-section of the tube =1.25sgcm
Equivalent weight of silver =108
Solution:
S =1.25sgcm, |=7.5cm
c =0.1 g eqvt/litre
=0.1/1000 g eqvt/ml
108 g silver =1 Faraday
12

0.12 g silver =—-=.00111

Now ty"=sx | x c/n=1.25x7.5x0.1/1000x0.0011

=0.852
And transport number of Cl=1-0.852
=0.148

8.6 KOHLRAUSH'’S LAW

From the study of the equivalent conductance @cteblytes at infinite dilution

Kohlrausch’s discovered an interesting relationgfepveen conductivity and transport number.

At 25° the value of equivalent conductivity at infinitéution .. for some electrolytes are given

below:

Hlectrolyte Ao ©6°C | Difference | Electrolyte A, 20°C Difference
NaBr 128-51 KBr 151-92

NaCl 126-45 2:06 NaBr 128-51 2341
KBr 151-92 KCl 149-86

KCl 149-86 206 NaCl 126-45 23-41
LiBr 117-09 KNOg 144-96

LiCl 115-03 2:06 NalNOg 121-55 23-41
NH,Br 151 80 KOH 271-52

NH,C 1 149.74 2-06 NaOH 248-11 23-41

| | "

Table 8.3 Equivalent conductivity at infinite dilian of some electrolytes
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It is clear from the above table that when the bnenion is replaced by chloride ion, a constant
difference of 2.06 is produced in the value of¢baductivity at infinite dilution. Similarly when
potassium ion is replaced by sodium ion a diffeeeot23.41 is observed, anion remaining the
same. In other words, each ion makes a certaimitiefcontribution to the conductivity of
solution. Hence in 1875, Kohlrausch’s enunciatddva known as Kohlrausch’s law. It states
that:

The equivalent conductance of an electrolyte fatite dilution is equal to the sum of the
equivalent conductance of the component ions.

Mathematically the law may be expressed
0

1 — 0
A=A, T A

The values of°_ and A°_ are called the ionic conductance of the anioncatitn respectively
at infinite dilution.
8.6.1 Application of Kohlaruch’s law:

(i) Calculation of molar ionic conductance:

For each ion, the ionic conductance possessesséarivalue at a fixettmperature and

is the same no matter of which electrolyte it forangart. It is directly proportional to the speed

of the ions.
Aadt u_ or i, = ku
Ao Us ori. =ku

Where K is the proportionality constant
Alsoico a(Ag+tdc) =k(u+u.)

Ae u—

And :—i=i

1
o~

Also === —

A
Ac E, 1-:_

Hence from experimental values of transport nunabéne ions we can determine ionic

conductance.

8.6.1.1 lonic conductance of weak electrolytes:
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Weak electrolytes do not ionize to a sufficientesttin solution and are far from being

completely ionized even at very great dilution. xperimental value oice in such cases is,

therefore not possible. However it can be calcdlatgh the help of Kohlraushs law.

Ae

PR
Ag- Al =t A
Aa = t( Aat Ac)
=t_Awo

Thus the ionic conductance of an ion is obtainedhitiplying the equivalent
conductance at infinite dilution of any strong élelyte containing that ion by its transport
number.
In this manner, the ionic nobilities of the two sopresent in the weak electrolyte can be
calculated. Thus we can get the equivalent conduaetaf the electrolyteat infinite dilution by
adding up two values also we can apply indirecthmetfor evolution of equivalent conductance
of week electrolyte.
Suppose equivalent conductance of acetic acidbg wetermined at infinite dilution. For this we
should know the equivalent conductance at infiditetion of hydrochloric acid solution acetate
and sodium chloride all strong electrolytes as shbelow:

A chacoon= 4 CH:COO+4u+

=4xc + 4 cH3coONa)~ ANacl
The molar conductance at infinite dilution of arepgly soluble substance, like silver chloride
can also be obtained from similar consideratiomsiST

Aagel = AnHac +"1L,4\;,,1.-gg - ANH4NO3

8.6.1.2 Calculation of the solubility of sparingl soluble salts:

Substances like PbQ®@r AgCI which are ordinarily called insoluble pess a definite
value of solubility in water. This can be deterntintom conductance measurement of their
saturated solution. Since a very small amount d@iteois present it must be completely
dissociated into ions even in a saturated solutemnthat the equivalent conductance at infinite

dilution. This accordingly to Kohlrausch's law iss of the ionic conductance.
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So kv = Awo =g+ A
Knowingx andizz, we can be found out which is the volume in mltaomng one g-

equivalent of the electrolyte.
Example: The specific conductance of saturated solutiosiler chloride at 1% is 1.24x10
mhos after substracting that of water. The mob#itof Agand Cl ions at this temperature are

53.8 and 65.3 respectively, calculate the solyhdftsilver chloride in grams per liter.

Solutions:

Given  x =1.24x 1 mhos
Ao = Apgs + A~ =53.8+65.3=119.1
Ao = k. V

A= 1134
x T 17ax10

V= ml

11%.1
1.22x10

Hence ml contains AgCl =1 g equivalent = 143.5

1000ml  contains AgCl 153%“0‘&1000

=1.494xTIdg
8.6.1.3 Calculation of degree of dissociation @onductivity ratio:
The apparent degree of dissociatiarf an electrolyte at the dilution v is given=
A iz whered, is the equivalent conductance of the electrolythdedilution v andic is the
equivalent conductance at infinite dilution andtaccordingly to kohlrausch is the sum of
A, and A

8.7 CONDUCTOMETRIC TITRATIONS

Titrations in which conductance measurements a@enn determining the end point are
called conductometric titrations. These are adidalreactions, precipitating reactions some
displacement reactions. In these measurementgrédng is added from a burette into a measured
volume of the solution to be titrated which is taka a conductance cell and the conductance
readings corresponding to the various additionlotted against the volumes of titratent. This
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way two linear curves are obtained, the point ténsection of which is the end point. The shape

of curves obtained in certain types of titratiomliscussed below.

8.7.1 Titration of strong acid against a strong bas
Let us consider, for example, the ftitra of strong acid (HCI) with a strong base

(NaOH). Take 20 ml of acid solution in the condagtcell placed in a constant temperature bath
and determine its conductance. Now add 1ml of sodiydroxide solution from the burette at a
time. As the alkali is added gradually, the hydrogens are replaced by slow moving sodium
ions as represented below,
H*(aq) + Cl(aq) +[ Na'(aq)+ OH(aq)] - Na'(aq)+ CI(aqg)+ HzO (1)
Hence on continued addition of sodium hydroxide, ¢bnductance will go on decreasing until
the acid has been completely neutralized, any éardlddition of alkali will result in introducing
fast moving hydroxyl ion, the conductance therefaier reaching a certain minimum value
will begin to increase, on plotting conductanceiagfathe volume of alkali added, the point of
minimum conductance, therefore concides with thee eoint of the titration fig.8.12
8.7.2 Titration of weak acid against a strong alkai

When a weak acid is titrated against angfralkali we get a curve of the type Fig.8.13
(CH;COOH /NaOH). The initial conductance of the solatis low because of the weak acid. On

addition of alkali, highly ionized sodium acetasdarmed.

? End point T
-:, 8 End point
5 -
S ; 8
i
:
Volume of base —» Volume of base —=
Fig. 8.12 Conducometric titration curve Fig. 8. 13 Curve for titration of weak acid
strong acid and strong base against a strong bas
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The acetate ions at first tend to suppress theation of acetic acid still further due to common
ion effect, but after a while the conductance begimcrease because the conducting power of
highly ionized salt exceeds that of the weak acid.

CHCOOH +Nad+ OH — CHOO + N& + H,O (Feebly ionized)
Immediately after the end point, further additidrsodium hydroxide introduces the fast moving

hydroxyl ion. Thus the conductance value showsagpsimcrease
The point of intersection of the two curves gives énd point fig.8.13

8.7.3 Titration of a strong acid against a weak bas

The curve obtained for the titratidnacstrong acid against a weak base (HCI /&H)
is shown in Fig 8. 14. In this case the conduatamicthe solution first decreases due to the
fixing up of fast moving Hion and their replacement by slow moving

NH," ions.

>

End point

Conductance —

I

Volume of NH;OH ——

Fog 8.14 Titration curve of strong acid against webase

After the end-point has been reached, the addii@ammonium hydroxide will not cause
any appreciable change in conductance value asitvMeak electrolyte and its conductance is

very small, compared to that of acid or its sk, $lope of the curve is as shown in fig.8.14.
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8.7.4 Titration of weak acid and weak base:

Suppose we have to study titrationwafak acid (CHCOOH) against weak base
(NH4OH). The complete titration curve is shown in fi@®8 The initial conductance of the
solution in this case is low due to the poor dissttmn of the weak acid. But it starts increasing
as the salt CECOONH, is formed. After the equivalence point, the cortolity remains almost
constant because the free base®H is a weak electrolyte, the end point is quitarph

End point

Volume of NH;OH —»

Conductance —¥

Fig 8.15 Titration curve of weak acid and weak base

8.7.5 Precipitation Titrations:

The end point in precipitation reasiacan be accurately determined by conductometric
titration. In the titration of potassium chloridgaanst silver nitrate, for example, the change in
conductance on the addition of silver nitrate ismach since the mobility of potassium ion and
the silver ion is of the same order. Thus the cisvesarly horizontal fig.8.16

End point

Conductance—>

T
]
1
]
]
i
i
1

[}

vaolume of KCI ———

Fig 8.16 Curve for titration of KCI against AQN®
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Ag"+NO3 +K +CI — K"+ NO; + AgCl (ppt)

After the end point, there is sharp increase irdoatance due to increase in the number of free
ions in solution.

For better results the titrations should be ab@utirhes stronger than the solution to be titrated,
so that the volume change is as little as possible.

8.7.6 Applications of conductometric titrations:

There are several advantages of conductrometratitihs over ordinary volumetric titrations.

(i) Colored solutions where no indicator is fouttdwork satisfactorily can be successfully
titrated by this method.

(i) The method is useful for the titration of weakids against weak bases which do not give a
sharp change of colour with indication in ordinaofumetric analysis.

(iif) More accurate result are obtained becausetitepoint is determined graphically

Differences between conductometric and volumetititration.

Conductometric Titrations Volumetric Titrations

Iz Conductance measurements are done to check i Volume measurements are done to check cidd
end points. points,
2] Titrations can be carried out even with{ 2.  These titrations fail in-.coloured solutions

coloured solution.

times.
3y Accurate results are obtained. <y Results are not so accurate
4.  End point in determined graphically. 4, End point is determined by change in colou
of indicator.

In case of polybasic acids conductometric
titrations can be used.

These are successful even in weak acids and
strong bases.

In case of polybasic acids volumetric lilri
tions do not give correct end points.

These are not successful in weak acids anid
strong bases.

|
(
\
suitable indicators are not available sonn \
I
|
|

8.8 OSTWALD'S DILUTION LAW

According to Arrhenius theory of electrolyte dissdion, the molecule in an electrolyte
in aqueous solution undergo spontaneous dissagi@ito positive and negative ions and that
there is a dynamic equilibrium between ions andissutiated molecules. Ostwald noted that
law of mass action can be applied to the ioniclégiiim in the case of chemical equilibrium in
such systems.
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Let us consider a electrolyte AB which dissociatesolution to form A ion and Bions.

AB= A"+B
Let ¢ be the concentration of the electrolyte ter nda be the degree of dissociation, i.e., the
fraction of total concentration of the electrolytdhich exists in dissociated state. Then the
concentration terms at equilibrium may be written a
Initial state c o] o]

AB= A"+ B

Equilibrium concentration c (4} (1 a
Applying law of mass action:

Rate of dissociation =€ (1)

Rate of combination =§€ a X co

Or COMOo — £ — K

oll—m) K,

or k= < c molliteF ..ocervveeerernen (L)

Equation (1) is mathematical representation of @ktvg dilution law. The constant K is called
the dissociation constant or ionization constdns & constant value at constant temperature.

If one mole of electrolyte is dissolve in V liteir solution, then

c

= |||.-t

Here V is known as dilution of the solution. Thequation (1) can be written as:

K= = o 2)

(1-olv

For weak electrolytes, the value afis very small as compared to 1, so in most of the

calculations we can takedlz 1. Thus Oswald's dilution formula can be expressed

":|?

This law can be verified by determining the valder@nd v. the value af can be determined

from conductivity measurements.= 4, /Ao, 4, andice are the equivalent conductance at the

dilution v and infinite dilution. their values afeund from Kohraush's law. The value ofat

various dilution thus determined are inserted endkpression
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K=—— if K comes out to be constant, the Osthslaw stands

verified.
However, the law failed completely when appliedstong electrolytes. The value of K
far from remaining constant rapidly falls with ditn.

8.8.1 Factor that explain the failure of Ostwald'slaw in case of strong

electrolytes:

(i) The Oswald’s law is based on Arrhenius theory, Wwhgsumes that only a fraction of the
electrolyte is dissociated at ordinary dilution asdmplete dissociation occurs only at
infinite dilution. This is true for weak electrobg. Strong electrolytes are almost

completely ionized at all dilutions. The valueizf/iez, does not give the accurate value

of a. In this case it is only a conductivity ratio.

(ii) Ostwald's law is derived on the assumption thatlélae of mass action holds for ionic
equlibria as well. But the concentration of ionsviexy high; the presence of charge
affects the equilibrium. Thus the law of mass acttiannot be applied in simple form.

(i) The ions obtained by dissociation may get tatdd and may affect the concentration

terms.

8.9 THEORY OF STRONG ELECTROLYTES

A number of theories have put forward by differamrkers in order to explain the high

conductance of strong electrolytes. In 1923 Dehye lduckle put forward their well known
theory of strong electrolytes in which accountalsen of the electrostatic force between the ions.
A brief outline of the main ideas of the theorgigen below,

(i) The strong electrolytes are completely ionizedllatlitutions. The present position as it
has ensured from the Raman spectra, X ray anaysisystals, distribution coefficients
and vapour pressures is that there is a very samadlunt of unionized substance also
present and that instead of saying completely emhiwe should say almost completely
ionized.

(i) The oppositely charged ions attracts each othsyggest that anions and cations are not
uniformly distributed in the solution of an eledyte but that the cations tends to found

in the vicinity of anions and vice- versa Fig 8thbugh the solution is on the whole
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neutral, there is vicinity of any ion of predomiranof ions of oppositely charge which

we called counter ions.

o ©

4 ~

@’ *\ Anions
e
2 Continuous
@’ solvent

t

.

Fig 8.17 Charge distribution in ionic solutions aftrong electrolytes

The ions are all the time on the move in all diet but on the average, more counter ions than
like ions pass by any given ion. This spherical eha¥ opposite charge is called ionic
atmosphere.
(i) Decrease in equivalent conductivity with increasicgncentration is due to fall in
mobilities of the ions due to greater interioniteef and vice-versa.

(i) The ratio Av/ice  does not correctly give the degree of dissoamatiofor strong

electrolytes but only conductance coefficignt f

(i) In spite of complete ionization the value @f is much thanicc because of the two

effects, namely electroforetic effect and relaxaidfect.
(@) Asymmetry or relaxation effect :

Suppose there is a central negativefig 8.18. This is surrounded by a number of
positively charged ions which form its ionic atmbsepe. This ionic atmosphere is symmetrically
situated in the absence of any electrical field.eWllectrical field is applied, the negative ion
moves towards the anode and the positive ionic spimere toward cathode. This leaves a large
numbers of positive ions behind it than there areamt of the negative ion with the result that

the symmetry of the atmosphere about the centnakidistorted.
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®
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(a) (b)

@
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o~

Fig 8.18 symmetric and asymmetric ionic atmospber

Initially the force of attraction exerted by thenic atmosphere on the central ion was
uniform. It becomes greater now behind the ion tinainont. As a result of this the negative ion
experiences a force which tends to drag it backveadl this slows down its movement in the
forward direction. This behavior is known as asyrimgneffect. It may be said that the negative
ion which leaves the ionic atmosphere of positwesi behind to die away would built a new
ionic atmosphere and the symmetry would be cordedtehis process of building up and dying
away were instantaneous there would be no caussymofnetry and the atmosphere would
always be symmetrically placed about the ions. tBatformation of the new ionic atmosphere
does not take place at the same rate at whichldhene decays and the latter lags behind or take
more time known as relaxation time. For this reas®ymmetry effect is relaxation effect.

Electrophoretic effect:

Another factor which acts as a drag tends tardethe motion of the ion is the tendency
of the applied field to move the ionic atmospheoevihich the solvent molecules are attached)
in a direction opposite to that in which the cehtoam associated with solvent molecules is
moving. Thus the central negative ion moving towgafite anode has to make its way through the
ionic atmosphere with its associated solvent madéewaidnich is moving in the opposite direction
i.e. , towards cathode. This causes a retardingente on the movements of the ion. This effect
is called electrophoretic effect.

Both the above causes reduce the velocity of time and operate in solutions of strong

electrolytes with the result that a value of eqléma conductancei() lower than the value at
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infinite dilution (i=) obtained. At infinite dilution since the electricaffects are practically

absent the two values tend to approach each other.

8.9.1 Debye- Huckel —Onsager conductance equation:

In 1926, Debye- Huckel and Onsager worked outherattically the magnitude of
asymmetry and electrphoretic effects in term ohsiactors as valency of ion concentration and
dielectric constant and viscosity of the mediumt &oivalent electrolytes such as, KCI, which
furnish two univalent ions, the following equatiaas derived.

v =Aco -( A+B Aoo)yc
Where A and B are constants and c is concentratigm-equivalent per litre. These constants

depend only on the nature of the solvent and timpéeature and are given by the relationship.

2.4 §.20x10°
A= —— and B =————
DT> "y CLoTy=

Where D andy are the dielectric constant and coefficient ofcesty of the medium

respectively at the absolute temperature T.

8.10 SUMMARY

In electrolysis, the flow of current is accompahigith actual transfer or migration of
matter. You have studied in this unit that sucingfar of matter leads to the decomposition of
matter at the point where electricity enters ovésathe electrolyte and in the process helps in
transfer of electrons. The topics, transport numiitsr determination, Arrhenius theory of
electrolytic dissociation. Ostwald's law and theofystrong electrolyte have been discussed in
detail. The most important aspect of this unitaaductrometric titrations. The conductrometric
method is particularly suitable as such titratiocokured solutions and precipitation reaction do
not give a sharp end point. In order to get aceurasult, the volume change during titration
should be as little as possible. The titraint spthierefore, be ten times as strong as the salutio
in conductance cell in order to keep the volumengeasmall.
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8.11 TERMINAL QUESTION

A. Objective type questions:
Q.1. The units of specific conductance are:
(@) ohmcm (b) ohm ¢ (c) ohnt (d) ohm‘cm®
Q.2. The distance between two electrodes of ai€€l0 cm and area of each electrode is 6.0
cn?, the cell constant is
(@ 2.0 (b) 1.0 (9.5 (d) 18
Q.3. When a strong acid is titrated against@nstibase the end point is the
Point of:
(a) Zero conductance (b) aximum conductance
(c) Minimum conductance (d) nondldse
Q 4. The sum of the transport number of anionaatmn is equal to:
(@ 1 (b) O (@5 (d)eo
Q.5. The fraction of total current carried by tation or anion is termed as:
(a) Fractional number (b) transport number
(c) Speed number (d) carrier number
B. Short Answer type questions:
Q.6 Define the terms:
(@) Electrolysis
(b) Specific conductance
(c) Transport number
(d) Equivalent conductivity
Q.7 Define and explain the following terms:
(@) Degree of dissociation(b) Kohlrausch law
(c) Arrhenius theory (d) Precipitation titrations
C. Long answer type questions:
Q. 8 What is the Ostwald’s dilution law? How itvisrified? What are its limitations?

Q. 9 (a) State and explain Faraday's law of elfi®
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(b) On dilution, specific conductance of an electrolyecreases and equivalent
conductance increases. Discuss
Q.10 State and explain Kohlrauschs's law dépendent migration of ions. How does it help
in determining the equivalent conductivity at intendilution of weak electrolytes?

8.12. ANSWERS

1. (d) 2.(c) 3.(c) 4. (a) 5 (b)

Source of study material

(i) Essential of physical chemistry by Bahl, Bahl andi.T

(i) Principles of physical chemistry By Puri, Sharmd &athania.
(i)Physical chemistry By P.C. Rakshit.

(iv) Physical chemistry By Atkins.
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UNIT -9 ELECTROCHEMISTRY- I

CONTENTS:
9.1 Objectives

9.2 Introduction

9.3Types of cells

9.3.1Galvanic Cell

9.3.2 Electro chemical cell

9.3.3 Voltaic cell

9.4Types of reversible electrodes

9.4.1 Gas- metal ion,

9.4.2 Metal-metal ion

9.4.3Metal insoluble salt

9.4.4 Anion and redox electrodes

9.5 Electrode reactions

9.6 Nernst equation

9.7 Derivation of cell E.M.F. and single electrode puia!
9.8 Standard hydrogen electrode reference electrodes
9.9 Standard electrode potential

9.10Single conventions

9.11Electrochemical series and its significance
9.12Summary

9.13Terminal Question

9.14Answers

9.1 OBJECTIVE

In the previous unit much has been discussed ableatrolysis, electrical transport,

conduction, Ohm’s law factors affecting electra$yselectrolytic dissociation, Arrhenius theory

UTTARAKHAND OPEN UNIVERSITY Page 216



PHYSICAL CHEMISTRY-II BSCCH-203

of electrolyte dissociation, transport number, dateation of transport number by different

methods, Conductance etc.

Ostwald’s dilution law, its failure in case of @tig electrolytes and theory of strong
electrolytes has been discussed in detail. Muchhesip has been given to Kohlrausch’s law and

its applications, particularly the conductometiication.

9.2 INTRODUCTION

Electrochemistry is the branch of physical chemittat studies the relationship between
electricity, as a measurable and quantitative pmemmn, and identifiable chemical change, with
either electricity considered an outcome of a paldar chemical change or vice-versa. These
reactions involve electric charges moving betwdentedes and an electrolyte (or ionic species
in a solution). Thus electrochemistry deals witk thteraction between electrical energy and

chemical change.

When a chemical reaction is caused by an extersalplied current, as in electrolysis,
or if an electric current is produced by a sponbaisechemical reaction as in a battery, it is called
an electrochemical reaction. Chemical reactionsrevieéectrons are transferred directly between
molecules and/or atoms are called oxidation-redactor (redox) reactions. In general,
electrochemistry describes the overall reactionesmihdividual redox reactions are separate but
connected by an external electric circuit and aarirening electrolyte.

9.3 TYPES OF CELLS

In these unit different aspects of cells, theirclioning, types of cells, electrode reactions, EMF
of a cell and free energy change will be discussed.

9.3.1 Galvanic cell:

A galvanic cell is a device in which the free enea a chemical process is converted
into electrical energy. Usually such a cell corssist two electrodes immersed in one or more
suitable electrolytes. When the electrodes are exted externally by a metallic conductor,

current flows from one electrode to another anddaghe cell chemical change occur at the
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surface of electrodes. On joining the electroddsreally oxidation occurs at one electrode and
reduction at the other electrode. The electrodestath oxidation occurs is called a negative
electrode or cathode while the electrode at whethuction occurs is called positive electrode or
anode. The reason for this nomenclature is thatladxin is accompanied by liberation of
electrons which are given up to the electrode athvioxidation occurs. The electrode, thus
acquires a negative charge. Reduction, on the dthed, is accompanied by consumption or

elimination of electrons from the electrode whibkreby acquires a positive charge.
9.3.2 Electrochemical cell:

Consider for example a copper rod dipping in atsmiuof copper sulphate and a zinc rod
dipping in a solution of zinc sulphate. The two atebds are connected by a metallic conductor.

When a bar of zinc is dipped in a solution of capgulphate, copper metal is deposited

on the bar fig 9.1. The net reaction is
Zn+Cd" —— Zn™+Cu

This is a redox reaction and the two half reactiams
Zn — 7t +2¢
C#*+26 — Cu

In this change, Zn is oxidised to give ?Zrand copper is reduced to Cu atoms. The
electrons released in the first half-reaction aeduwp by the second half-reaction. Both the half-
reaction occur on the zinc bar itself and themoisnet charge.

Now let the two half reactions occur in separatapartments which are connected by a
wire fig 9.2. The electrons produced in the lefinpartment flow through the wire to the other
compartment. However, the current will flow for arstant and then stop. The current stops
flowing because of the charge build on the two cartmpents. The electrons leave the left
compartment and would become positively chargea fight compartment receives electrons
and become negatively charged. Both these factpppse the flow of electrons (electrical

current) which eventually stops.
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Cug _ Cu \an ‘\Cu2+
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- J \. J
Oxidation Reduction
Half-reaction Half-reaction

Fig 9.1 Redox reaction takingPlace at zinc electrodé&ig 9.2 Separate cell reactions caudéow of current

9.3.3 Voltaic cell:

A voltaic cell also known as galvanic cell is dnewhich electrical current is generated
by a spontaneous redox reaction, a simple volelasshown in fig 9.3.

A bar of zinc metal (anode) is placed in zinc kalg solution in the left container. A bar
of copper (cathode) is immersed in copper sulpbakation in the right container. The zinc and
copper electrodes are joined by a copper wire. |A lm@dge containing potassium sulphate

solution in agar-agar jelly interconnects the solutin the anode compartment and the cathode
compartment.

o @, —P

Anode Zn Salt bridge Cu

Cathode
L]

ZnSO,
solution

CuSO:
solution

Fig 9.3 A simple voltic cell

The oxidation half-reaction occurs in the anode gartment.

Zn ———» Zift + 26
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The reduction half-reaction takes place in the @d¢hcompartment.
Ci'+26 —» Cu

Net reaction in the cell is
Zn+Cd" —» Cu+2zA"

When the cell is set up, electrons flow from theczelectrode through the wire to the copper
electrode. As a result, zinc dissolves in the arsmdetion to form ZA" ions. The C#' ions in the
cathode half cell pick up electrons and are coedetd Cu atoms on the cathode. At the same
time SQ? ions from the cathode half cell migrate to thedmbalf-cell through the salt bridge.
Likewise Zrf* ions from the anode half-cell move into the cathddlf-cell. The flow of ions
from one half-cell to the other completes the eieal circuit which ensures continuous supply

of current. The cell will operate till either thenz metal or copper ions are completely used up.
The cell is represented as

Cu/Cd'zn/zre*

9.4 TYPES OF REVERSIBLE ELECTRODES

For thermodynamic treatment of galvanic cells iessential that these cells operate in a
thermodynamically reversible manner. In order tlfout if a given cell is reversible or not, it is
connected to an external source of EMF acting m dpposite direction. The cell will be
reversible if it satisfies the following conditians

(i) If the opposing EMF is exactly equal to that of t&dl itself, no current is given out by

the cell and no chemical reaction takes placeerctil.

(ii) If the opposing EMF is infinitesimally smaller thémat of the cell itself, an extremely
small current is given out by the cell and a cqroeslingly small amount of the chemical

reaction takes place in the cell.

(i) If the opposing EMF is infinitesimally greater thdrat of the cell itself, an extremely
small current flow through the cell in the oppodiieection and a small amount of the

chemical reaction also takes place in the reverseten.

Some common types of reversible electrodes arendgiew:-
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9.4.1 Gas electrode:

Hydrogen electrode:

Hydrogen gas bubbling at one atmosphere pressugesiolution of hydrochloric acid

constitute hydrogen electrode fig 9.4. It is reprded as:

Ho(latm) —e—"""

Fig 9.4 Hydrogen electrode
Pt/H, (1 atm.)/H (a=1) or Pt; Kg), H'.

On account of hydrogen being a gas, a special degianade in order to make the
potential difference between the gas and the swiutieasurable. This device consists in placing
a small strip of platinized platinum foil such thats half immersed in the solution and half
surrounded by the gas. The finally divided platinam platinum foil absorbs hydrogen and in
that condition behaves as if, it was a solid etatgrof the gas. It freely permits the change from

the gaseous state to the ionic state and vice versa
9.4.2 Metal-metal ion electrode:

An electrode of this type consists of metal rogpéhig in a solution containing its own
ions. For example zinc rod dipping in zinc sulphstéution or copper rod dipping in copper

sulphate solution as you have studied in 9.3 above
The electrode reaction may represented in geasral

M" (aq) + e—> M(s)
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If the metal rod behaves as positive electrodg, (ihe reaction at the electrode involves
reduction), the equilibrium will shift towards thight. The concentration of Mions in solution

will, therefore, decrease.

If on the other hand, the metal rod behaves astivegelectrode (i.e., the electrode
reaction involves oxidation), the above equilibrigiifts towards the left. The concentration of

the M ion in the solution will therefore, increase figt9
9.4.3 Metal-insoluble metal salt electrodes:

This electrode consists of a metal and a sparisglyble salt of the same metal dipping
in a solution of a soluble salt having the same@m@nAn important electrode of this type is the

calomel electrode.

Calomel electrode consists of mercury, solid mergsi chloride and a solution of

potassium chloride. The electrode is representéthasigCl, (5); KCI (solution)

S_,E‘H::d#l! 7 SA_L{HBiD-:.e
LT

4

== =3 |

1 = | P =
!

KC
SOLUTION s

e C ALOMEL
PASTE

'_.,_Ml RCURY

Fig 9.5 The calomel electrode

It can be easily setup in the laboratory as foltows

Mercury of high grade purity is placed at the bottof a glass tube having a side tube on
each side; it is known as calomel vessel fig 9.®rddry is covered by a paste of mercurous
chloride (calomal), as shown. A solution of potassichloride is introduced above the paste
through the side tube. The concentration of thatswl is either decinormal, normal or else the

solution is fully saturated. A tube t containing ey and with fused in platinum wire at its
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lower end to serve as contact with the mercuryhef ¢lectrode is then introduced. The tube

should contain sufficient mercury to sink the plath contact to rest on the base of the tube. The
side tube is filled with a jelly of agar-agar an@€IKThis tube is connected with the help of this

tube through a salt bridge with the other electydle potential of which is to be determined.

9.4.4 Oxidation-reduction electrodes:

The term, oxidation-reduction electrode is usedtiose electrodes in which the potential
is developed from the presence of ions of the sauniestance in two different valance (i.e.,
oxidation) states. Such an electrode is setup ®srimg an unattackable metal such as platinum
on an appropriate solution. Thus, when a platintine vs inserted in a solution containing*Fe
and F&" ions it is found that the wire acquires potentiethe potential at the electrode arises
from the tendency of the ions in one oxidationestat change into the more stable oxidation

state.
The electrode reaction may be represented asillo
Fe"(ag) + & = R’ (aq)
The function of the platinum wire is to pick upetielectrons and to provide electrical
contact to the electrode.

Another important type of oxidation reduction igirthydron electrode. This electrode
consists of a platinum wire placed in a solutiontaming hydroquinone (Q#l and quinone (Q)

in equimolar amount. The electrode reaction in thise is represented as follows

This electrode which may be represented as:

=0+ 28 +2 H't————BT.__. HQ-—( O?“‘ oH
QH

Pt, Q, QH; H" (aq), is reversible with respect td ns.

UTTARAKHAND OPEN UNIVERSITY Page 223



PHYSICAL CHEMISTRY-II BSCCH-203

9.5 CELL REACTIONS

The flow of electrons from one electrode to thieeo in an electrochemical cell is caused
by the half reactions taking place in the anode eaithode compartments. The net chemical
change obtained by adding the two half reactionsaited the cell reaction. Thus, a simple

voltaic cell, we have

(a) Half reactions:
Zn(s) »  ZA"(aq) + 2@

CU/" (ag) +2&6 ——» Cu(s)

(b) Cell reaction by adding up the half reactions:
Zn (s)+Ca*'(aqg) —— Zrf(aq) + Cu(s)

In Zn-Cu voltaic cell, electrons are released & #mode and it becomes negatively
charged. The negative electrode pushes electromsgh the external circuit by electric
repulsions. The copper electrode gets positivegehaue to the discharge of €ons on it.
Thus electrons from the outer circuit are attraatéa this electrode. The flow of current through
is determined by the ‘push’ of electrons at thedenand the ‘attraction’ of electrons at the

cathode. These two forces constitute the drivinigear electrical pressure that sends electrons

through the circuit. This driving force is callduetelectromotive force (@.f.) or cell potential.
The em.f. or cell potential is measured in units of vofté) and is also referred as cell voltage.

9.5.1 Cell diagram or representation of a cell:

A cell diagram is a depiction of an electrochemiceall. For this purpose, we will
consider that a cell consists of two half cellsclithalf-cell is again made of metal electrode in
contact with metal ions in solution.

In 1953IUPAC (International Union of Pure and Applied Chemistry) recommended
the following conventions for writing cell diagramset us illustrate these with reference to zinc-
copper cell.

(i) A single vertical line:
In this representation (/) represents a phase laynuetween metal electrode and ion

solution. These the two half cells in a voltaid ee€ indicated as
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o
Zn /Zn2+ CL?+/éu phase boundary
Anode half cell Cathode half cell
It may be noted that the metal electrode in anadidell is on the left, while in cathode

half cell it is on the right of the metal ion.
(i) A double vertical line:

The double vertical line represents the salt lrjggprous partition or any other means of

permitting ion flow while preventing the electratytrom mixing.
(iif) Anode half cell is written on the left andtbade half cell on the right.

(iv) In the complete cell diagram, the two halflsedre separated by a double vertical line (salt

bridge) in between. The zinc-copper cell can nowh#en as

— X\

Zn/zZré? I Cd'/cu salt bridge
Anode half cell cathode half cell

(v) The symbol of an inert electrode like platinetectrode is often enclosed in a bracket. For

T

Mg/Mg?* || H/H. (Pt) inert electrode

example:

9.5.2 Convention regarding sign of .en.f. value:

The magnitude of .en.f. of a cell reflects the tendency of electrons tmwflexternally

from one electrode to another. The electrons anesported through the cell solution by ions
present and pass from the positive electrode (ase of Daniel cell) to the negative electrode.

This corresponds to a clockwise flow of electrdm®tigh the external circuit. Thus thend. of

the cell is given the +ve sign. If thenef. acts in the opposite direction through the cetiwit it
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is quoted as —ve value. For, Daniell cell has ah@&m.1V and the coper electrode is positive.

This can be expressed in two ways:
Zn /ZnSQ || CuSQ|Cu E=1.1V
Cu/CuSQ || ZnSQ/Zn E=-1.1V

The negative sign indicates that the cell is pasible in the given direction. The reaction
will take place in the reverse direction.

9.5.3 Calculating the emf of a cell:

The em.f. of a cell calculated from the half-cell potentialsthe two cells (anode and

cathode) by using the following formula
Ecell = EcathodeEanode
= R-EL

Where [k and E are the reduction potentials of the right-hand kfidhand electrodes
respectively. It may be noted that the absolut@ieslof these reduction potentials cannot be
determined. These are found by connecting the &alif with a standard electrode whose

reduction potential is known.

9.6 SINGLE ELECTRODE POTENTIAL:

As you have studied that each galvanic cell is enagd of two electrodes. At one
electrode oxidation takes place, i.e., electroeseaolved. At the other electrode reduction takes

place, i.e., electrons are taken up.

The tendency of an electrode to lose or gain lacivhen it is in contact with its own
ions in solution, is called electrode potentialnc® tendency to gain electrons means also the
tendency to get reduced. This tendency is callddateon potential. Similarly, the tendency to
lose electrons means the tendency to get oxidiEehce this tendency is called oxidation
potential. Oxidation potential is reverse of reduttpotential. Thus, if the reduction potential of
electrode under given conditions is 1.5 volts, tiieroxidation potential is taken as -1.5 volts

and vice-versa.
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It is not possible to determine experimentally plogential of a single electrode (i.e., of a
half cell). It is the difference of potential betsve two electrodes that we can measure by
combining them to give a complete cell. By arbityafixing potential of one electrode as zero
(ust as freezing point of water at atmosphericspuee is arbitrarily fixed as zero on the
temperature scale), it is possible to assign nwakvalues to potentials of the various other

electrodes.

9.7 STANDARD HYDROGEN ELECTRODE

The potential of a reversible hydrogen electrodevirich the gas at one atmospheric
pressure is bubbled through a solution of hydrages of unit activity (or, to be approximate,
1M concentration) has been fixed as zero. Thistelde is known as standard hydrogen

electrode (fig 9.6) and is represented

-
Hz gas at 1 atm
pressure

Glass hood

Pt electrode
covered with H,

1M solution of H”
ions at 25°C

Fig 9.6 Standard hydrogen electrode

as: Pt; Hg) (1atm), H(aq) (c=1M)
All other single electrode potentials measuredhwiespect to standard hydrogen

electrode are referred to as potentials on thedygdr scale.

If it is required to find the electrode potentmd) say, zinc electrode dipping in a solution
of zinc sulphate (i.e., Zn, Zhelectrode), all that is needed is to combine thwihe hydrogen

electrode so as to have a complete cell represeated
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Zn, Zrt* (ag)/H (g) (1 atm); H(aq) (C=1M) ; Pt
The em.f. of the cell determined potentiometrically, is thegqual to potential of the zinc

electrode (on the hydrogen scale) since potentidieostandard hydrogen electrode is taken as

Zero.

In this case, reduction occurthathydrogen electrode and oxidation takes place at

the zinc electrode shown below:
Hydrogen electrode:
2kbq) + 2e= H; (aq)
Zinc electrode:
Zn(s) zrf* +2e
=~ The net reaction is
Zn(s) + 2H@q)= Zr** + H, (g) (1atm)

If copper electrode is connected with the hydroglextrode the oxidation takes place at the
hydrogen electrode and reduction occurs at thearoglpctrode. The net reaction is then

Hg) + Cd” (aq) = Cu(s) + 2H(aq).

9.8 SECONDARY REFERENCE ELECTRODE; CALOMEL
ELECTRODE

It is not convenient to use the standard hydrogectrede (SHE) as the reference
electrode. This is because it is difficult to maintthe activity of Hions
In the solution at unity and to keep the pressdrthe® gas uniformly at one atmosphere, a far
better reference electrode is calomel electrodashntiave been described in fig 9.5 of this unit.
It can be set up conveniently and can be used flon@ with any subsequent attention. The
potential of the calomel electrode, on hydrogenesdas been measured carefully by connecting
it with a standard hydrogen electrode. The potentiathe electrode depends upon the
concentration of KCI solution in the calomel ves3éie value of 0.1M KCI, 1.0 M KCL and a
standard solution of KCI are 0.3335 volt, 0.281@ wad 0.2422 volt, respectively, at®25. The
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calomel electrode with saturated solution is mashmonly used and is referred as standard

calomel electrode (SCE).

9.9 SIGN OF ELECTRODE POTENTIAL

According to the latest convention adopted by IUP@@ernational Union Of Pure
And Applied Chemistry), the electrode potential is given a positive sifjrthe electrode
reaction involves reduction when connected to thedard hydrogen electrode reaction involves
oxidation when connected to the standard hydro¢gairede whose potential is taken arbitrarily
as zero.

Thus with copper electrode (copper rgaped in a solution of copper salt) is connected
with a standard hydrogen electrode, reduction tpksse at the copper electrode. The electrode

reactions are as follows:

Copper electrode Gl(aq) +26 = Cu(S) (reduction)
Hydrogen electrode Xbh) = 2H +2¢€ ( oxidation )

Hence the potential of copper electrode is takgpoagive. Thus ECu2+, cu) IS positive.

If zinc electrode is connected with the standardrbgen electrode, oxidation takes place at the

zinc electrode. The electrode reaction are showallasvs,

Zinc electrode: Zn(sy Zrf* (ag)+2€ (oxidation)
Hydrogen electrode: Z¥aq)+2é = H,(Q) (reduction)

Hence, the potential of zinc electrodeis takenegmtive. Thus I(;,f*, zn)iS negative.

9.10 NERST EQUATION: EFFECT OF ELECTROLYTE
CONCENTRATION ON ELECTRODE POTENTIAL

Suppose the reaction occurring in a galvanic sakpresented as:

aA+bB = cC + dD

Suppose in a particular cell reaction, n is the Ipeinof electrons liberated at one electrode (or

taken up at the other electrode) then evidentfaradays (nF) of electricity will be generated in
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the complete cell reaction. If, for the sake of @icity, the emf of the cell is denoted by E, then,
electrical energy produced by the cell = nFE Hence AG =nFE
Then from Van't Hoff isotherm we know that the thedynamic potential change would be
AG =AG%+ RT InK
Since AG =-nFE andac® = -nFP

The other equation becomes

E 2= InK
Where, %=standard electrode potential

R = gas constant,

T= absolute temperature,

n= number of electrons transported in the half ieact

F =faraday ofctieity,

K = equilibrium cstant,
For oxidation hall- cell reaction when metal elede M gives M* ions:

M —» M'+2¢

E = @-f—gln(%) For solids M =1

Then E ="+ gln(lvlz*) )

This equation (1), which gives the effect of cortcation of M ion on the potential of f1, M

electrode and is known as Nernst equation.

In the case of hydrogen electrode, the equatioepsesented as:

2itaqg) +2& = Ha(g)

Hence E =& %In [HT oo, 2)
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Because activity of Hgas at one atmosphere pressure is taken as Heitg.E® for hydrogen

electrode is arbitrarily taken as zero, we have

E ZIN(H") oo (3)

In the case of F&Fe* electrode, the equilibrium is represented as

Féaq) += F&'(aq)

_ Q—RT Fe& ™
Here E=E_In[ =]

_ RT Fett

=Bl

It follows from the above discussion that if we t@rihe electrode reaction, in general as:

Oxidized state + ne = reduced state

RT rad d
E:(E-Tln[w] ..................................... (4)

oxidized state

9.11 STANDARD ELECTRODE POTENTIAL

That the potential of an electrode at a given teatpee we have discussed above,

depends upon the concentration of the ion in thesading solution, if the concentration of the

ions is unity and temperature %5 the potential of the electrode is termed as stamdard

electrode potential.

The standard electrode potential of a number aftreldes is given in the table 9.1. These values

are said to be on hydrogen scale since in thesermdigiations the potential of a standard

hydrogen electrode used as a reference electradehyden taken as zero. The values of standard

electrode potentials arranged in a decreasing amalestitute what is called the electrochemical

series.
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Table 9.1 electrochemical series, standard elecé®gotential at 2%C.

Reduction Half-reaction E° (V)
F,+2e~ ——> 2F 2.87
H,0,+2H ' +2¢~ — 2H,0 1.78
PbO,+SO; +4H +2¢~ — —PbSO,+2H,0 1.69
Au’t +3e Au 1.50
ClL+2¢° — 2CI 1.36
Cu?' +2e” Cu 0.34
2H" + 2e H, , 0.00
Sn®*+2¢ —= Sn —0.14
Cd** +2¢e- — Cd ; —0.40
Zn*t+2¢e — Zn —0.76
H,+2¢e~ —e 2H —2.23
Mg?* +2¢- — Mg —2.37
Na*+e~ —= Na —2.71
Li"+e” La —3105

This table includes a large variety of electrodealf{cell) along with their electrode
reaction and standard electrode potential. Thednigh positive value the greater is the tendency
of the oxidized form to get reduced by acceptingcebns. And, conversely, the greater the

negative value, the greater is the tendency ofrélgeiced form to get oxidized by donating
electrons.

Now any two suitable half- cells can be combinedoton a galvanic cell. The emf of the cell
and the feasible cell reaction can be easily detethwith the help of the information given in

this table. For this the following rules have bseggested:

Representation of cell.The electrode on the right is written in the ordésn, electrode (e.g.,
Cu'*,Cu ) and the electrode on the left is writtentia brder :electrode, ion, ( e.g., Zn2Zh In

the galvanic cell formed by the combination of telectrodes, oxidation occurs at the left hand
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electrode and reduction at the right hand electsmléhat the electric current (electrons) in the
external circuit flow from the left hand electrodeH.E.)to the right hand electrode (R.H.E.).

Determination of cell the potential and the emf othe cell reaction:

According to the latest convention, both the maHctions are written as reduction reaction
along with their standard electrode potentialshi form of chemical equations. After balancing
the number of electrons if necessary, the half-oediction equation with a lower electrode
potential is subtracted forms the one with a higklectrode potential. The result gives the cell
potential as well as the feasible cell reaction.

The two half cell reaction in Daniell Cell are ven as,
() Ca (as) +2e = Cu(s): B= +034V
(i) zA"(aq) +2e = zn(s): B= -0.76
Substracting eq. (ii) from eq. (i) we get
Cd" (aq) + Zn(s) = Cu(s) + ZA*(aq) as the feasible cell reaction and

0.34 — (-0.76) =1.10 Vas cell potential.

9.12 SUMMARY

In this unit the functioning of the cells have bekscussed in detail. The voltaic cell also
known as galvanic cell is one in which electricalrent is generated by a spontaneous redox
reaction. Different types of reversible electrodsmsd their functioning the functioning of
hydrogen electrode and calomel electrode have besenssed in detail. Different cell reaction

has also been discussed.

9.13 TERMINAL QUESTIONS

A. Multiple choice /objective type questions:

Q.1 For the half cell reaction,@q) +2H,0 (I) +4€ —40H (aq) -AG%FE’ is equal to

@ 1, (b) 2 (c)3 (d) 4
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Q.2 In any electrochemical cell, the cathodaways.......

(@ A non metal (b) attached to bati{g) the electrode at which some species gain

electron (d) the electrode at which some specss édectron.

Q.3 The site of oxidation in an electrochemazll is

(&) The anode (b)  the catho@® the electrode (d) the salt bridge

B. Short answers type questions:

Q.4 Define electrochemical cell.

Q.5 What do you mean by electrode potential.

Q.6 Write a short note on redox reactions.

C. Long answer type questions:

Q.7 Describe the construction and working oboa| electrode.

Q.8. Explain the term electrode potential. DefNernst equation for describing the effect of
concentration of electrolyte on electrode potentfdhat is meant by standard electrode

potential?

9.14 ANSWERS

1.(d) 2.(c) 3.(a)
Source of study material

Essential of physical chemistry by Bahl, Bahl andi.T
Principles of physical chemistry By Puri, Sharmd &athania.
Physical chemistry By P.C. Rakshit.

P w0 nh P

Physical chemistry By Atkins.
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10.1 OBJECTIVES

In unit 9 you have studied some basics of cellscteodes, functioning of electrodes,
various electrode reactions, primary and secondzference electrodes, electrochemical series

and its significance.

10.2 INTRODUCTION

In a Daniell cell a zinc rod is immersed in a ZnS0Olution and a copper rod in a copper
sulphate solution. The two solutions are kept s@pdr by a porous partition. This porous
partition allows current to pass through but présenass diffusion. Zinc and copper rods are
two electrodes. When these are connected exterbgllg metallic wire, current flows in the

circuit. Copper is said to be the positive pole aimd the negative.

In this unit you will study reversible and irresdsle cells, measurement of cell emf, over

voltage, calculation of some thermodynamic pararseted some other related topics.

10.3 REVERSIBLE AND IRREVERSIBLE CELLS

The electrochemical cells may be reversible oeviersible. In a reversible cell it is
implied that the chemical reaction occurring in tbell may proceed in either direction
depending upon the direction of flow of currentwi apply an emf from an external source so
as to cause a current to flow in the opposite twadhe chemical action is reversed. The driving
and opposing forces may be only infinitesimallyfeliént. When these requirements are satisfied
the cell is reversible. When the chemical reactiamnot be reversed by the application of

external e.m.f., the cell is irreversible.

The Daniell cell is an example of a reversiblel.c&fhen 2 coulombs of electricity
produced, 65/96500 gm of zinc goes into the satuéibthe anode and 63.5/96500 gm of copper
is deposited at the cathode. Now if an external.fe.rm applied such that 2 coulombs of
electricity are passed in the opposite directitng tell will return to original state, i.e., the
guantity of zinc as dissolved earlier will be depes at the anode and the previous quantity of

copper will be dissolved at the cathode. The sdlhus reversible.

Now let us consider the following cell:
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Zn IH,SOy/Cu

In this cell one Faraday of electricity is producedien one gm equivalent zinc goes into the
solution and one gm-equivalent hydrogen is liberadé the cathode (Cu). If one faraday of
electricity is passed through the cell in oppoditection one gm-equivalent of copper goes into
the solution and one gm-equivalent of hydrogenhsrated at the zinc electrode. The original

state is not reproduced; the reaction is alsoexdrnsed. This is an irreversible cell.

In a cell there are two electrodes. Each of tkeetsddes in contact with its ionic solution
is called a single electrode or half cell. In aemsible cell each half cell is also reversible. 3hu
in Daniell cell the anode zinc (Zn/Zp in contact with zinc ions is a reversible halfl;cand

copper (Cu/Ctli) in contact with copper ions is other reversitaéf kell.

10.4 DETERMINATION OF CELL e.m.f.

The e.m.f. of an unknown cell can be measured thighhelp of a potentiometer fig 10.1.

It consists of a wire AB which is about a metergomhe

il

——-‘l-*-'— Kz

Ca

Fig 10.1 Measurement of emf of a cell

two ends of this wire are connected to a workingeoa W. A standard cell (Qa cell of known
e.m.f.) is connected to the end A. At the other,¢hd cell G is connected to a galvanometer
through a key K The galvanometer is then joined to a sliding aonthat moves on the wire
AB. The cell G whose e.m.f. is to be measured is similarly cotetedo the key K the

galvanometer and then the sliding contact. By usiiegkey K the cell G is put into the circuit
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and the contact is moved to and fro along AB. Wherturrent flows through the galvanometer,
the point of contact Xis recorded. Then by using the key, khe cell G is put into the circuit
and the procedure is repeated to find the correipgnpoint X%. The e.m.f. of the cell Cis
calculated by using the following equation:

emf ef O _ distance AX

emfef C. distance AX.

Cell e.m.f. can also be measured electronic vokrsedf digital type.

10.5 DETERMINATION OF aG, aH, S AND K OF A CELL
REACTION

Suppose in a particular reaction, n is the nunadbeslectrons liberated at one electrode,
then, evidently, n faradays (nF) of electricity e generated in the complete cell reaction. If,

for the sake of simplicity, the e.m.f. of the dsldenoted by E then:
Electrical energy produced by the cell = nFE

Hence—AG =nFE, ............ (2) {G=free energy change)

From Gibbs-Helmholtz equation, decrease in freag@neAG, of a cell reaction at constant

pressure, would be given by the expression
—AG=—0H =T (22 ) p s )

Where= —AH is the decrease in enthalpy of the cell reactiocoastant pressure. Substituting

the value of AG from equation (1).
we have nFE:—ﬁH-T[% (—nFE)],
8E
== —ﬁH'nFT(F)p ............... (3)

This equation means, whether electrical energy,nkE is equal to or less than the enthalpy of

the reaction £4H) depends upon the sign f@%jp , i.e., upon the sign of the temperature

coefficient of the e.m.f. of the cell. If it is zgrthe electrical energy will be equal to the elptha
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of the cell reaction. If it is positive, i.e., li¢ e.m.f. of the cell increases with rise in terapae,
the electrical energy will be greater than the alpy of the cell reaction. The additional energy

will be supplied to the cell by the surroundingsl @nthat is not possible, the temperature of the

cell will fall during the working. If(:—f)pis negative, the electrical energy will be smailem the

enthalpy of the cell reaction. The difference betwéhe two values will be given out as heat to
the surroundings and if that is not possible, tm@mperature of the cell will rise during the

operation. In the case of Daniell c@})p is very small. Therefore the electrical energyeasy
close to the enthalpy of the cell reaction.

If the heat of reaction (or free energy changel)) the temperature coefficient of a cell are

known, we can calculate the e.m.f., E, of the é&l. example, in the case of Daniell c@f)pis

nearly zero, n=2 ani{H=-50.100 cals.

Since 1 cals. =4.185 volt coulomb

AH 4,185 (—50.100)
F=-—=_--—— """

nF 2x58500
=109V

Thus the e.m.f. of the Daniell cell is 1.09 vol@anversely, if the e.m.f. of the reversible

. . . OE
cell and its temperature coefﬂme(wét:)p are known,AH (orAG) can be calculated. The heats of

reaction calculated from the e.m.f. measuremergsnaarly the same as derived from thermal

experiments.

The entropy change related to the enthalpy chandefrae energy by the well known

thermodynamic expression.

AG = AH-TAS
Hence &5= (AG —AH)IT ... (4)
Example:
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The emf of the cell Cd, Cd&b/2 HO (saturated) // AgCI(s), Ag in which the reactien
Cd(s) + 2AgCI(s) + aq= CdCh 5/2H,0 (sat) + 2 Ag(s) is 0.6753 volt at®5and 0.6915 volt

at FC. Calculate the free energy chang®), enthalpy changeA@) and entropy change§) of

the cell reaction at 2&.
Solution: (i) Free energy change# )
The cell reaction requires 2 faradays of elecyrifor its completion i.e., n=2
Now A& =-nFE
= -2x96500 C maix0.06753 volts
=-130332.9 joule (as volt x coulomb=joule)
=-130.33 KJ
(i) Enthalpy change:

The e.m.f. of the cell is given by

AH 8E
E=—Tp+ Tl

In this case, the e.m.f. decreases with increasengberature i.e.gfjpis negative. Thus(z—f)p =

0.6915v— 067 53w
= 5K )
= -0.00065vK at atmospheric pressure
. 0.6753V =———=—— + 298 (-0.00065VK)
2xF6500C mol™—
=-167717 joule
=-167.72 KJ

(iif) Entropy change:

_ A5 = A6T2E
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—130.33 —{—-167.72

296K

=0.1238 KIJ K
=123.8KJ
10.5.1 Electromotive force and equilibrium constanof a cell reaction:
Suppose the reaction occurring in a reversiblasespresented by the general equation.
A+B =C+D
The decrease in free energyi- accompanying the process is given by the well know
thermodynamic equation.

—AG=—AG-RTINQ o, (5)

Where—2G° is the decrease in free energy accompanying tie gaocess when all the

reactants and products are in their standard stditasit activity and Q stands for the reaction
guotient of the activities of the products and lué teactants at any given state of the reaction,

that is

Q= (aap)/ (anae)

If E is the emf of the cell in volts and the calhction involves the passage of n faradays, iFe., n

coulombs, the electrical energy produced by thei€al FE volt coulombs i.e., joules.

So  nFE=—AG’-RTINQ ...l (6)

From van't Hoff's isotherm we know

—A6%= -RTINK i (7)

Where K is equilibrium constant for the reactionbStituting in equation (6)
We get-

NFE=RTINK-RTINQ  ............. (8)
substituting the value of Q we get,

NFE=RTINK-RTIn(&ap)/aaas) ... (9)
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RT RT
or E=—I__Eﬂf'f— —

In (acap)/ands
_ 2303RT

i

2 sc-:-.;g-r log ( c.:c;) ........ (10)

el i

il

logK —

Knowing the emf of the cell, temperature of thel cehction and the concentration of
reactants and products of the cell reaction wecadeculate the equilibrium constant of the cell

reaction.

10.6 POLARIZATION

In a cell at equilibrium, for each ionic speciese trate of electron transfer across an
electrode in the cathodic direction is exactly hakd by an equal rate of electron transfer in the

anodic direction, so that the current densityurri@nt per unit area) is
Ic=1a=lo
The equilibrium difference in electric potentialdstermined by this condition. When an

electrochemical cell is operating under non-eqiiilm conditions § = i, and these is net current

density i=j-i5. The electric potential difference between thenteals of the cell departs.

In a voltic cell electric energy is produced ae tbost of chemical reactions. From
thermodynamics considerations we know that the anoti electrical energy produced under
reversible conditions is equal to the free energgrelase. But if the electrode processes are
irreversible, the electrical energy output willlees than the decrease in free energy; a portion of

the free energy will be dissipated as heat.

The opposite non-spontaneous process, namely ltmical reaction at the cost of
electric energy, can be affected by passing etistrinder a suitable applied potential through a
cell where the same chemical transformation coatain This is electrolysis and would increase
the free energy. Under reversible conditions, tiee nergy changes, though opposite in sign,
would be equal in magnitude in the two oppositagfarmations.

But in most of our practical applications, whicte generally rapid, the condition of
reversibility are not observed. The energy requii@aarry out the chemical reaction is that

necessary for the thermodynamically reversible ghgrlus an extra amount to compensate for
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the irreversibility. It is thus easily realized thander irreversible conditions, the applied
potential needed for electrolysis would be grettan the reversible e.m.f. of the corresponding
voltaic cell. The extra voltage required over tiedretical value for electrolysis is called
polarization voltage, this phenomenon is known atanration and the cell is said to be
polarized.

From the equilibrium valug? = E, the e.m.f. If the cell is converting chemical &e
into electrical energya@ = E. If the cell is using an extra source of elecemergy to carry out a
chemical reactionA® = E. The actual value od® depends on the current density | at the

electrodes. The differences,

AD, — ADQ.,=n is called polarization.

10.7 OVER VOLTAGE OR OVER POTENTIAL

In an electrolytic cell the discharge of an iontba cathode would occur at the standard
half-cell reaction potential as indicated in ta®ld. Thus the Hions will discharge at the
cathode at £0.00V. It has been experimentally found to be Iyemue using platinum black
(i.e., finally divided platinum) as the cathode.wwver with other metal electrodes, for example,
mercury and zinc, the voltage needed for the digghaf H ions (evolution of H) is
considerably higher than 0.00V. This differencewssn the observed voltage (E) and the

standard half-reaction voltage%Hs called the hydrogen over voltage.

Over voltage of an electrochemical reaction magéfeed as the difference between the
potential of an electrode, (a) at which the reactgactually taking place and another electrode,

(b) which is at equilibrium potential for the saneaction.

With platinum and lead electrodes we require aeturof 1.7 and 2.2 volt respectively
for the electrolysis of k80, against a theoretical value of 2.3 volt. Thisxplained by the fact
that the passage of small current is accompanied t®yative large polarisation which depends
on the nature of electrode. So over voltage mag hés defined as the diference between the
potential of an electrode when gas evolution isi@tt observed and the theoretical reversible

value for the same solution.
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10.7.1 Hydrogen overvoltage:

At a platinised platinum electrode; lis liberated practically at the reversibly hydroge
potential of the solution. With other electrodesnare negative potential is required to secure its
liberation. The hydrogen overvoltage may be defiagdthe difference between the potential of
an electrode at which hydrogen gas is actuallywaddbnd the potential of reversible hydrogen
electrode with reference to the same solution.

Over voltage is a polarization potential assodatgth the process occurring at the
electrode surface. This effect is particularly imtpat when the product of electrolysis is a
gaseous one. An irreversibility is introduced ie fhrocess at the electrode due to slowness at
some stage. Usually two or three stages are indoinethe discharge of the product on the
electrode. First the ions are deposited on thdrelde and neutralized; the neutral atoms are then
deposited or rendered into molecules, if polyatorard finally the molecules escape if gases in
the form of bubbles. The liberation of hydrogerited smooth Pt-cathode can be explained as

follows:
The steps associated with ldvolution are
(@QH+e = H atom
(b) 2H = H, (adsorbed)
(c) Hx(adsorbed= H, gas

The processes at (a) and (c) are quite rapid aegkthquilibria are easily attained. But for the
process at (b), the formation of hydrogen moleéiden atomic hydrogen is a slow process and
consequent equilibrium is only arrived at with wiffity. For given H ion concentration in the
solution, the electrode potential will be deterniy H™ ion concentration and hence by atomic
hydrogen on the electrode. The atomic hydrogen exutnation is again dependent on gaseous
hydrogen molecules. As equilibrium (b) is not réadittained, the electrode cannot act as
reversible H- electrode. Because of the slowness of the rea2ttb—> H, a relatively high
concentration of atomic hydrogen on the electrgdeecessary before the rate of reaction 2#H

H, would equal the rate at which™ kbns are discharged by process (a). This highemanation

of atomic hydrogen is much greater than requirecdpyilibrium envisaged in process (a). The

result is that due to high concentration of atommjdrogen, and hence*Hons, the electrode
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potential is much greater than that of the revéeditydrogen electrode. This excess of e.m.f. is
the overvoltage of hydrogen on that electrodehdfélectrode be such which catalyze the process
(b), i.e., the hydrogen atom are catalyzed to féigrmolecules then the overvoltage can be
considerably reduced. In fact if platinized platimbe used the overvoltage is practically absent.

The overvoltage at cathode or anode depends doltbeing:

() The nature and physical state of the electrode @yepl
(i) The physical state of the substance depositetlidfa metal, overvoltage is usually small
but for a gas the overvoltage is higher.

(i) The current density employed and the tempegatu

The values for hydrogen overvoltage on some meatadisted in table 10.1. In general
the additional potential, over and above the ebelerpotential, this is needed to secure the

evolution of the gas.

Cathode Overvoltage
Mercury 0.78V
Zinc 0.70V
Copper 0.23V
Silver 0.15Vv
Platinum black 0.00Vv

Table 10.1 Hydrogen over voltage on some metal catties in dilute SO,

10.8 CONCENTRATION CELL WITH AND WITHOUT
TRANSPORT

10.8.1 Concentration cells:

In the case of galvanic cells, the electrical epesigses from the chemical reactions

which take place in the cells. There is anotheegaty of cells in which e.m.f. arises not due to
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chemical reaction but due to transfer of mattemfrane half-cell to other because of difference

in the concentration of the species involved. Trasecalled concentration cells.
Concentration cells are of two types:

1. Electrode-concentration cells and

2. Electrolyte-concentration cells.
10.8.2 Electrode concentration cells:

In these cells, two like electrodes at differenha@ntrations are dipping in the same
solution. Two hydrogen electrodes at unequal gasspre immersed in the same solution of

hydrogen ions constitute an electrode-concentratsin
This may be represented as follows:
Pt; H (po)/solution of H ions, say, HCI/H (p,); Pt
The reactions occurring are:

Right hand electrode: 2H-2¢€ = H> (p.) (reduction)
Left hand electrode  Hpy) =2H+2e (oxidation)
Overall reaction (o)) = H, (p2)
This reaction is evidently independent of the @miation of electrolyte.
10.8.3 Electrolyte concentration cells:

In these cells, the two electrodes of the samelmetadipping in solutions of metal ions
at different concentrations. Hence concentratioh roay be defined as “a cell in which emf
arises as a result of different concentrationshef $ame electrolyte in the component of half

cells”. One such cell is represented below fig 10.2
Ag/Ag” (IM) || (0.1M) Ad/Ag

A typical concentration cell is shown in fig 10I2consists of two silver electrodes, one
immersed in 0.1M silver nitrate solution and thbestin 1M solution of same electrolyte. The

two solutions are in contact through a membranea(salt bridge). When the electrodes are
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connected by a wire, it is found experimentallyttakectrons flow from the electrode in more

dilute solution (0.1M) to that in the more concaigd (1M) solution.

T ///JJ—:I“’
e O
T M—;;’J

\ R
I ==
| =
Aq
= A
Ag — B3 " 5= Rl cathode
anode = 0.1M Ag : 1M Ag =
= =
= i =
1
i
I
0.1MNOZ | 1M NO73
N\ | L/
X
-

——  Porous membrang

Fig 10.2 A concentration cell

The reactions occurring are

Right hand electrode Ad0.1M) +¢€é =  Ag(s) (Reduction)
Left hand electrode Ag(s) = Ag (1M) +€e
Overall reaction is Ag(0.1M) = Ag’ (1M)

Thus in a bid to equalise concentration of Aans in the two compartments the cell will

develop e.m.f. to cause transfer of electrons. &xadly, the solutions in two compartments will

have equal Agion concentration and there will be no e.m.f. rded.

10.8.4 Types of concentration cells:

Electrolyte-concentration cells in which solutiook the same electrolyte of different

concentration are used are of two types. In orteetypes, the two electrolytic solutions are not

in direct contact with each other and the tranefdons from one solution to the other does not

take place directly. These are called concentratalls without transference. The two solutions

are separated from each other by means of a sdfjebor by any other means. In the second

type, the two solutions are in direct contact watith other. The transference of ions from one
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solution to the other takes place directly. Sucliscare called concentration cells with

transference.

10.8.5 Concentration cell without transference:

When two concentration cells in which two soluticea® separated from each other
through a salt bridge we get concentration celhaut transference. Some other means may also
be employed to keep the solutions apart and bringhe transference of ions indirectly.

Let us consider a simple electrochemical cell sagh

Pt, H (g), HCI(a)/AgCI(s), Ag

Let the activity of H ions in the solution be Ta and that of Clions (8). Since reduction
takes place on the right hand electrode and oxidatn the left hand electrode. The two half-cell

reactions will be as follows:
Reduction half-cell reaction:

AgCl + e = Cl(a) 1+Ag(s) ....... 10.1

Oxidation half reaction

Y Hy(Q) =  H@)ui+e . 10.2

The net reaction taking place in the cell for oaeaflay of electricity is obtained by
adding equations (10.1) and (10.2). Thus

Y% H, (g) + AgCI(s) = H*(a+)+Cl(@)+Ag(s) ... 10.3

Now consider the same cell with difference thatabevity of HCI solution is nowa
Pt, K (9), HCI(8)/AgCI(s), Ag

The net reaction by passing one faraday of elettudgll be now as follows:

% H,(g) +AgCl(s) = H'(@),+Cl@),+AgCl ... 10.4

Now consider the situation when the two cells anenected to each other in such a way
that they send current in opposite direction. Thus:

Pt, H (g), HCI (a), AgCI(s), Ag/ Ag, AgCI(s), HCI(g), Hx(g) Pt

1 atm 1 atm
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The overall reaction of the combined cell for tlasgage of one faraday of electricity will
be obtained by subtracting equation (10.4) froma¢iga (10.3) i.e.,

H'@)+ Cl(a), =  H@)+Cl(a)y ... 10.5

Thus, for the flow of one faraday of electricitiietoverall reaction is the transfer of one
mole of each of Hand Clions or one mole of HCI from solution of activiyto that of activity
a. Since the two solutions are not in direct-contath each other, it is concentration cell

without transference.

(a2

. RT
Hence emf of such a cell would be given Qy,E=— In

a1

10.8.6 Concentration cell with transference:

Let us consider a concentration cell formed by loming two hydrogen electrodes in
contact with HCI solution of different concentrat® The two solutions are in contact with each

other, as shown:

Pt, i (9), HCI (a) /HCI (&), H2(9), Pt

1 atm 1 atm
H = CI

The reaction on the left involves oxidation andtoa right involves reduction.

The following changes are involved for the passafgme faraday of electricity:
Faraday of electricity:
Left hand electricity:

Y2 H () = H @)+ ... 10.6

Right hand electrode:

H (a)+e = Yol () 0 10.7
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Thus H ions are generated at the left hand electrodecandumed at the right hand
electrode as the current flows. Since the solutamesin direct contact with each other, the ions
are free to move from one solution to the othernmvharrent flows through the cell. In this case,
evidently, H moves from the solution on the left hand sidehtat bn the right hand side. Since
anions move in direction opposite to that in wheeltions move, Clions migrate from right to

left, as shown in the cell above.

Knowing the activity of the uni-univalent electytd, the emf of the cell can be calculated

as,

RT Qo
Evvt: t_— Iln-2
F o,

This equation is used for calculating activity of @ectrolyte at a given concentration from the

experimental value of &£ One of the solutions used should be known agtivit

10.9 LIQUID JUNCTION POTENTIAL

In chemical cells of the type,

Zn /ZnSQ soln / CuS@soln / Cu,

Zn /ZnSQ soln /0.1NKCI/HCIx(s)/ Hg,
Cd /CdSQ soln / Fé*-Fe** (Pt), etc

Two different solutions are in contact. There indlé® a junction of the two solutions
from the two half-cells. The ions present on eitkide of the junction have a tendency to diffuse
into the other side. The speeds of the differens iof the two electrolytes, even those of cations
and anions of the same electrolyte, are diffefEmé result is that the faster ion moves across the
boundary ahead of the slower. So one side of tlhwdeary becomes positively charged and the
other negatively. That is, an electrical doublectayg formed at the junction of the two liquids.
The attraction between the two opposite chargegepte any appreciable separation of anions
from cations. At the junction of two electrolytdsete exists a potential difference, called liquid

junction potential ¢ ). Its magnitude depends upon the relative vaetxcibf migration of ions.

Even if the same electrolyte be present in the hati-cells at different concentrations, the

junction potential will arise due to differencetire speeds of anions and cations.
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10.10 APPLICATION OF CONCENTRATION CELLS:

The e.m.f. measurement finds a number of applicati®ome of these applications are

given below:
10.10.1 Determination of transport number:

The e.m.f. of a concentration cell with transfeeems represented by, in which the

end electrodes are reversible with respect to aisogiven by the equation.
Evi=t(RT/F)In(ala))  .oovvieneenns 10.8

The e.m.f. of the same cell with the same solubiohwithout transference, denoted by is
given by
Ewvot=RT/F In(a/a;)) .............. 10.9

Thus the, ratio of the e.m.f of the two concemracells, one with transference and one
without transference, gives transport number ofahmn, if the electrode are reversible with

respect to the cation.

If the electrodes are reversible with respech® dnion, then the ratio of the two e.m.f.

will give the transport number of the cation of tHectrolyte.
10.10.2 Determination of solubility of sparingly stuble salts:

The ionic concentration of a solution can be caltad from the e.m.f. of a concentration
cell. In case of a sparingly soluble salt, the sait be supposed to be completely ionized even in

saturated solution. Hence the ionic concentrasgoroportional to the solubility of the salt.
Suppose we want to find the solubility of silvétaride.

This can be done by measuring the e.m.f., E otétle
Ag / AgNGO; (N/100) || saturated AgCl / Ag

The e.m.f. of the cell at 28s given by the relation

0.0591
£= logC,/C,
7
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Here, n, the valence of Adon is 1 and the concentration of A N/100 AgNQ solution is

0.01 gm ion per liter.

20551 .01
log—

C,

Hence E =

From this expression, the concentration of AQCfm ions per liter can be calculated.
Multiplying this by 143.5, the molecular weight A§CI, we get the solubility of silver chloride

in gms per liter.
10.10.3 Determination of valence of ions:

Valence of ion can be determined from e.m.f. meament. The valence of mercurous
ion was in doubt for a long time. It was finallyt&slished by determining the emf of a

concentration cell of the type given below:

Mercury, mercurous nitrate solution (C1) || Mewmwus nitrate solution ({YMercury.
The salt bridge represented by the two verticaédirtonnecting the two solutions contains

saturated solution of ammonium nitrate.

The e.m.f. of the cell, E assuming the activitgfficients to be equal to unity is given by

the expression
E= (RT/nF) In (g/cy)

Where n is the valence of mercous ion anis greater than;c

_ 0.0551 ¢

Thus, E=—"log= (at 28C)

It was found that when ALC; =10, the emf was 0.0295 volt. Therefore, the \@aleof

mercurous ion is 2 and it should be representédists.

10.10.4 Determination of activity coefficient oélectrolytes:

Activity coefficient of electrolytes can be detened by e.m.f. measurements. Suppose
we want to determine the activity coefficient ofdngchloric acid. Consider a cell without liquid
junction containing HCI. The two electrodes areckosen that one is reversible with respect to

the cation of the electrolyte (in this casé,ibh) and other is reversible with respect to thioa
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(i.e., Cl'ion). Evidently, the first electrode is hydrogdaatrode and the other can be the silver-
chloride electrode. Accordingly, the cell arrangeiris as follows:

Pt; H, (g) (Latm) / HCI (m) / AgClI (s), Ag(s)
Where m is the molality of HCI solution.
The cell reaction is

YaH (9) + AgCI(s) =  Ag(s) +H'(m)+CI(m)
Then e.m.f. of the cell at 26 is given by

E= E-0.0591 lodiag+ac-) / (ag )™ .o 10.10

Because the activity of Ag(s), AgCI(s) and ¢fhs at one atmosphere pressure is taken as unity.

E=F-0.0591 log 8'aci = eeeerienin, 10.11
As we know
ai'+ar = (a)’ = Gm)’ = (y.)°m’

Where(y. and m are the mean ionic activity coefficient &mel molality of HCI

Respectively. Hence from equation 10.11 we get

E=E>-0.0591 logr.*m* ... 10.12

E=E’-0.0591 logy.*-0.1182logm ... 10.13
Rearranging,

E+0.1182 log m =£0.1182 logy. ... 10.14

The two unknown Eand;;: in equation (10.14) can be determined by meas#M§ of

the cell over various concentrations of HCI, inghgddilute concentrations. At in finite dilution,

m=0 gives B as the y intercept. Knowing the value df he mean ionic activity coefficient.

of HCI at any other concentration can be determifredn emf data of the cell at that

concentration.

UTTARAKHAND OPEN UNIVERSITY Page 253



PHYSICAL CHEMISTRY-II BSCCH-203

10.11 SUMMARY

In this unit you have studied various aspectsevkrsible cells and irreversible cells,
determination of e.m.f. of cells, polarization oveoltage, liquid junction potential and

concentration cells with and without transport.

The applications of e.m.f. measurement has bescribed in detail, namely the valence
of ions, determination of solubility of sparinglglable salt, activity coefficients and some other

uses.

10.12 TERMINAL QUESTIONS:

A. Multiple choice/Objective type questions:
Q.1 Inthe reaction:

Zn (s) + 2HCl———»  ZnGkH; (9)

(a) Zinc is oxidized (b) the oxidation number ofarine remains unchanged

(c) The oxidation number of hydrogen changes frdmotO (d) All are correct
Q.2 The site of oxidation in an electrochemical ise
(a) The cathode (b) the anode (c) the electrode (d) the salt bridge

Q.3 Electrolytic cells are electrochemical cetisvhich ............. reactions are forced to occur

by the input of electrical energy.

(@) Sponteneous (b) non-sponteneous (dhewnic (d) endothermic

B. Short answers type questions:
Q.4 Write a note on liquid junction potential.
Q.5 What are concentration cells?

Q.6  Write a note on over voltage.
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C. Long answer type questions:
Q.7 (a) whatare reversible and irreversible @dHew e.m.f. of a cell is determined?
(b)  Write a note on liquid junction potet®idlow it is eliminated.

Q.8 (a) Discuss the functioning of concentrati@fl avith transport and concentration cell

with transport.

(b)  Describe applications of e.m.f. measwasis.

10.13 ANSWERS

1. (d) 2. (b)3. (b)
Source of study material

Essential of physical chemistry by Bahl, Bahl andi.T
Principles of physical chemistry By Puri, Sharmd &athania.
Physical chemistry By P.C. Rakshit.

P w0 NP

Physical chemistry By Atkins.
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