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PREFACE

necessary.

In part-A dealing with physical Chemistry, it is attempted to explain the important aspects of
thermodynamics, Electrochemis » Chemical Kinetics, Surface Chemistry and Phase Rule. It is hoped
that this part will help the student to acquire the necessarry knowledge in these areas,

In part-B delaing with Inorganic Chemistry efforts are made to describe the necessary aspects of
the topics on crystal structure, Chemistry of d-block elements and general principles of metallurgy. These

- topics will enable the students to understand the salient features of the crystal structure, properties and’

the metallurgy of metals with special reference 1o transition metals,

lsart-C (Blocks 9-13 separate book)} dealing with Ofganic Chemistry expalins chemistry of
Nitrogen compounds, Alicyclic and Hetorocycilic compounds; Carbohydrates-to the needed extent. The

- organic functional group analysis included at the end gives the student some knowledgf: to identify

functional groups of carbon compounds.

The University hopes that this course material will help the stadent to gei acquainted with fairly

advanced aspects of chemistry,
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1.1 AIMS AND OBJECTIVES

In .th'i.s anit y_o'u\lca.rn about the first law of Ihermédyhamics, its various statemnts and how it is useful in
deriving relations between observable properties of gases. ' -

- Once you complete the reading and understnading of various aspects of this unit, you mast be able to:
.+ Exl?lain the first law of thermodynamics expressed in a mamber of ways, |

) Realise that a new function enthiphy. H is introduced, H = E+PV _
. Define heat capacities of gases veits equations and describe isothermal an adiabatic processes.
. Relais? Lﬁat maxim um work is obtained in the rullerssible i_sothermal_ expansion of a gas.

¢ . Find out the.difference between real and ideal gases,

—

* Relawe ma[h_efnatically the change in internal encrgy to the heat absorbed and work done by the
: eQuaLion.'A E=Q-w. . o : :

12, INTRODUCTION

Although the name thermodynamics suggests thatitdetas Ve -t therelation betweeen heat and mechanical
energy (work) , it is concerned with the mierconvers:on of ail i, rms f energy. Thelaws of thermodynam-
Jcs are based on experience and developed without a4, reforerce to the structure of atom or molecules 3




!

or mechanism of their intcraction. They are uscful in obtaining many important relationships, in defining
equilibrium and in predicting the direction of a reaction. Before we proceed with the proper study of the
subject, it is necessary o define the meaning of some Lerms which are used frequently in (hermodynamics.

13 SYSTEM

In thermodynamic discussion we often speak of a system and consider the changes taking place in it. Any
collection of material or apparatus which is required for a particular experiment or probiem can
be called a system. The nature of the system thus depends upon the nature of the problem. Any portion
of the objective world which is the subject of investigation is a system, the rest is surrounding. For our
purposea vessel in whicha reaction or aprocess takes placeis a system, the water bath in which itis placed
is its surroundings. The system together with its surroundings is called an isolated system. We say that
the state of a system is completely defined when all its measurable propertics are knOwn. For example,
the state of a gas is determined by its pressure, volume, temperature and mass (the number of moles).

However the state of a gas s

completely defined il any three of these four variables are known sinice the

fourth one is fixed by the equation of stale for an idcal gas PV =1 RT,.

14 WORK

Work is the product of the
=force x distance. To liftan

distance a body is moved and the force acting in that direction. Work
object verticalty some work has to be done, This is equal to height 'h' through

which the object has been moved, multiplied by the force applicd 1o do the work. The force is the force
of gravity because it1s agians the force of gravity that work has (o be done. This is equal to mg where
m is the mass of the objectand g the acceleration due to gravity. Hence the work done is equal 1o mgh.
The unit of work is the amount of work done whera force of one dyne moves ifs point of application
through a distance of one cenlimeter,

Work done in th eexpansion of a gas

Consider a gas enclosed in a

¢ylinder by means of a piston. When the gas expands (say when itis heated)

it has to push the piston upwards. It does work. Suppose the pistion moves through a distance 1cm. Work

done =Fx_1 where F is the

force against which the gas has expanded. .

1
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Fig: 1.1 Work done in the expansion of a gas




'Fis the external force acting on the gas. Here it is the weight of the piston. The above

expression can also be writion Ex Ax1  where A is the area of cross section of the piston
A -

-f: is the force per unit area, thercfore it must signify pressure P, Al has the dimentions of
- viume, V. '
Here it corresponds to the increase in volume of the gas. If the mmal volume is V and finat volumc V.,
this increase is equal to (V,-V,) Alis thereofe equal to V-V, .Substituting these, the cxpressmn for work
_ 'bccomes .

W=P(V,V)-P.AV .

(the symbol A delta, denotes change in the value of the property followmg it In this present caseil dcnotcs
volame chuange) :

~ Hence work of expanions is equal to the increase in volume multiplied by the pressure against which the.
gas expands :

Let us calculatc the work done when 2 gas expandmg against a constanl pressure of one atmosphere
increases its volume by one ere : :

Hcm AV=1 htre and P =1 atmosphere.

W =P, AV =1 atmosphere x 1 litre.
To calcutate the work done in ergs we must cxp.rcss pre_ssurc and volum¢ in C.G.S. units.

Fatmnosphere = 1.013 x 10° dyness em? (= 76 x 13.6 x 981)

1 litre = 1000 = 1(P cm?®
Work = 1.013 x 10° dyne cm? x 107 cm®

- =1.013 x 10’ dyne em, = 1.013 x 10° erg.

This is equal to 1.013 x 10 joules since 1.0 x 107 ergs = 1 joule. . ' -
In calorie;s, since 4 184 joules = 1 calorie work done is equal to

1.013 x 10% joules x 1 calorie - = 24.21 calories

4.184 joules

The conversion factors are given below:

litre atmosphere _ erg o calorie

1 1.013 x 10° 24.21
9871 x 101 1 2.39x 10*
- 4.13x 102 4.184 x 100 1




15 ENERGY

Energy is any property that ¢an be produced from or converted into work. Hence energy has the same units
as work. g - '

You are familiar with two kinds of energy - Kinetic energy and potential encrgy. Kinetic energy is the
encrgy possesscd by bodies in motion. Forexample, the kinctic energy of an object of mass m and moving
with a velocity vis 1/2 mv2. Itis the work donc to increasc the velocity of an object of mass m from zero
tov. Theenergy possessed by objects in virtue oftheir posilion iscalled potential encrgy. Its value depends
upon the force responsible for keeping it in that position. When an object of mass m is lifted through a
height h its potential encrgy increascs by mgh which is the work done in the lifting.

1.6 HEAT, TEMPERATURE AND ZEROTH LAW OF
THERMODYNAMICS

From the dcfi_nit_i()n of energy given above, heat must also be regarded as form of energy since it can be
converted into work {expansion of gascs } and work can be converted into heat (compression of gases)
Our sense of touch can distinguish between different degrees of hotness and coldness qualitatively. This
is relative because warm walcr may feel hot to acold handand cold 10 a warm hand. However one can
establish an order between two objects, cither A is warmer than B,A > B or vice versa. From our experience
we can also put a numbcer of objects in sequence such Lhat when A > B and B>C it follows that A > C, that
is A is hotter than C, When two o'bjccts A and B of different degrees of hotness are brought into thermal
contact, heat may flow from one another unlil themal equirtibriam is established. Now it is a fact of
expericnce that if twoobjects;:Aand B are in thermal equilibrium separately witha third body, they (A& B)
must be in thermal equitibrium with cach other. This is regarded as the zeroth law of thermodynamics,
a belated addition (1931) to the exisling laws of thermodynamics. Though too obvious to be stated asa
" law it is not. This statemcnt cannot be applicd to any type of cquilibrium, For example ammonia and
hydrogen chloride gas may be separetely in chemical equilibrium wiht nitrogen but they are not in .
equilibrium with cach other. K :

The zeroth law, may be representcd mathematically by introducing a scalar quantity {(some numerical
value) to each substance which is measure of its degree of hotness. This may be the emperature. Hotter
objects may be represented by larger values of temperature and colder objects smaller. The fact that Ais
warmer than B can now be represented by the mathematical incquality T, > T.5. The introduction of
emperature is a direct consequence of zeroth law. Any two substances in thermal equilibrium are
characterised by the same vlaue of T. We can choose a reference substance in which the degree of hotness
canbe expressed in terms of a scale of temperature, so that any substance which is in thermat equilibrium
with it has the same temperature. Such a refcrnece substance is a thermomcter. -

- Ina thermometer some property of the thermometric substance, may be correlated with temperature, Since
~ the volumes of liquids and gascs change appreciably with temperature, thigis a convenient property. Gases
are idcal for this purpose becausc the behaviour-of different gases isalike over a range of tlemperatures,
particularly at low pressures, strictly the product PV is measured at different pressures and extrapolated
i zero pressure, This extrapolated value is then directly proportional 1o the absolute emperature, The
triple point of water, {(where water, ice and water vapour are in equilibrium} is taken as 273.16 K (Oc) and
the lemperature T of any subsiance is given in terms of the PV product of the gas extrapolated 1o zero
pressure as that temperature T. ' o '

Limit (PV)
P> 0O
Limit (PV) Triple point
P->0

T=273.16 x




1.7 SPECIFIC HEAT AND HEAT CAPACITY

The unit of heat is the calorie. It is the heat required to raisc the temperature of one gram of water by one
degree in the range 14 to 15°c. The temperature is specified (as 14 to 15°¢) since the heat required depends
#pon femperature,

Water is a peculiar liquid which requires a large amount of heat to increase its temperaturc. For other

- Substances it is much less. The number of calorics of heat required 1o raise temperature of 1g of the
substance by 1° i3 called its specific heat.-Values of specilic heat in calories per gram for some metals
are lead 0.031, Copper 0.093, Iron 0.1 1, Aluminium 0.215,

’

substance. For gases it is convenient to take the unit mass as one mole ipstead of one gram. The heat -
required to increase the temperature of one mole of gas by 1° is called the molar heat capacity and is
represenied by the symbol C. Since the volume of a gas changes significantly on heating, gases have two
-different specific heats measured urider diff, erent conditions-constant volurne, constant pressure, These
are C, and C respectively. o

18 MECHANICAL EQUIVALENCE OF HEAT

Fhe first law of thermodynamics is based on ascries of experiments carried out by James P, Joule during
1840-1850, The object of these experiments was toestablish the exact equivalence between work andheat, -
1o show that a given amount of work always produces the same amount of heat: With this object in view

* Joule performed a number of experiments in which ‘work is converied into heat, The most important ‘of
these is his famous paddle wheel experiment. In this he causcd fzil']ing weights to drive a series of paddles
whic'_h in ium stirred vigorously water in i vessel. He found that water became warmer showing that the

Fig: 1.2. Joule's paddie ivl_xqel apparatus

Other methods of conversion of work into heat used by him were clectrical '_heating, compreésion of gases

~ and forcing of liquids through fine holes: In all these experiments the heat produced was measrued by
finding the rise in temperature of a knowii weightof _walef. Inevery case he found that cach calorie of heat _ .
produced comesponds to the disappearence of 4.18 X 10" crgs of work. This is called mechanical - 7




equivalent of heat. Thug he was able to establish that "a given amount of work no matier whial its origin
always produces the same amount of heat". This must be regardedasa prefiminary formulation ol the figst
law of thermodynamics.

1.9 LAW OF CONSERVATION OF ENERGY

If work and heat are regarded as two different forms of energy, their equivalence can be extended to
“include all forms of energy and Joule's stalements may he developed into a wider generalization. This was
done by Helmholtz who siated the first law of ther-modynamics as follows.

"Although 'cné,rgy maybe convf_;rlcd from one form into another itcannotbe created or destroyed"™. Inother
words, "Whenever aquantity ofonc kind of energy disappears anexactly equivalentamonutof some other
kind must be produced”. '

These statcments are referred o as the law of conservation of encrgy. No direct proof can be given for
the first law in the sense that no reason.can ve given why.energy must be conscrved in a process. The law
. isbased purely © aexperience- the expericnce that no one has been able to produce encrgy oui of nothing
or produce more encrgy from a given quantity of work than is requiried to producc back the work.
If this were possible then it is easy 10 sce {hat a perpetual motion machine (a machine that can produce
more cnergy than is required torun it) canbe constructed. In our cxperience nobody has been able to show
that such a construction is theoretically possible. This is the rcason why we believe in the validity of the
first law of themodynamics. Our inability to violaie the law forms another statement. o
It is impossible to construct a machine which could produce work continuously without supplying an
equivalent amount of ernergy to it from some other sourec.” i

1.10 INTERNAL ENERGY OF SYSTEM AND THE FIRST LAW.

Every system has some cnergy contained init. It is called its imernal cnergy and represented by the symbol

E.This energy is a function of the state of the system and is independent of its previous history (thatis how
the system  has been hrought 10 that state), Let us suppose a sysiem in a particular state rc_prcsente'd by
a set of vatues of pressure, volume and temperature (P, V, and T, }is changed to another staie of values
(P,V,and T,). Ifthe internal energy is a function of swate then change in its internal energy due to this,
change of state mustbe independent of the path by which this change is bronght about. Otherwisc the first
jaw of themodynamcis would be violated. Of the numerous paths availabie for this change, let us select
two paths T & 1T (sce figure 1.3) Let the Increase in intornal encrgy inthe path 1A be E, and in the second

path A E,. Law of conservation of energy requircs thata  E,; =4 E,

el 4

P

Fig 1-3 Change in internal energy




To prove this let us suppose A E >A E,.. If the system is taken by path I the increase inencrgy is A
E,. If it is brought back to starting point in path If there will be a decrease in encrgy A E . The net change
in energy in this cycle would be equal to A E, -A E. Atthe end of the cycle the sysiem i3 in its initial
state with a gain in its energy equal 10 A E -A E,. Since the pressure, volume and temperature are
the same as before, it implies that energy has been created. If the cycle is repeated a number of times,
enormous amounts of energy can be produced which can be used to run a perpetual machine, Since our
gxperience shows that eaergy cannot be ceated, A E, cannot be greater than A E . In the same way it can-
be shown that DE, cannot be less than.A E;. Hence A E mustbeequal 10 A E,.and therefore the change
in energy is independent of path by which the change is brought about. These conclusions are stated in
the form of another statement of the first law. -

() The change in internal energy of system depends only on t_he initial and final states of the system
‘and not on path by which the change is bronght above. : :
A E=E, - E

Final Initiai.

(i)} Inacyclic process there is no change in the internal cnergy of the system. This can be cxpressed

as follows,
ZAE=00r§dE=0

A—>B
B> A
‘Such a property is called a state function. Internal energy of a system is a state fucntion.
We have not sa far tried to analyse the nature of this internal cnergy. It consists of the kinetic energy of
the moving particles within the system and: the poteatial energy arising out of the forces of attraclion

between them, Thermodynamics does not recognize them as we are not interested in the absolute value
of internal energy. We are interested only in changes in internal energy. . ;

For our present discussion we can consider two ways.in which the internal energy of a sysicm can change
- (i} by absorbing heat from the surroundings or giving out heat to it (ii) by doing any extemal work or when

any work is done on it. Heat absorbed by the system is taken as positive and the heat escaping from the

system as negative. When a system performs work (as in the expansion of a gas) 'W' istaken as negative.

This convention about work'is not a happy one, because one would expect work done on the system as

positive in the same way as heatentering a system is termed pasitive-such a change in convention has becn

suggested by IUPAC and some authors are already adopting it. However we have for various reasons
. decided to retain (he older convention of treating the work done by the system as positive.

Mathematical'expressibn of the first law

Consider what happens when Q calories of heat is supplicd 1o a gas enclosed in a cylinder by means of a
piston. Part of the heat may increase the internal energy of the gas A E, and part of it may cause the gas-
expand and do some work "W' by pushing the Ppiston upwards. Since the energy has to be conserved in
every change, we writt Q= AE +Wor A E=Q-W.Change in internal energy A E isthe algebraic
sum of the heat absorbed Q and Work done (W) . This is the mathematical epxression of the first law of
thermodynamics. : ' :

1.11 'Q' AND 'W' ARE NOT STATE FUNCTIONS

In.the above equation, E alone is a state funciton: the value of AE depends only on the initial and finat
 states and not on the path by which the change is brought aboul. Though the compositie quantity Q-W
1s always constant in a given change, the individnal properities Q and W are not functions for state. For
a given change in state their values depend upon the manner in which the change is brought about. For :
example the amount of work a system has to perform depends upon the opposition the system experiences. -~
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. becomes.

- This equation takes different forms depending upon the cond_itioné-of exp;cﬁmem.

Consider the work done in the e'x'paﬁs_ien ofa gas.. 1tis given by the cxﬁrcs’sion P_x AVwhere AV
is th ehcange in volume and P_ is préssue against whch the gas expands. Thus for the same change in.
volume work done by the gas depends upon the Opposing pressurc, )

Lei the initial state ofa gas be represented by 5 aimosphercs pressure and 2 litres volume and final state
2 atmospheres pressures and 5 lires volume There are many ways in which this change can be brought

_ about and the work done will be different in cach path. The gas may expand into an evacuated vessel until
 its final volume is five litres. In this expansion the gas docs not meet with any resistnace. P, is equal

t0 zero. Hence work done is zero. Below wc give 1wo specific paths by which the change is brought about
where the work done is different as shown by the shaded arcas.

Inthe path L. the gas is first allowed 1o cxpand againsta constant prcssufc of 5 aimospheres until its volume
is 5 litres. The pressure may be kept constant by continusty supplying heat to the gas. '

Fig L4 The work done in different paths '

In this change work done by the gasis equatioP, AV =SX(5-2)= 15 litres aunoéphe_rc. Nextkeeping
the volume constant at 5 litres the gas is allowed o cool unti the pressure drops to 2 atmospheres. Nowork
is done in this stage as the volumc is constant, Nextithe gas is allowed 10 expand agiansta consiant pressure

. of 2atmospheres until the volumeis 5 lires. Here againt he pressure is maintaincd constant by continuous -

supply of heat. The work done in this operation is 2 x (5-2) = 6. Thus in the change from state A to state
B by the path II the total work done is that obtained in the second operation namely 2 X (5-2) =6 lie

- atmospheres, Thus for the same change of state (A — B) the wrok done in the two paths is different..

Therefore we conclude that work is not a state funciion. In the expression A V= Q-W A Eis afixed .
quantity for a given change of state. If W changes with the-path fotiowed , Q must also change. Hence Q
is also not a state function, _ : - '

1.12 APPLICATION OF THE FIRST LAW TO GASES

© When the system is a gas we may assume no work done other than that involving change in volume
{(AV) : : : R . :

W=P_(V, - V,): VandV,are the initial and final volames of the gas. Iif V, > V, there

_ is expansion and the work is done by the gas and W is positive. If V, < V, there is compression of the

gas and work is done on the gas. W is negative, Substiluting the viauc of work, the first law equation

Q=AE+P_ AV

S

1.12.1 Constnat volume - . _ _

1f the volume of the gas is kept constant say by locking the piston in place by a screw' no work is possible

asAV=0andhence P, AV =0.0n introducing this condition the cquation bccomes ' '
Q,= AE. o




* This means that all the heat absorbed goes tq increase the internal energy of the gas. The subscript V
denotes condition of constant volume. : L

1.12.2 Constant pressure’

If the gas absorbs heat under contant pressure the vﬁlumc can change hence
Q,=AE+P; AV
=E, -E + P.-(V2 -V)
=(E, + PV,)- (E, +PV)

Thus the heat absorbed at constant pressure is equal to the increasc in the value of the composite (uantity
E +PVin going from the initial state to the final statc.

1t has been found cbnvc.n ient (o define a new quantity by the relation

H=E+PV
Hiscalled the enthalpy or heat content of the system. Since E,P & V are state functions H is also a state
function. ' _ '

AH=H, “H= E, +P, Yz) -(E,+P V)
At constant pféésurc

AH=E,+PV)-E+PV) Q -

Thus the heat absorbed at constant pressure goes 1o increase the enthalpy of a gas.

Heat capacities of gases C,and C, ‘

we can now define the heat capacitics of gases in terms of A Eand A H. C, 1s the molar heat capacity
‘of agasat constant volume. When one mole of agas is heated at conslant volume fromT, 10 T, the heat
- absorbed will be equal to C, (T,- T,,=C, AT. Thismeans Q, = C, AT, But heatabsorbed at constant

volume Q, has been shown 10 be cqual 1o~ AE. Hence ' :

AE=CATorCy=2E
AT

For an infinitestimal chnage - G, =(§T% -

In the same way the heat absorbed to merease the temperature of one mole of _atg_as at constant pressure -

from T, 10T, is C (T,-T) or Ca T where C, is the molar heat capacity of a gas at constant pressure.

Qe=CyA T SinceQp=4 H, we have
A H=Cpa TandC, =4 H

AT
For infinitesimal change in temperature Cp = (ﬁ) 5

. These two equations may beused (o find A Eand A H fora gas when it is heated under constant pressure
or constant volume. : S

1
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T T | :
AH=] dH=J cAT=G1-T)
. Tl ait .

) Ty T2 . .
,AE=J_ dE=| CAT=G{:-T)

. n N

In writing these equations it has been assumed that C_ and C, do not chnage with temperature which is
true for only small ranges of temperature C, and C, for an ideal gas. ’ '
C,-C, for an ideal gas

H=E+PV: - 1y
dH _dE 4BY) ) |
dT dT dT _
For an ideal gas PV =RT.
: M= g@: R —(3)
- daT dT
Substituting the results in (3) into (2), we have
gH-dE R - (4)

dT dT .
But Cp 4" g, =0E
. dT dT
Sub‘stituting these results in (4), We have
Co =G+ R
CyrCv=R _ '

Two more Testrictions can be applied to the first law equation besides these of constant volume and
constant pressure. o '

1.12.3 Isothermal processes

These are processes laking place atconstant temperature. The vessel containing the gas isképtin aconstant
emperature both or a thermostat which contains a thermoregulator Lo maintian the tempe‘ralurc-conétant_
atany desired value. Ordinarily a large reservoir of water may be taken as a constant iemperature bath,
When the temperature is constant the intcrnal energy ol a gas cannot change (AE); =0 because all forms
of energy are dependent on temperature in some way or other. Therefore under isothermal conditions

_ Q = AE+W becomes Q=W. Whena gas does work (say by expansion) under isothermal condidons,

the conservation law requires that an equivalent amount of heat be absorbed from the surrounding (here
the thermostat). ' _ .

Check your progress 1.

What do you mean by an isothermat p_roccss‘?




L12.4 Adiabatic processes . N
If a process is allowed to take place in such a way that heat can neither enter the system nor Icave i, the
process is said to be an adiabatic process. Thus in an adiabatic process there is no exchange of heat with
- the surroundings (Q = Q). This can be realised by allowing the process io 1ake placina vessel whose walls
are made of perfect thermal insulating material. However materials which are hundred per cent tiérmal -
insulators do not exist, we can only make a process as nearly adiabalic as possible. A vacuum flask ora
thermos bottle is a suitable container for an adiabatic process. Often a process taking place very rapidly
may be considered-adiabatic because in such rapid changes there is no sufficient time for heat exchange
1o take place with the surroundings. : o - o
~ In an adiabatic process since Q = O the first law equaion beocmes O= A E+W =-A E
When a gas does work by adiabatic expansion, work is done at the expense of internal energy of the gas
- which decreascs. Hence in an adiabatic expansion the gas cools. On the other hand when a gas is
“compressed adiabatically, work is donc on the gas (considered negative). Hence 10 keep the term on the
right hand negative in the above euqaiton A E must be positive. Internal energy of Lhe gas increases and
so does the lemperature. In an adiabatic compression therefore a £as WARmS up. :

Problem 1 -

A gas absorbs 150 calories of heat and expands against a constant pressure of one aimosphere nntil its
volume increases from 10 litres to 15 liters. Calculate the chan #¢ in the internal energy of the gas in this -
PIoCess. ' :

Heat absorbed Q = 150 calories _
Work done, W =1 atm. x (15 - 10} litres = 5 litre atmospheres

5x24.2cal, )
— = 121.05 cal.

I et atm. _ :
~ AEQ-W=150-121.05cal. = 2895 cal.

Problem 2 | o

What ‘is" the work done when one mole of water is converted into steam at 1 atm. pressure and 100%¢?

Work done is the product of exicrnal resistance (pressure) and the increase is volume. When water is
converted into steam, it pushes the atmosphere above it and does work.. Neglecting the volume of water
converled - info sicam, the increase in volume may be taken as the volume of stearm, produced by the
evaporation of one mole watcer, Volume of steam at 100° and 1 o

373 degrees
. 273 degrecs _
- W=P x AV =lam.x 30.6}it mole =30.6kit. atm. molc~ 74038 cals

aimosphere = 22.4 1 mole ' x this is equal 10 30.6 1itrés mole !

Alternatively .
If it is assumed that sleam behaves as an ideal gas P x vol of sieam = RT _
Therefore W = RT = 00821 lit aum. deg ' mole i x 373 degrees =30.62Jitatm mole

' _ 24.21 cal
30.621it. any. miole ™ = 30.62xmolet x ——— -
. _ 1lit = atm
Thus we find that the work done in this process depends only on the temperature and nothing clse. -

=740.8 cal

Problem 3

calculate the change in internal cnergy in the above process. In the process of conversion of one mole of

walcr inlo steam at its boiling point, heat necessary is the latem heat of vaporisation per mole. Sincc the 13
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. Problem 4

latent heat 6f vaporisation per gram of water is equal to 540 cals, its molar lalent heat = 18.02 x 340 =
9730 cals. mole - work done has been shown to be 740.8 cals. '

- AE=Q-W=9730 - 740.8 = 8989.2 cals.

Two litres of an ideal of gas at O° and 4 alm pressure is expanded isothermally against a constant pressure

of 1 atm, Until the pressure of the gasisaiso 1 atm. what are the valuesof W,AE, AandQ fdr_this_ Process.
Since it is an iso'thctmal processAE=0  Hence Q= \
W = external pressurc x change in volume. )

Initial volume is two litres at 4 atm. Final volume can be obtained from

PV, =PV, 4am x2 littes = 1 aim x V, lives. V, =8 litres.

W= Ix(8-2)=06.lit atm = 6 x 24. 21 = 145.26 cal
A H= AE+ (PV). At-constamjtcmp'crature

PV = constant - A (PV) = 0. Since A E=0,

AH=+0=0

113 MAXIMUM WORK DONE IN THE EXPANSION OF A GAS

For an infinitesimal (infinitely small) increase in volume the work done by the gas.is P d v, Here P18
the external pressurc agianst which the gas expands. For a finitc change in volume from V oV the work:
: s

done is oblained by 'mtcgratin g the above expression between these two Hmits :
X : W =Pex pexdv-

¥l

If the external prcsSurc is constant throughout the expansion, F__can be taken out of the integral, otherwise
it should be-expressed as a funciion of volume of the gas. Thus for constant pressuee.

v
W= P-“J’ dv =P (V2- V1)

Ail

The value of the intcgral is given by shaded arca in the figueé 1.3

. For a given change in the volume, the work dépends upon the opposing pressurc. Higher the pressure

gregter would be Lhe work done for the same change in volume. When a gas expands into an evacuated
vessel the opposing pressurc is P_ =0. Henceno work at all is donc by the gas which mecans with no
opposition during expansion. As the 0pposing pressurc is increased from zero morc and more work has
to be done as the pressure approaches the pressure of the gas itself, Once Lhis pressure is reached there
cannot be any change in its volume as the driving pressure {of the gas) becomes equal o the opposing
pressure. Further increase in oppesing pressure will cause the gas to contract in volume and work is done
on the gas instcad of by the gas. For cxpansion (o occur at ail, it 15 necessary that the opposing pressure
is less than the driving pressure of the gas. From what has been said above, it is obvious that maximam
work canbe obtained when the opposing pressure differs from the pressurc of the gas by as smalla quantity
as possible. P-should be (p-dp) where P is the prossurc of the gas. The volume of the gas then increascs

_ by an infi-nitcsimat amount dv, o that W ={P-dp) dv ~ Pdv, since the productdp.dv (of two infinitesimal

quantitics) is negligibly small.
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Fig: 1.5 mimimum work

To obtain maximum work in a given expansion, atevery stage of the expansion theexternal pressure must -
be adjusted to differ from the pressure of the-gas by an inlinilesimal amount. Such an expansion is called
- a reversible expansion, Reversible because at an ¥ stage the expansion can be reversed by altcring the
opposing  pressure only 'sl;'ghlly. A reversible process is one in which the driving forces differ only
infinitesimally from the opposing forces. Every stage is only infinitesimal ly uway from equilibrium which
can be restored from either side by infinitesimal change. Ofcourse in actual processes suchacondition can
never berealised because it is impossibic to haveamachine whose paris are complotely frictionless. Hence )
opposing force can never be adjusted to differ only infiniicsimally from the driving forces. Although
maximum work in the e;xpansion of a gas cannot be realised in practice, it is of considerable theorctical
importance to find its value. : '

* Wehave seen that for an infnitcsimal change in volume the maximum work obtained is Pdv, where P is
the pressure of the gas. In areversible expansion from volumc the work done is given by the sum ol infinite
. steps dv. The sum 'is given by the integral v2 _
pdv
S V1 |
Here P is the pressurc of the gas which changes continuously. Hence it is expressed as a funclion

nRT
v

of its volume. For an ideal gas P =

. ¥2 .
Hence W = [ LRT 4y For an isothermal process T is constant
V .
vl

v2

dv = nRT In V2

W becomes =nRT§ L
' : ' v Vi

¥

In common logarithing Wene: = 2,303 nRT log Y2

[ ) Vi ) . .
he value of the iniegrall § - Pdv - is obviously given by the area
Dr. BRAE)fJ J !

Acc. Not |, cm-0513 - 15
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under the curve whenPis plotted agianst V. Since Pis the pressure of the gas tself the curve isahyperbola
as requricd by Boyle's law (see figure 1.6). In natural processes the opposing forces are small compared
to the driving forces. They are irreversibe processes because equilibrium cannot be restored by
infinitesimal change in the réverse direction. Maximusm work can never be obtained in such processes.

b

S

i

Fig: 1.6 P-V Curve - Hyperbola

Let us consider how ihe work is done in the irrevesible cxpansion'bf a specific gas. This differs from that
in reversible cxpansion in change in volume. -

PxaV=1x 10-2) N 8 litre atmosphers
=% x 24.21 =193.68 calorics

Fig: 1.7 The gas at requried pressure

(from say 2 litres to 10 Jitres) of one mole of a gas. Suppose 2 litres of a gas is orginally under a pressure
of § atmospheres. This can be arranged by placing appropriate weights on piston as shown in the figarel.7

In one instance of an irriversible cxpansion, let the weights be removed in one step. The pressure on the
gas suddenty drops leone atmospherc. The gas expands against thisexterndl pressureof 1atmosphere until
its own pressurc becomes cqual Lo one atmospherc and the volume ofcourse (o 10 litres, The changes are
indicated in the figure 1.8. The work donc is given by the area udner the figure. '




Fig: 1.8 change in volue at constant pressure.

In the reversible expansion the pressure infinitclyshow form 5 almospheres to one atmosphere when the
volume changes from 2 litres to 10 litres. Maximum work is obtained. - ’

This is given by the expression Wmax  =2.303 n RT Iog%i. At 25" ¢ this
R 1

value would be = 2.303 x 1 x1.987 x 298 x log 120_'-:2.303 x 1.987 x 298 % 0.6990
= 953.2 calories which is much higher than the work done in an irreversible process.

- Since in an isothermal process P, Vi = PV, or %0: E—T
. : i 2

Shbstit_ut..ing_- this in equation
AW =Q-E (First Law) (1) .
Wehave W= - AE (2)

114 ADIABATIC PROCESSES IN ANIDEAL GAS
Since in an adiabatic process Q = 0.

Substituting the value A E=nCy T and W = P_ AV whichisthe only work assumed fora gas, in equation.

{2) wehave
P, AV=-nC AT : €Y
For an infinitesimal change |
" P,.dv = CvdT @

For rcveri:;blc_ expansion of a gas P, = wherc P is the presussure of the gas. Then

Pdv = - 1 Cv. dT For an ideal gas P =£%T~ ' G

- nRL gy =-nCv.dT .
v

- eliminating “n’ and rcarranging - o 6) 17




Rxldgv=-Lldr : M

Integrating between the limits V, at temperature T, and V, at temperature T,

Substituting (8) in {7)

We have & Lagv=-Lat 9)
Cv ¥V T

o (Gt er= ot

{v-1)-8¥=.1 4T 10
(+1)- =1 (10)

Tz'

Lt - (1)
T

Va 1 -
(1) f Lgv=-
1Y
. T
(r-In¥2=TnL mT (2
) Vl_ T2 Tz
Taking antilogs on both sides - -

V=T . (13)
(V; T2

The above expression relates the temperature change with volume change in an adiabatic expansion.

For an ideal gas we have another set of relations

Ty PV _
T, PpV2 . -
Vol wre PV (14

 Substituting this in 13 we get (.._}
) AV PV

orP,V, V=P,V V1
Py Vi =PiV] - (15)

and P, V,=nRT, from which we get

In geﬁcral Pv = constant in an adiabatic expansion of a gas

ie P2 _ y.l_)f
P V2

Iuis interesting to compare Lhis pressure change with that in an isother_rﬁa] expansion for the same volume
change V, to V;. For an isothermal expagsion, since the lemperature is constant the relation PV, = T,V,

holds
. P, v,
and hence P, = v,

Since y>1and in cxpzin'sio_n Va >V1

.\il_)v! =V [For exam 10{2-2 2-]
(Vz A’ P 3}:‘ 3

Therefore gl adiabatic is loss than (.2_2-) “isothermal
i ! '
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If the initial pressure s the same in the twa expansions (P final) adiabatic < (P final) isothermal,
This means that for the same-volume change, there is greater fall in pressure inan adiabatic expansion lhan

in an'isothermal expansion, 4s seenin the figure 1.9. The greaterfall in pressure.in an adiabatic cxpansmn
mduetothefactthatthere lsadcm'eaﬂem lemperaturc as welk. :

e

Fig. 1.9 Change in pressur in. isdt'he'r'mal and adiabatic expansions
1 = Isothermal -
1= Adiabatic’

Problem 5. 0.5 mole of a monatomic gas [Cv =3 R) is confined in a vessel of volume

onelitre under a pressure of 10 atmospheres. It is expandcd teversibly undcr adiabatic condmons unul

‘& pressure of one atmosphere is reached, Whatare the final volume and Lcmpcrmure‘? What is the work
done in the expansion? S : .

In an adiabatic reversible expansion

PIV{=P2V} ¥ =% for a mono awm'ic gds

10x (I)sA=1x (V5 . (v,)a_ 100r Vo= (10)35= 3.98 lit. '_
~ Final pressure P, = 1 aim and final volume V2 =3.981it.

Fmal temperaturc Tz= PaVa___ .~ _1amx308lit —9695K
: o nR - 0.5 x0.0821 lit. arm deg-imole-1
Initial temperature Ty = PV 10x1 —pa36 degrees K

nR  05x00821
Work done= - AE=-nCv. A T=-05x3 (96.96- 243.6) = 21946 cals.

- -Check your progress- 2

" What do you mean by an adiabatic process?
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By applying the first law, relationships are derived between the -Obscrvablc--propcniés'-of gaves under

isothermal and adiabatic conditions. Heat ¢apacitics of gascs are éxpressed in thermodynamic equations.
Thermodynamic criterian of a perfect gas is, its internal energy should not chnage with the change of
volume af constant (cmperature. An atiempthas besn_madc in this the unit to stady the behavious of real

gases by the application of Jéule-Thomson experiment.

1.18 MODEL EXAMINATION QUESTIONS

I Answer the following in 10 lines.

1. The equation Q= AE +P A V represcnis the first law of ther modynamicS.Whal form would it
assumes under (a) constant volume (b} constant pressurc {¢) isothermal conditions (d) adiabatic

conditions?
2. Definc the term reversible process ;md_ give onc cxample {other than expansion of gases) |
3. Derive an c_:xpréssio_n for Lhc.work do_né in an isomcr.hﬁl. rcv.f.;rs ible. .éﬁpz;nsi.on of agas |
4, Expl ian .why a.gas Becomes warmer inan adiaﬁﬁlic cOnnpfcssiun and.co.olcr in adiabal.i;: é*ﬁansion.
5. Give the l.hcrmodynamicé gritc.rion of a | p.cr.fcct gas.. | H .
1
1 - Answer the foliowing in 30 lines. .

1. - Give the different forms in which-the.f irst law ol thermodynamics can be cxressed. Explain (heir
signilicance. Do you consider evolution of energy in nuclcar [ission a violation of the first law?

2. Describe the experiment for Joule-Thomson cffect. Why do some gascs show warming in Joule-
Thomson expansion. Explain how cooling inJ oule-Thotmson effect usefuFin the liquefaction of

gAsCs.

I Solve the following Proﬁlems.

1. In the expansion of 2 gas against COnStant pressurc ofatmosphercs, ils volume increases by 5 litres.

Calculate the work done.in this. process in the following units (i) litre atmospheres (ii) ergs (i)
calories. ' : - .

2. When one molc of zing is dissolved in dilute HCl at 25.¢, the hydrp_gén £as évolved_ pushcs the
atmosphere above it. Calculate the work done in this process.

3. .. Find the amount of hcat’ necessary 10 heat 5g of Argon {rom (rto 25°¢ at constant voipme_ and

at constant pressure (Molar heat capacity C, of a gas = 3 cals/molc’, degree)

4. One mole of an ideal gas {C, = 5 cal mole? degree? ) at S.T.P. is heated to twice its initial
* temperature. Calculate AEand AHin this process. (1365 cals, 1911 cals) .

5. One mole ofan idcal gas expands rcvcrsi"bly al constant lelhperaturc (° ¢ from 2 atmosphere
pressurc to one atmosphere. Calculate W, AE and Q in this change.

6. Calculate the minimum work that must be done at 25" ¢ Tt on 2 moles of CO to compress it from

a volume of 20 litres 10 a volume 1.0 titre. (Hint: Minimum work is done in isothermal reversible
compression). -




In a reversible isothermal expansion one mole of an ideal gas increases its volume from Y, 1010

- ¥, and does 5000 calories of work, If the initial pressure was 50 atmospheres calculate V. (1.79

liters) ™

One mole of CH, at 200°c and 10 atm. expanded adiabatically and reversibly until its temperature
was0°c, Assuming an average value of 7.5 cal mole™! degree? for Cv of msethanc in this lemperalure
range, calculaie the work' done by methane and its final pressure. { 0.725 atm) SR

The volume of one mole of an ideal gas of monatomic initially at 2 atm and 25% (V=1221)is
doubled by (a) isothermal expansion (b) adiabalic expansion. I both are reversible, ealeulate the
final pressure, Q,W, and A E in each case. LT

-L19

MODEL ANSWERS TO CHECK YOUR PROGRESS

Any change brought about on a gascous.system at constant tem p,crat_ure'is_.cgl_lcd' .ari_ isothermal
process. Here Q =W, : : .

Here Q = 0. Heat neither enters nor loaves the syslems,

Any change brought about on a gas using is iternal cncrgy On_l.j}’_i.s called as adiaﬁéuc PIOCCSS.

S o o '_}&uthor:Sri J. Joga Rao




24

UNIT - 2 THERMOCHEMISTRY
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21 AIMS AND OBJECTIVES
In this unit you wiil learn aboul the heat changes accompanying chemical reactions and the
application of the law of conscrvation of cnergy 1o such changes.
Once you compleic the reading and anderstanding of different aspects of thermochemistry, you
must be able to:

. differcntiate exothermic and endothermic reactions

. handle the thermochemical equations

. calculate the heats of roaction, heats ef formation and heats of combustion by the application of
Hess's faw '

e calculate heats of solution and heats of neutralisation

e calculate the heals of reaction at diflcrent iemperalures

. calcalate heats of reaction from bond energics

2.2 INTRODUCTION

There are several reacilons which are accom paincd by the evolution of hieat like Lhe burning of wood, coal
and kerosene, action of alkali metals on walcr, reaction between acids and bases. On the other hand there
are also some reactions which ak cplace only when heat is continuously supplied to them as in the
formation ol nitic oxide from nitroten and vxygen, or carbonilisuiphide [rom carbon and sulphur. These
reactions take place only in the clectric lurnace. Such heat changes follow the law of conscrvation of
energy according to which the total encrgy of a system belore a ceaction must be equal Lo its energy after




- the reaction has taken place. Now, different substances possess different amounts of energy and it is

unlikely that the energy content of the reaciants be equal  10.the energy content of the products. Fhis
djffex_‘ence_in énergy is accounted for as the heat change accompanying the chemical Feacion. |

2.3 . EXOTHERMIC AND ENDOTHERMIC REACTI_ONS

Consider a general of the tlypeA +B=C+D

Let the internal energies of reactants be E, En “producis be E, and E, respectively. then if E o tEy >
E. + E, tosatisfy the first law of themodynamics some energy must appear along with the producis so
that E, + E; =E. + E, + Q. Here Q is the heat evolved in the reaction. From the above equations
" wemay write, : ' '
(Ec+Ep)-{Ea +Es) =-QorAE=-0Q
- AE (deha E) is the change in the itnernal energy in the reaction (Internal énergy of the products minus
Internal energy of the reactants). The negative sign for Q indicates that there is a decrease in the internal
encrgy in the reaction. We may also write the reaction as A + B = C + D+qQ.

Such a reattion which is accompained by the evolution of heat is called an exotherimic reaction. An
example of such a reaction is the formation of copper sulphide {rom its clements,

Cu+S= CuS + 11,600 Calories

The above reaction states that in the formation of copper sulphide from its elemuns, copper and sulphur
11,600 calories of heat is liberated. The energetics of the reaction may be writlen as

Eu+Es= Eos+ 11,600 cals.

The internal energy of copper sulphide is less than the internal energy of copper and Sulphur put logether,
- This difference appearsas the heat of reaction, '

Ecus - (Eeo + Eo=- 11,600 cals.
AE = - 11,600 cals
By convention, the heat of reaction is shown separately from the reaction

Cu+S$=CuS, AE=- 11,600 cals.

Exothermic reactions are very common. Some ¢xamples are;
C+02=CO0s, A E = - 94,050 cals.
K +§c11_ =KCl AE=- 93,500 Cals.
CaCh+6H0=Ca CL#6HyO, AE=-22, 500 Cals.

In all the above reacitons, the internal energy of the products is less than that of the reactants. Now we
will consider reactions in which the interfial cnergy of thie produicis is greater than that of the reactiofs,

If in the general reaction considered before E, +E >E + E, then for the reaction (o take place, heat must
be continuousty supplied so that energy balances according 1o the equation,
Ea+Ep+ Q=E.+Ep
Then (Ec +Ep) - (Ea +Eg) = QoraA E=Q
- ' 25
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2.4 THERMOCHEMICAL EQUATIONS e

In this resction Q the heat of reaction js positive becaise AE is positive. The mtcmal energy of the
products is greater than - that of the reactants and to make the reaction go towa ds the right, heal must

be continuously supplied. We say the reaction 1akes place with the absorption of heat. Reactions which

take place with the absorpuon of heat are. called endothermic tcactions. A very good cxample is the

formation of carbon disuiphide from its-clemtns. It 18 written _

S C.4 2.8+ 30, 600 calories =CS
In this reaction ECsz - (Bc+ 2 Es) = 30, 600 calories -
' o A E = 30.600 calories * ' :
- §o we write the formation of carbon disulphide reactionas =~ = - S
. o "C+'2_S'#CS'2;A'E-.'-30,-600 cals.
Two more examples of endothermic reactions are

Na+ 0=2NO; AE= 43, 200 cals.
24+ Hy =C Ho; A E'=54190cals,

“Equations whict also show the heat change ac'comt:imying chemical réactions arc called thermochemical
. equations. To be complete in évery Tespect they ‘shotild also indicate the state of the substances taking

part in the reaction. Whether they are sotid, Tiquid or gas and if solid the allotropic modification if any.
The equation should also indicate the temperatur¢ at which the measurcments were carried oul. Thusthe
formation of copper sulphide reaction is writenas ' .

“The symbol (g) is writien 10 indicate gaseous reactanits atid symbols (1 ) and {s) dfor Jiquids and solids

respectively. Usually where there is no ambiguity regarding the state of thie substance the symbol may be
dropped. The temperature indicatcs the lemperaturc at which reactants arc taken and that at which
products are obuained. ' B U

Again the amount of heat absorbed or evovied in ' reaction depends upon the condition'in which ihie
experimentis performed’ whether in aclosed vesselunder conditon of constant volumeor inanopen vessel
at the constant pressureof the atmosphere.

We have seen in previous unit that the heat absorbed or liberated at constant volume isequaltoA E and
that at constant pressure is equal to-A H the heat of reaction at constant pressure. The two are realted
by the equation obtained from the first Taw. ' ' ' S L

AH A E+ P AV

Here A V reprosents the difference betwecn the volume of products and the volume of reactants.
However if the reaction involves only solids and liquids, the hange in their volumc as a result of reaction
will be negligible. Hence Eand H will be ncarly cqual. On the other hand if the reaction invalves gascous
substances, either as rcactants or as products, then the volume change will be significant, cven in such
cases we may neglect the volume change produced in solids and liguids. For example in the reaction

Zn=H S0« (1) =Zn S04 (aq) + 2

Compared to the volame of hydpogcn 2as prgdu(;cd, {he volume of H, SO, used ﬁp'or sine dissolved will

benegligible. Hence V in the above reaction represents only the volume of gascous proudcts - volume of

gaseous reactamnts. .
AV =Ve(g) - Vi)

For gaseous reactants and products we may wrile the cquation of slate as -

PVyr =t RT and PVeo= e RT. -




Wherc . and n_are the number of moles of gaseous products and number of moles of g_asemis reaclants
respectively. o _ _ S
o TMmfomPAVﬁPWW-Vm}z(@-n}) RT =An.RT.
and therefore we 2t AH=AE+AnRT

This gives the rélation between heat of reaction at constant - pfeséure and that at conslant volume. A n

can easily be known from the thermochemical equation, .

Examples

i) Cgr)+2H:(g) = CH, (g)
- An=1-2 =1, :
i} CHe+ 20, = CO2 + 2H2 O (1)
. - An=1-3 =.2,

It is customary to refer all the heats of Teactions to constant pressure.
Example: Given thatat 25°C. AE = 16,548 cals for the reation

H,S(g)+1, (s =2HI(g) +$ (rhombic)
Calculate the heat of reaction af constant pressure

. AH=A E+AnRT .
AE =16548calsn=2,1=1,T=208 K. Substituting we get.
- AH =16, 548 + 1 x 1,987 x 298 = 17140 cals,

2.5 HESS LAW OF CONSTANT HEAT SUMMATION

Internal cnergy Eand enthalpy H of substances are functions of state whch meansA Eand A H for any
change insystem must depend upon the initial andfinal statesof the system and not on the manner in which
the change has been ‘brought about. These are the conclusions of (he first law of thermodynamics. For
reactions since A E andA H are the heats of riaction measured at constant. volume or constant pressure,
it follows that the heat of reaction must also depend apon the initial state (reactants) and final state
(products) and not on the methodby which it has been carried out. The truth of this was realised from
the beginning, and Hess, as the result of a numberofexperiments carried out by him, stated his findings
in the form of law. This has come to be known as Hess law of constani heat summation, 1t may be stated
as follows. The heat evolved or absorbed in agiven reactionmustalwaysbeconstant and idnependent
of the path by which it is carried out whether in onc step or several steps, That this law directly follows
from the law of comscrvation of energy can casily be scen. For suppose a reactant A could be converted
into B into B in two ways{i) dircctly in one sicp when sppose Q calories of heat is liberated (ii) through
an intermediate C ini two steps when Q +Q, calories of heat are liberated as shown below, '

o E" T
:
E—

Fig: 2.1 Different Paths 27
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Hess law requires that Q be equal lo Q, +Q,, If this is not o, the first law would be violated. Suppose

Q>Q,+ Q,), then A could be convcrted into B by path I when Q calories of heat is liberated, a_nd B

is converted into A by the path IT: The reverse reaction is endothermic reaction requiring absorption of
heat = Q, + Q,- Since Q calories of heat are liberated in path I and since Q > Q, + Q, only part of Qis

needed for the reverse reaction. Hence in the cycle of reaction theére is a net saving of Q - calories. This

cycle may be repeated continuously to produce a large amount of heat. Since at the end of every cycle
the reactant is produced, this amounts {0 producing energy from nothing. This is against the law of
conservation of energy according to which energy can neither be created nor destroyed. The same

conclusion can be arrived supposing Q> Q, + Q,. Therefore Q = Q, + Q,-

2.6 | INDIRECT CALCULATION OF HEATS OF REACTIONS

A direct consequence of Hess law is that thermochemical equation can be added and subtracted justas
algebraic equations. Taking advantage of this, we can combine thermochemical equations of those
reactions whose enthalpy changes are known to give a required thermochemical equation of are action
whose enthalpy change cannot be determined expermentally. There are 2 large number of reactions
whose heat change cannot be measure either because the reaction does not take place f0 completion or
more than one product resulis from the reaction. To such reactions Hess's law can applied for obtaining
their H values,

For example, the enthalpy change of the following reaction cannot be determined experimentally.
C+/,0,=CO. : '

This is because the reaction docs not stop with the formation of CO but if oxygen is present in CO, may
be formed.

C+0,=C0,

However carbon and carbon monoxide can be burnt separetaly in oxygen and the heat liberated in these

reactions can be determined (see under heat of combustion). The necessary thermochemical equations
are o

C +0,=C0, ; AH = - 94, 050 cals
CO+Y/, 0, =CO, , AH=-67,900 cals.

1f we subtract the second equation from the firstand rearrange we get C +/,0,=C0. AH of thisreaction -
is obtained by subtracting the AH of the second reaction from that of the first. '

-94,050 - (-67,900) =-26,150 cals.

Hence we may write C+'/, 0,=CO. AH=- 26,150 cals.

A second'example is the reaction between carbon monoxide and stcam. The heat change of the reaction
CO+H,0(g) -- CO,+ H,

cannot be determined experimentally as it does not take place to completion and only an equilibrinm
mixture containing all the four gases is obtained AH of this reaction can be obtained from the following
thermochemical reaction '

€O+/,0,=CO, : AH = 67,900 cals

H+/,0,= H, O (g) AH=-57,800




The second equation may be rewritten as

B, 0@ =H,+,0,; AH=1+57800 cals

adding. CO + 1/, 0,=CO0, ; AH = 67,900 cals

we get CO+ H, O ®=C0,+H,; - IO,IOdcaIs

More examples are given later,
The heat changes accempanying reactions are given different names depending upon the type of

2.7 HEAT OF FOR_MATION

The amount of heat absorbed or evolved in the formation of one mole of 4 compound from its
elements is called the heat of formation of the compound. '

C (graphite) + O, = CO, ; AH = - 94, 050 cals.
- C (sraphite) + 2H, = CH, ; AH = - 17,890 cals

The heat chan ges in these reactions are the heats of formation of the compoﬁnds formed in the respective
reactions. . ' ' o

However consider the thermochemical equations '
2H,+0,=2H, 0(1); = AH = - 136,600 cals,
and H,+ ClL=2HCI; AH = - 44, 120 cals,

In these equations the AH values do not give the heats of formation as in each case two moles of
compound are formed. The correct equations would be

H, + 4,0, = H, 0(1) ; = AH = -68.300 cals,
and '/, M, +1/,C, = HCI ; AH = - 22, 060 cals,
Check your progress -1

- What is heat of reaction 7
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The standard heats of formation of some compounds are given below. Try t© wiite their equations.

C (graphite) AH° cals
e ——]

Compound

Nitric Oxide (NQ) 21,600
Ammonia {NH,) _ -11,040
Hydrogen fluoride (HF} ' 64,200
Hydrogen jodide (HI) 8,660
Methane (CH,) -17,390
Ethane (C, Hg) o -20,230
_Ethylene (C, H) 12,500
Acetylene (C, H) o 54,190
Benzene (Cg H 48] 19,820
Ethyl atcohol C, Hy OH (1) -66,300

Two types of corhpounds an be recognized from the above table. Those which have positivé-AH values. _
These are compounds in the formation of which heat is absorbed. They are cailed endothermic

. compounds. Those in the formation of which heat is liberated and have negative AH are calied

exothermic compounds. The enthalpies of exothermic compounds are less than the enthalpies of the
clemtns from which they are formed. Likewise enthalpies of endathermic compounds are More than
those of their consituent elements. Thus if we consider CH, AHE= - 17.900 cals) and ethylene C, H,
AH = 12,500 cals) We observe that in the that in the enthapy scale methane woould be low the level of
the elements while cthylene would be above them. If the enthalpics of carbon and hydrocarbons would
be above them. If the enthalpies of carbon and hydrogen are taken as zer0, then the enthal{pies. it has
been found convenient o take the enthalpies of ali elements in their standard states as zero. With the help
of this convention and making use of the standard enthalpics of formation, one may calculate AH° of

~ any reaction. This would be given by the relatiorn.

LA (Products) -2 A HE (rectants)

Consider the reaction

4 NH, + 50, = ANO +6H,0 (g)

AHP° for this reaction would be

6 x AHP, (H;0 (8)) + 4 AHS, (NO)-4 AH® (NF,)-AF°(0))
6_x(‘5?.800) + 4 (+21600)-4(-1 1.040)-5x0

=-216, 240 cals.

-

_________,_________-_-—4——————-—-—
2.8 HEAT OF COMBUSTION :

) The heat of combustion of a compound is the amount of heat fiberated when one mole of the
compound is complelely burnt in 0Xygex. Such values are imporant for fuels and foods because heats

. of combustion values are a measure of the encrgy thatcanbe obtained from them. In the case of fueiand
foods they are referred. to as calorific values, '




water, the thermoch_emical equation ¢an easily be balanced.

C, H, O + 0,12C0, +1 IH,0; AH = 1348 9 K., cals.

Since the heats of combustion are very high, they are expressed in calories (K., calorie = 1000 calories)
A few more combustion reactions are

G, H; OH(1) +30,= 2C0;+ 3H,0(1); AH=326.7 K. cals,

Cs Hy (1) + 7'/, 6C0O,+ 3H,0(1); AH = 780.98 K. cals.

Determination of heat of eombustion

The bomb has tightly fitting screw cap which has a valve for admiyin & oxygen . Two metallic
Supports are connected to the lid. One-of them eontains aring into which can he placed a small stainjess
steeel crucible. A thin wire is connected to the supporis are connected (o the supporis and dips into the
sample in the cruciable, '

* A known weight of the sample is placed in the crucible and the iron wire adjusted to immerse in
it. The screw. cap is tightly fitted and oxygen is admitted into the bomb up to a pressure of 201025
atmospheres, - . ' '

[
1]
1

HIH

il
iy

i

ATy
i
Mg
.A.IJ‘;'“
(]
FIRIILA

i

T
fity
f
jf!l
-
"
Trovrrrpey
h

T TITY

|

il 1!
i'h

Jetihy

[
!

J




thin iron wire. Combustion takes place and the heat that is liberated causes the temperturc of water

surrounding the bomb {0 rise. This rise in :emperature t,-, is measured carefullly. W was th¥weight

of the water taken, then the heat taken upby wateris W (-t Jcalories, assuming the specific heatof water
to be one. 1f the mass of the bomb is m, and the specific heat of water material s,, then m, §, {t,-t,)- 18
the heat taken up by the bomb. In the same way the calorimeter also get heated and the heat absorbed
by itism, s, (t,-t,) Wherem, & s, are the weight of the calorimeter and specific heat respectively. Thus
when w gm of the substance is burnt ihe heat liberated causes the temperature of the bomb, water and
the calorimeter to tise. : :

Therefore the heat of combustion for w gm of substance is

w(t‘l-”l) +m, Sl("‘z'tx) + 10,5, (tz'tx).
={w+m, s+ mlsz(tz-g) '

=C(t'z't1) '

where C is a constant equal to the heat capacity of calorimeter, water and the bomb. All the quantities
m,,m,,s,,s,can be determined separately: Inthe laboratory Cisevaluated by making use ofacompound
with known heat of combustion. The standards that are commonly used are benzoic acid and napthalene.
The heats of combustions are expressed per mole. ‘ : -

Example

The molar.heat of combustion of benzoic acid (CH, COH) is 771.20 k. cals 0.61 g of benzoic
acid on complete combustion in a bomb calorimeter produced a rise in femperafre of 1.95°. What is
the total heat capacity of the calorimeter?

One- mole, i.e. 122 g of benzoic acid on complete combustion produces 771.200 calories. Then
0.61 '

produce 771,200 x . = 3856 cals,
122

This heat increases the temperature of calorimeter and contents by 1.95%, Therefore C x 1.95= 3856
calories where C is the total heat capacity of calorimeter. :

o G 38361972 calories
195

Heats of combustion of some organic compounds

Compeund _ Formula Heat of combustion in
' k. cals/mole

Methane {g) CH, 212.8
Ethane (g) CH, 372.8
Propane (g) CH, - 530.6
n-Butane (g) CH, 687.7
Ethylene (g) CH, 3372
Acetylene (g) CH,. 310.6
Benzene (1) - C Hy 781.2
Benzene (g) C, Hg 7872
Methanol (I} CH, OH 173.6
Ethanol (1) C,H,0H 426.8
Acetic acid (1) CH,COOH 2004
Giucose {s) C.,H, 0O 6730
Sucrose (s) C,H,0 1348.9

32 Napthalene (s) 10 Ha 1.228

' Benzoic acid (s} - CH,COOH 7714




Example

A Q.45 gm of sample of an organic compound burnt in the calorimeter in the above example causes
the temperature to nise {0 2.19° what is the heat of combustion in calories per gm of the compound ?

Heat capacity of calorimeter 1972 calories, .
. Heat liberated on burning 0.45 gm of compound = 1972x2.19 = 4318 cals,
Heat of combustion per gram = 4318/0.45 = 9595. 5 cals.
Asindicated cartier, hea( of combustion values are useful for fuel and foods, They are a meagure of
energy that can be obtained from them, Heat com bustion values of some Organic compounds are given

Heats of combustion values are important in another way. They can be used 1o determine the heats
. of formation of Otganic compounds, It is not possible to determine the heat of formation of compounds,
Ttisnotpossible to deternine the heat of formation of any organic compound in the laboratary but is heag
of combustion can easily be determined. Thig value together with the heats of combustion of carbon and

hydrogen can be used to estimate its heat of formation.

_For. examp.le the heat of formation of cth vt alcohol cannot be determined as the reaction

C (graphite) + ,0,+3 H,=C,H, Oﬁ )

cannot be realized experi.m.entally

Hﬁwever it its heat of combustion is knowna_s -326;7 k cais. This can be combined with the heat 6f _
combustion of graphite (-94.050; k cals) and hydr gen (-68.3k cals) to give the following thermochemi-
cal equations, - ‘ :
) C,H, OIH(I.) +302.= 2CO, + 3H(1); AH= - 326.7 keals.
() C (graphite) + 0, = CO, ; AH = - 94,05 kcals
{iii) H, (g) + 1,0, -- HO() ; AH=-683 keals. :

These equations muss be manipulated to get the reaction leading to the formation of ethy! alcohol i"_rdm_
its elements, . ' -

Reversing (i) we gt 2C0, + 3H,0 (1) = C,H,0H(1) + 30,; AH = 326.7
Muliiplying (iyby2,2¢C (gr) + 20,= 2C0O,: AH=-188.10
Multiplying (iii) by 3, 38, (g) + 32 0,=3H,0 (1) ; AH = -204.9

Adding the three 2 C(gr) + 1/20, +3H,=C, H, OH (1) ; AH = 66 3
we get the thermochemical equation for the formation of C, H, OH.

Example
Given the following heats of combustion
n-Butane ; AH = - 687.9 k cals.

C@Er;AH=9405K cals.
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H,; AH=- 68.3 k.cals.
Calculate tﬁc heat of formation of n-butane at 25°C.

| First we write the balanced thennochcmica‘l'equations
() C, H () + 6, 0,=4CO+ SH, O (1) AH, =.- 687.9 k cals.
(i) C (gr)+0,=C0, E AH, =-94.05 k cals.
(i) H,+120,=H0 AH, = -68.3 kcals

The above three .equations must suitably be manipulated (o givc' the thermochcmical equation for the
formation of butane

4C (g +SH,=C, H,(@;aH=?
This is done as follows.
Reverse cquation (i) 4 CO, + SH,O (1= C, H + 67, 02 ; AH=6879

Multiply (i) by 4, 4C(gr) + 40, = 4 CO;; AH = - 376:20
Mutitply (i) by S, 5 H,+ 5/20,= S H,0 L AH=-345

Simiplifying and adding 4 C(gr) + 5H, = CH.. : AH=-29.8 K. cal.

410 *

2.9. HEAT CHANGES IN SOLUTION

~ Itis known that the formation of a solution is accompanicd by a heat change, that is, heat is
absorbed or evotved . Thus when contpounds such as sodium hydroxide or sulphuric acid is dissolved
in water the resulting solution becomes Warims, thatis, heal is liberated, where as solutic resuliing from
dissolving ammonium chloride or ammonium nitrate in water becomes cool and the solation has 10
absorb heat to reach the room temperature again. The heat change produced when a mole of solution is
dissolved in solvent is called the heat of solution. The total heat change when one mole of a sofute is
dissolved in infinite quantity of solvent is called the integral heat of solutien,

- The integral heats of solution for various sdludon of H,80, of different molatities are given
below. '

| Moles of water/moles of S0, | 6 10 | 25 200 \ o

AW/ m 147 -16.2\ 17.5 L1813 | -23.0k cals-1 mol)
. 1

If the heatchangesare extrapolated Lo infinite dilution we getthe itegral heat of dilution. Thus 23 k cals.
is the total heat evolved when one mole of H,80, is dissolved in a very large quantity of water. This is
a solution to which furtheraddition of water produces nothermal change and isreferred Lo as the aqueous
solution of H, SO, and is writien H,80, (aq)- ' :

H; 50, (1) +aq= H,SO, (gq)-, AH=23.0%k. cals




When agueous solutions of two sary are mixed, there will be no heat éhange produced provided no
Teaction takes place, Thus when a dilyge solution of sodium chloride is mixed with a dilute solution of
polassium pitrate no heat change ig observed, ' '

KNO, (ag) + Nac} (aq) + Na NG, (ag) AH =0
This is because the Same ions are preseny in the resulting solution, No reaction has taken Place,
K* (ag) + NO, (aq) + Na+ (aq) + CI (aq) K* (aq) +CI+. (aq) Na* (ag) + NO3- (ag
If a chemical reaction takes p!acc., then the heat of reaction is not zerq,

NaCl(ag) + AgNO, (aq)= Ag 1 & NaNO, (ag) AH = O

It is seen that the et reaction Ag+ (ag) + CI- {ag) = Ag 1

KOH (aq) + HCI (aq) = Ky @)+ H, 0 (1) AH = -13.695 ¢y

KOH (aq) + HNO, (agq) = KNO, @q) + H,0 (1) AH = 13,670 cal
Na OH (ag) + HCI (aq) = Nyc) (a9) + H, 0 (1) AH = -13.6g0 cal

LiOH (ag) + HCI (ag) = Licy (@) + H, 0 (1) AR = -13.700 cal

This constancy in the value of heat of neutralization can casily be explained by the fonization theory.
Strong acids, strong bases and their salts afp c"{')mplctcly ionized in dilue solutions, Hence the sodium
1088, potassium 10n8, chloride ions and nitrage ions remain unchanged in the reaction,

For example (he equation for the ncutralization of HeY {aq) by NaoOH (aq) the ionic Feaclion can he
written as '

Na* (aq) + O4- (ag) + Cr (ag) = N+ (aQ) + Cl {aq) + HOom
In this reaction Na *and CI" remain unchanged. The only chemical reagtion taking place is therefore

OH (aq) + H* (ag)= H, 0 (I).
and the AH of this reaction IS - 13,610 cals

" Hence the value of heat neutralization ig consant AH = - 13.7 k cat

However thig constancy of heat of ney tralization is no¢ obscrved if the rcaction involves weak -
acid or a weak base 4as secn in the Cxamples below o o




N OH, (ag) + CH, COOH (aq) = CH, COO Na (aa) + H;05= AH =- 133,00

Na OH (aq) + HCN (aq) NaCN (aq) = H,0 (1) AH = - 2900

NH, + H,0 + HCl (a) = NHL 1 (aq) + H,0, = AH = - 1240

This means that in these reactions conbination betwecT the hydrogen and hydroxyl ions does not take
place to completion. This is so because a weak acid or a base is dissosiated to 3 very small extent in
solution. There are very few hydrogen ions in aceticacid solution and very few hydroxide ions in
ammonia solution. Neutralization involving weak acids and weak bases may be imagined 10 take place
with neutral molecules. E o

CH, COOH (ag) OH (aq) CH COO (aq) + HJQ 14y
" NH, (e} + HCI (aq) NH, + CL '
These reactions do not take place to completion, hence the heat evolved i8 less.

2.1L VARIAT[ON OF HEAT OF REACTION WwWITH TEMPERATURE. THE

KIRCHHOFFS, EQUATION

The heat of a reaction depends upoﬁ the temperature at which mesurcments are made, 1t varies
with temperature because the heat capacitics of the reactants and products are not the same, However,
for the applications of Hess ' law, it is nccessary to refer all AH values to the same temperature, For this

feason we must Know how the heat of a reaction varies with temperature. Such a relation was first
obtained by Kirchof f, This can be understood from a simple cycle.

We represent the reactants by the symbol A and the products by B. Suppose the A H value for

. the reaction A - B isknown at the teraperature T, and it is required to-find its valucat T, Westart

with the reactants at the temperature T,and convert them 1nto the products al the temperature T This
can be achieved by two paths as shown in the figure.

v, MmN
A B
1 I 1
Cp (A) \ o il cp®
] . 1 |
Path 1. ?1_ T Al . BT‘ Fig. 2.3 Kirchhoffs 1dess.

The reaction is allowed to takc'placc at T, when the fieat change A H, occurs. The prdducté Bat
temperature T, are heated to T,when the heat absorbed is €, ®B) (T,-T)- Here C, (B)isthe total heat
capacity of the products. : ' :

. Path 1L

The reactants A at T, are heated o T, when {he heat absorbed is Cp ) (T,- T)). The reaction
is allowed to take place at T,, when we oblain the products B at T, The heat change in this reaction is
AH, Since in both paths we started with the reaclants A at the temperature T, and obtained the products
B at the temperallfe T,, the total heat change in both paths must be equal

ie. AH+C, + BT, T)=C, (A) (T,- T+ AH,

S ~ from which we can obtain the relation
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TR G®-Gweac,
- Where A Cp =X Cp (Products) - & CP (reactants) .
Tﬁis eqﬁation is known as Kirchhoff's &quation.
Thp‘lé Is an alternate direcy Wway of obtaining this equation.

For the reaction A — B;AH= H;-H, for H, is thge total enthalpy of the products and H, total

enthalpy of reactants _
SAH=Hy-H, Difl_”eréntiaﬁng we get
dAH)  dHp gH, By definition 485 . ¢ (g,
- dT dT 4T : dT
' dHa '
, andA - A
__ wodtho g, (a)
" Hence 94 H) - . T
Hence _(T’I_‘___ G (B) - Co(A)and d A H) = G®)dT- G (A)dT
Integrating between the limits T, ang T, when A H valyes are
' AH andA H, :
aly g ™
f dAH_z[ Cp (B) dT - f Cp (A) dT
4aH) T Tl

AHz-AH, = Cp (B) [T, - T)) - Cp (A) [Tz-Ty]

from which we obtain the same equation as before,

AHz-Ale' R) - A
T =G ®)- G ()

In the integration jt has been assumeq that the Cp values do not chan'ge with temperature,

Example

For the reaction H, (g) +1, 0, ( HO(gaH=-5738 K Cals at 298 K

glailﬁglga}t&;pg]&aéqgat 373 K.CP (H,) and Cp (O,)are 6.5 cal degree mole! andlor H,0 Cp ) Cp is 7.5:

We make use of the Kirchhoff's equation

AH3?3-AH293=C Hz(')h Co (Ha) + 1o O
W P( ){p(?.)zp(Z}]

=75-(65+ -2]-)( 6.5)=-2.95

Atz =AHzs+ 75 x A Cp
=-57.800 +(-2.25)75= 57968 Cals,
Check your Progress .2 '

Why the heat of reaction changes with the variaj on of lemperature?

---------------
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2.12 CALCULATION OF HEATS OF REACTION FROM BOND ENERGIES

In this last section we will discuss an approximate method for calculating heat of reaction. This
bceomes necessary when Hess {aw cannot be applicd dueionon availability of necessary thermochemi-
cal reactions. The method involves (he usc & bond encrgics. Bond encrgy is the energy required to break
‘a bond and a separalc the atoms. For example the AH of the reaction. :

A-B=A(@+B®

is the energy of the bond A--B

For diatomic molecuics like N,, NG, HCl and O,, this quantity is merely the dissociation energy
of the molecules and can be obtained from experiments. However for bonds of the type C-H, N-H, O-
H etc only average values can be obtained. For example the tond encrgy for C-H cannot be determined
directly. But consider the reaction;

CH, () = C(g) + 4H (®)

Since this reaction involves the breaking of 4C - H bonds, onc may supposc thal one fourth the AH of

" this reaction gives the pond cnergy of a single C-H bond. This however gives only an average value

because, with the removal of each H atom, the remaining C-H bonds become weaker. . Hence AH for
the breaking of the f irst C-H bond in‘methanc will be highest and that for removal of the last hpdrogen
atom lowestl '

The cnthalpy change for the reaction

CH, = C(g) + 48-(8)
can be obtained a8 follows.

First the heat of formation o [ methane is calcutated from the thermochemical equation involving
combustion of methanc, hydrogen and carbon.

C (@) + 2H, (@) = CH, (@) 3 A H, = 1789K cal,
This cquation is reversed and combined with Lwo cquations

CH, () = C(gn) +2H, @) AH = - 17.89 k. cal.

Dissociation 2H, = 4H . AH = 20836 k. cals
of hydrogen

Sublimation C (gr) = C(® . Avi=1717 k.cals.
of graphiie '

Fﬁf/

Adding CH,(g) = C(gn) + 4H (g) : AH =39795% cal.

This is the energy required to break 4 C-H bonds. Hence the bond cnergy for one C-H is one fourth this
value, i.e. 99.49 k. cal. mole?.

I this way the valucs of the bond energics for a member of bonds have heen gbtained. Some of

them are given in the (able. The values in ihe 1able have been adjusted in such a way lobe - applicable
to largest numbcr of compounds.
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Bond energies in k. |cal mole,

alues the enthalpy change for a ny mber of reactions involvin g these bonds can
be calculated. In g chemicl reaction bonds are broken and new bonds are formed. Energy is absorbed
in the breaking of a bond, and energy is released when a new bond is formed. The net heat change in a
‘reaction is the algebraic sum of these However it should he remembered that this bond energy method
can be applied only for 8aseous reactions and only wher covalent bonds are involved,

Example (i)
Using the values of bond encrgies given calculate AH for the following reaction
CH,®+CL(g) CH,Cl(g)+HCl @

In this reaction one C-H bond and one ¢ -Cl bond are braken and one C-C! bond and H-CI bond are
formed. '

Energy required to break the bonds = 98457 = 155 k. cals.\mole!

Energy released in the formation of bonds = 76 + 102 = 178 k. cals. molet
Net energy released = 178 - 155 =23k. cals. mole!
Therefore AH = -23 k cals. '
Example (if)

Given the heat of formation of ethane ag AH, = -20.28 k. cals. calculate the C-C bond energy.
B, C-CH,» 2C(gr + 3H,AH =+20.323 k. cals.

combining this with

2Ce)  -2c@) AH=2x171.7 = 3434 k. cal,
3H,(®) -6H() AH =3 X 104.18 = 312.54 k. cal.
We have H,C CH, " -2C @)+ 6H (g) : AH = 676.17 k| cal..

This is the energy required to break 6 C-H bonds and one C-C bond, Since the energy required to break
- 6 C-Hbonds is 6 X 98 = 588 k. cal, the energy required to break one C-C bond will be 676.17 - 588
k. cal mole-1, .

2.13 SUMMARY

Chemical reactions are usually accompanied by heat changes. Some arc exothermic reactions
and other are endo-thermic, Heat ofareaction is constant and itis independent of the path chosen, it may
be carried out in one step or.several steps. In the unit the thermochemical concepts heat of formation,
heat of combustion, heat of solution and heat of neutralisation are bricfly introduced. Heat of a reaction
changes with the change of the lemperature, Reactions betweeh covalent substances proceed with the
bond breakage of reactants and new bond formation, From the bond energies it is possible to calculate

the heat of reaction.

e
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5 14 MODEL EXAMINATION QUESTIONS.

1. Answer the following in 10 lines each

1. Obtain the relation between the heat of reaction al constant volume and thatat constant pressure.
2. Suggestamethod for estimation of the heat of conversion of graphite into diamond.
' ' C (graphite) - C (diamond)

3. Explain why the heat of neutralization of a weak acid by strong base is less than that of a strong
acid by strong base. & ' _

4.  Derive the Kirchhoff‘s:q(v;uation. '

IL. Answer the followitig in 30 lines each

1. State and explain the Hess's Law of conswhl heat summation. Show how it is in agreement with
the first law of thermodynamics. Mention two applications of the law.

n ‘What is meant by heat combustion of a compound ?
Described the method by which heats of combustion arc obtained. What is thelr importance for
{oods and fuels? Show-how these values canbe used to determine the heat of formation of Organic
compounds.

. Solvethe Problem.s _

1. For the reaction between acetic acid and ethyl alcohol AH value at 25°C is 129 k. cal. Calcuiate
the value of AE at the same temperature.

CH, COOH (1) + ¢, HOH (1= CH,COOC,H(1) + H,0 (&)

2. ‘The combustion reaction of ethane is given below.
C,H,(®) - 3,0,®) = 2C0,{g) - 3H000 _
1f the AH of this reaction at 25°C is372.8 k. cal calcutate the value of AE.

3. Write a balanced equation for the combustion of nectic acid. If the AH value for this reaction at
25 is -207.9 k. cal. mole. calculate the value of heat of formation of this compound. AH
(formation) CO,=- 94.03 k. cal and AH (formation) H,0(1} = 68.3 k. cal.

4, The heat of formation of C.ZHSOH (1)is-66k. cal. mole? whilethe heat of combuskion of isomeric
. gompound CHB-O-CH_, (g) is - 348 K. cal. mole?. Given the heat of formation of H,0(1) as -68 -
k. cal Mole™* and heat of combustion of carbon 10 CO, (g) as 94k cal. mole” (all data at 25%¢).

~ Calculate H, K for the isomerization reaction.
C,H,0H{)= CH, -O- CH,(8)
5. Calculate the heat-of vaporisation of water at 12%. The heat capacily of HZO (1) may be taken

as 1 cal gm! degree -1.C, for water vapour as 043 cal. The heat of vaporisation at 100°C is 536
cal per gram. ' :

6. For the reaction C(').-+ Y, 0; =CO, D Hy K = -676 k. cals. find its vatue at 323 K. The average

values of C in this temperature range arc C0 6.92,0,7.148 and CO, 95 cals.
1. From the bond energy data given in thié lesson, deduce AH, for propane.

8. Using the date given in this lesson, estimate the heat of the following reaction assuming all




reacteants and products arc in the gascous slatc.

CH,+Cl, - CHCL

2.15

MODEL ANSWERS TO CHECK YOUR PROGRESS.

Heatofa reaction is the amountof heat that is absorbed or evolved when the reactants completely
change into the products indicated by the sioichinetric equation,

Heat of a reaction changes with the variation of the temperature due 10 the different heat
capacities of reaciants and products.

Author : Sri J. Joga Rao
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UNIT -3 THE SECOND LAW OF THERMODYNAMICS
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3.1 AIMS AND OBJECTIVES -

In this unit you will lcarn about ihe second law of thermodynamics, its needs, its usefulness and
the importance of the functions entrophy and free energy.

When you complete the reading and understanding of various aspects covered in thig unit you must
be able 10,

. realise the limitation of the firstlaw inits inability to predict whether a given process can take place
spontaneously or not

. know that spontancous process takes place in the direction in which equillibrium is reached.
Sponaneous Processes are irreversible. They cannot take place in the opposite direction without
the expenditure of work.

s bear in your mind that, Heat cannal be completely converted into work without giving up some

heat at lower temperature.
. define entrophy 'S' by the relation dS = g/T forarcversible and dS > g/T for an irreversible process.
. realise that for an isolated system A 8 = 0 for equillibrium and A § > 0 for SpODLANEOUS process.

. know that A G (Free energy change) combines the properties of AHand A $ through the equation
AG=AH-TAS. Arcaction will be spontancous only when A G of the reaction is negative.

32 INTRODUCTION

The first law of thermodynamics is a statement of the equivalence of differcnt forms of energy. Whileit -

45 tells us that in any process when energy of one kind disappears, an equivalent amount of gnergy of another




kind makes its appearance, it does not give any informa tion about the process itself, It cannot say whether
the process Is possible or not. For example, it cannot te]| yg whether a metal rod a; uniform temperature
can by itseif become hot at ane erd and cold at the other. So long as the heat gained by one end is equal
lothe heat lost at the other, processinno way violates the first law. However, we know from ourexperience
that such a process is never observed. Heat flows of its own at:cord-(spomaneous_ly) only.from a region
of higher emperature (o one at 3 lower temperature. Weican also, from our experience predict the COurse
of many other processes. A solute diffuses from a concentrated solution into a dilute solution. These are
Spontaneous processes, Al natarg] Process are spontaneoys as water running down a hiil, decay of organic
matter, demagnetization of magnets, disintegration of radioactive elements and 50 on,

By observing the nature of these spontanequg Processes we can arrive at some generalisations
. which have become statements of the second law of Lhennodynamics (i) All spontaneoys Processes
[ 'rest’ which we may call equillirium. When |

until a unifom temperature is reached, We
unequal concentration are carefully broughg
into the dilute solution until concentration is

(i) Al Sporttanecus pracesses have one thing in commgn, They are unidirectional, They proceed in
the direction in which equillibrium may be attained. They cannot take place in direction away from
equillibrium without externa| aid. Work is necessary (o carry water uphill, A gas that has expanded
spontaneously into ar Evacuated vessel can be sent hack by introducing a piston in the second vessel and
Compressing the gas, that ig by doing work, The nonspontapeous process of transfer of heat from low
iemperature 1o g region at high lemperature is carried Olt in the refrigerator, but 1his process is
accompanied by a netinpuyt of work. These observations can be summarised into 3 Statement of the second
law of thermodynamics, : : )

1. The spontaneous flow of heat is always unidirctional-from a body at higher lemperature
to one at lower temperature. S

2, Itis impossibie 1o construct a machine which is 4 bleio convéy heatbya cyclic process from
abody at constant temperature to another at a higher temperattire uniess work is donic on the machine by -
Some outside agency, o .

- Exceptions to this are observed at the microscopic level as for example in Brownian motion where
one finds occassionally particles moving from lower concentration to higher concentration, But such
violations are never ohserved at the macroscopic level, :

33 CONVERSION OF HEAT INTO WORK

There is yet another limitation of the first law which gives rise 10 an additional Sla!cment of the ' . f*v
second law, While the first law states that heat is complete] Y canverted into work it does not tel ug the
conditions under which ‘this conversion can be achicved. While ajl other forms of encrgy can he
completely converted into work. Hear is one form of encrgy for|which there are Testrictions (o its being

‘converted into workwork. Thig is because heat can be “onverted into work only through a working
' - : T 43




substance, say gas enclosed inacylinderbya piston. By placing the cylinder in a heat reserviour the gas
may absorb heat and do work by expansion against the piston. By expanding isothermally and reversibly
the absorbed heat may be completely converted into work. Although complete conversion of heal into
work has been achieved this has resulted in a change in the state of the working substance (gas). Itisnow
in an expanded state. To restore the gas its original state, it must be compressed. Work mustbedone, when
heat is given out. TO obtain work continuously from heat the gas must be brought back to its initial state
after every expansion the working substance fnust operate m cycles. If the expanded gas is retarned to its
initial state by isothermal revérsible compression the work done by the gas and heat liberated will be -
identical to the heat absorbed and work done by the gas in the expansion. At the end of the cycle, we ar¢
jeft with no heat absorbed and no work done. In order 10 retain some of the work done in the expansion,
some heat must be rejected at lower temperature. This litnitation is statcd as another version of the second -
law of thermodynamics. Tt is not possible t0 convert heat into work by means of an isothermal cyclic
PIOCESS.

3.4. ENTROPY

Such definition of the second law as have been made above are not convenientof solving problems
in chemistry, What 18 required is a criterionby-which one may determine whether 2 parﬁcular chemical
reaction can take place spontaneculsy. The second law must provide a function which has the following
. characteristics. '

1. 1t must be thermodynamic function of state
2. It must change ina definite way (say increase) in an irreversible process.
3. It rnust not change onck equillbrium 18 reached. '

A funciion satisfying these requirements has been ‘devised'. Itis called enlmphy. It has the symbol
§. For an infinitesimal change it is given by the heat absorbed (q) divided by temperature T.

ds = /T (for reversible process)
Check your progress -1

What are spomaneous processes 7
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Ifthe process takes place spontaneously then d3 'is greater than the heat absorbed () divi@ed by
temperature (7). ' '

ds » o/T (for irreversible process)

For non sSpoTtancous processes the entrophy change is less than the heat absorbed (@ divided by
temperature(T). ’

© dS < g/T ( for non SpONLANEOUS process)

For an irreversible process the entropy change can be determined by carrying out the same process (same
initial siate 1o same final state) reversible and finding the heat absorbed. Hence dS for change is given by
g, Twhereq is the heat absorbed had the process taken place reversibly. '




For a finite change the process is divided into a number of steps and the ¢riroby change is the sum
of the entropy changes in the individual steps. -

AS:E%’“_‘*

Before proceeding further with this function, it should first be established thateniropyisu thermodynamic
function of state. This can be done through what is called the Carnot cycle. '

3.6 THE CARNOT CYCLE

Cafnotdevis_ed acycle of operations for obtainin g maximum work from a cycle of operations: In this cycle
known as Carmot cycle aworking substance undergoes a Series of changes and is brought back 1o its initial
state. Although any substance may be lised as a working substance, we choose it as a gas enclosed in a -

(Vv ===
LY

R

Yolume
Fig: 3.1 The Carnot Cyclg of operation

-cylinder, The four Stages are (i} isothermal expansion (il) adiabatic expansion (iii) isothermal compression

(iv) adiabatic compression. Since the heat absorbed ¢annol he completely converted into work, partof it
must be rejecied at a lower temperatare, Hence, two heat|reservoirs must be provided onc at a hi gher
temperature. (T,) called the source and another at a lower temperature (T,) calicd the sink, In these
reservoirs of constant temperatares isothermial processes can be carried ont. For adiabatic process
thermally insytated Jackeis are provided for the cylinder, The cycic of oOperation is represented on a
pressure- volume diagram. '

Stage I

Thecylinder comnaining one mole of a gas under a pressure P, and occupying V., is placed in the
constant icmperature bath at temperatare T,. The gas is allowed 1o expand reversibly until its final volume

is V, . Inthis isothermal reversible expansion the gas absorb an amount of heat Q, which is equal to work
done. o '

Q=W=RT, m{_z
The path is represented by AB in the diagram,
Stage 11

_ The cylinder is removed from the reservoirs and placed in the non-conductin g jacket. The pressure
- on the piston is adjusied so that the gas cxpands reversible uniil its volume increases 1o V. (painL C). In 45
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From these we can get

&

this adiabatic expansion the temperature falls from T, t0 T,. The work done by the gas W, is given by
W,=-4E=-C, (T,-T). |

This is represented by BC in the diagram

L

“Stage IIT

The nion conducting jacket is removed, and the cylinder is placed now in the hot reservoir at the
lower iemperature T,. The gas 18 compressed reversibly until volume is reduced (0 V. In this is_omemal .
compression, work W, is donc on the gas and an equivalent amount of heat Q, given out.

Q,=Wi=R Ty InY2
o Vi
This is the isothermal CD on the diagram.

Stage IV ' ) T

~ Finally in the last stage, the cylinder is placed in the non-conducting jacket and compressed
reversibly until the initial state s reached. Actually the final volume V, in stage 111 is adjusted insuch a -
way that it falls on the adiabatic. [n the adiabatic compression the temperature rises from T, to T,. Work
done in this compression W, is given by .
W, =-AE=-C,(T,-T)
This is represented by PA in the 'di'agram‘
The total work perf ormed in the complele cycle
=W, + W, + W, f.Wd
SRT, IV, -C, (T,-T) +RT, InV/V, € (T,- T
The second and the fourth terms cancel givingnet work donc as

SRT,InV/V,+ RT,InV/NV,orR T, In %Z-RTIn%l
o - Vi

For any adiabatic reversible volume change we have rclation.

lVﬁml 1 - Ltimitiat) (See Unit 1)
Vinitial V(ﬁnan_

For the two adiabatic processes in stage IEand 11§ we can write
m},-l ~T2and (1@) =T
V3! T Vs T2

Vs _VaoNs_Va

Vo VI Va Vi

Substituting this relation in the expression for net work done we'get

W=RT,InV/V,- RT InV/V,=Rin V,V, (T, -T).




This is the net work obtained from the heat absorbed in the first stage
The heat absorbed is Q, = W, = RT, 1n Vv,
The efficiency of the carnot cycle is therefore
- V2

Rin 2 (r,Ty)
: Vi =I-Ty

RT21n Y2 T; .
Vi

Lle

heat into work) operating in a carnot cycle depends only the temperatures between which it
operates. It doés not depend upon the nature of the working substance. This is the maximum
efficiency possible because every Stage is conducted reversibly, ' :

In this way we get the important résultthat the efficiency ol'a heatengin_e {mechanism for converting .

_ For a given temperature T, of the source Ll'le'efﬁ'c'iency dan be increased by keeping the lemperature

- of the sink as low-as possible, If T, = 0 then g = :{_2= L. | This means that in a cycie of operation
. A |

heatcan be completely converted into work. Since according tq the second law heat cannot be comple_tt_:ly

converted into work in a cyclic process We arrive’ at the conclusion that WC cannot have reservoir at

absolute zero of temperature, Of course, it can alsg be shown, independent of the second law- that the

37 ENTROPY AS A THERMODYNAMIC FUNCTION OF STATE

Af_ter going through the carnot cycle, the working substarlce (gas} is brought back 10 its in ili.al state,
s0 that net change in.its internal energy is zero. Then from the firs; law '

AE = Quotat - Wi = 0

" Wi = Qm;a1=Q1+Q2
But Wi . T2- Ty
o _Qz S T),
1 -‘{.-.-.(-2%_.—_ 1-:]_—-.1-
Tz
Qr —Q.-l_=-£
QR T

From which we can show that

A @60, @,

ey T = =

Ty T2 T T2

Thus, we find maf-ih'mb-'t:-a‘rﬁo{cyclc the sum-of the Q/T terms is zéro where Q is the heat absorbed at the
temperature T. This must be brue for any cyclic process. Because any such process can be divided mto a

large number of carnot cycles by drﬁwing isothermals and adiabatics passing through i, T-th% =0,

_Sum_'df the heat changes in every Skep, cach term being divided by|the appropriate lemperature, will be

zero, If the number of sleps is very large the summation can be replaced by inlcguration and we may write .

[% = 0 ¢ is the heat absor_bcd reversibly in cach' small sicp,

47
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Since every step is carried out reversibly in each small step. Since every step is carried out reversibly

g = qrevand dS = 9%“1 (by definition).

Hence, (}Jgﬁ=i= dS =0
_ ) T

The meaning of the expfession is as follows : When a substance is carried througha number of processes
but ultimately retumed 10 its original statc {cyclic process) the net change in entropy is zero.

This is exactly the condition t© be satisfied by a thermodynamic function of a state. In a cyclic
process there is 10 change in the value of a thermodynamic function of the state. This has been in the case
of the internal energy of a system (see unil 1 under internal encrgy). Hence, entropy. is also a
thermodynamic function of state for whiclrwe may. write ' '

~ 52
AS =17 ds = S;-S1.
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38 ENTROPY AND THE SECOND LAW

We have defined entropy change as in a reversible process to be equal to o/T and for irreversible

précess ds > g/T. Since entrophy is a fanction of state we can write these conditions asA S =Q/Tand
AS>QfT. :

Consider the changes laking place in a thermally isolated system. These are adiabatic changes.
Heat can neithcr enter the system nor leave iLQ = 0. Hence, the changes the condition for reversibility
wouldbe TAS= 0; Since Tcan never become ZCro (absolute zET0 cannot be reached) A H=0for reversible
process in isolated systems, For irrversible process the condition becomes A S >{0, '

From these findings we can write these conclusions (i) Since every slage of a reversible process
is an equillibrium s1age, ihe condition for reversibil ity is also the condition for cquillibrium. Hence, for
equillibrium A § = 0. (ii) Since all naturally occuring processes arc irreversible, any process ocurring in
nature is accompanied by an increase in entropy. Fence, we ca state that entropy of the universe (an
isolated system) 1S constantly incrcasing.

This had led clausius 10 statc ihe second law in terms of entropy. This statement along with his’
statement of the first law are given below: o

(i) Encrgy of the universe is constant - .
(i) Entropy of the universe tcnds towards a maximum.

The meaning of the second statemcméan e appreciated beteer in terms of the molecular inlerpretation of
entropy.

39 MOLECULAR [NTERPRETATION OF ENTROPY

Thermodynamics 18 concerned with the observabie ot bulk propettics of matter. It has nothing 0
do with structurc of matter - the molecules and aloms the structurc of these particles. However, we cafl get
a beter understanding of thermodynamic propertes, if they can be corrcalated with the propertics of
individual molecules. Such a study is made in statistical thermodynamics. There, the inlernal encrgy of

‘a gas is related 1, and _calculatcd from the kinctic and potential encrgics of the congtituent molecales.




Entropy however is not related to any molecular property. It is regarded as a measure of the tandomness ™
in a system. By randomness we mean the number of ways the molecules can arrange themsclves without
any change in the observable properties of the system. The number of arrangements possible obviously
depends upon the number of positions available into which they can move. The randomness in a liquidis
greater than that in 2 solid because in a liquid the molecules have greater freedom o move about, The h
randomness in a gas is much more because in the absence of any significant attractive forces, the
molecules can occupy any position in the vessel. Randomness is thus the disorder in the system because
greater the number of positions the molecules can assume greater the disorder. Entropy is a measure of
this disorder. In passing from ordered solid state to the hi ghly disordered gaseous siate the entropy should
increase, '

On the basis of this interpretation it is casy to show that any spontaneous process is accompanicd
by an increase in entropy. Consider the spontaneous expansion of a gas from a high pressure (small
volume) region to a low pressure (large volume) region. In the larger volume the number of positions

_ available for each molecule is more than in the smaller volume. Hence, the randomness has increased and
80 the entropy. ' ' '

Similarly in the diffusion from a concentrated solution into a dilute solution the molecules move
towards a more random distribution. In the spontaneaus flow of heat from a hot body to cold one, there ‘
is a more random distributions of heat among molecules. Thus in all natural process whether it is

evaporationof liquids or oxidation of organic matter (to give smaller molecules) the Systems move towards
amore disorder state (greater entropy). " :

' 3.10 FREE ENERGY AND FREE ENERGY CHANGE

The conditions A § = 0 for equillbrium and A S > 0 for spontancous. process apply for isolated
systems. For non adiabtic systems these conditions apply for systems plus surroundings, '

S AS L FAS .‘_=0andASm+A §.>0

_ We require a ciiterion that is appplicable to the sysfem aloné. This is provided by another
thermodynamic property - introduced by Gibbs. '

This is frec energy with the symbol G, Free energy is defined by the equation
G=H-TS. )

Since enthalpy and entropy are functions of state, free energy is also a function of state. Introducing the
relation H = E + PV into (1), we ahave

' G=E+PV-TS - - - )
For a change of state from (1) to (2) the free energy change is given by
GZ'G1=EZ'E1+PzV2‘P1 V;'(Tzsz“T131) - - - (3)

At constant temperature and pressurc this equation 3 becomes

GZ-GI=E.2-'E1+P(v2-vl)-T(sz-s,) - - - @

orAG=AE+pAV-TAS . . . . (5
Now frdrn the firstlawAE. =Q-W

o Q..-W nx fOr areversible process) - . . © .
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SinceAS=Q _ /T,Q _,=TAS andAE=TAS-W __,wehave
AG=TAS-W_, +PAV-TAS - - - (D
=W _+PAV
which we may write as
-AG=W __-PAV, - - - (8)
This equation (8) helps us o undersiand the meaning of free energy change. When the temperature and
pressure are constant the decrease in free energy is equal to the maximum work done in the process other
than the pressure - volume - work, which is the work done in displacing the environment . This is called
the maximum work or net useful work. For a chemical reaction this can be the electrical work thatean be

obtained from it. For example when zinc is added to a solution of copper sulphate, copper is precipitated
and heat is liberated but no work is done. Howevcr, if the same reaciion is carried out in the galvanic cell,

-useful electricat work can be obtained.

111 GAS A CRITERION FOR EQUILLIBRIUM AND SPONTANEOUS |
CHANGE -

We start with the equation,
G=H-TS=E+PV-TS
Differentiating we get
dG =.clE +PdV + vdp - TdS - SAT

dE =q-W =q-PdV,if only préssurc-vo‘.ume work is involved.
Substituting ‘

dG=q-TdS.
dS=q_ /TorTdS=q,, where g is the heat absorbed when the process is carried oul reversibly.
Hence,dG=qg-q _,

Here q is the heat absorbed in the actual process and q ,, 15 the heat absorbed had the process taken
place reversibly. :

For a reversible process g= ¢, and dG=0

For an irreversible processq<q_, and dG<0.

- Since all spontancous Processes arc irreversible, the free encrgy change should decrease in a spontancous

process and wo may state that all natural processes proceed in the dircction in which free encrgy decreases.
When the free cnergy reaches a minimum, there is no further tendency to change, the. system is at
equillibrium and dG = 0. Since G isa funciion of state we can replace dG by AG and write

A G =0 for equilibrium

A G < 0 for spontancous change.




The appartus consists of a tube in which a porous plug dividesa gas into two regions of different pressures
P, and P, which are maintained constant by two movable pistons. The tube, the porous plug and the pistons
are made of perfect thermal insulating material so that any process in the tube can be considered adiabatic.
A gas of volume V at pressure P, is slowly forced through the barrier by the piston, As it posses through
the porous barricr the gas expands against a constant pressure P2 and {ills the volume Vé (figure 1.11), The
work fionc on the gas is P,V and that done by the gas is P,V, Network done by the gasisP,V,-P,V,

As the process is adiabatic Q=0

AE=-W=- (P,V,-PV }=0 for real or ideal gases?

2

E,-E, =" PV, - PV,

E,+P,V, =E + PV,

or AH=0 "

The heat content of the gas is constant in this free expansion of a gas,

For real gases AE will not be zero in expansion and to compensalte for this the temperature must change.
Thermomeéters placed on-either side of the porous barrier showed a dilference T, - T, .At ordinary
temperature and pressure all gases except hydrogen and helium have becn found o show a cooling
¢ffecting in such a free expansion.

This change in temperature in the adiabatic expansion ol a gas through a porous plug (or throttle) is called
Joule Thomson effect. _
The change in temperature T, - T, depends upon change in pressure P, - P, . The ratio % called the

Joule-Thomson coefficient and is a measure of deviation from ideal behavion It is givne by the symbol
m. Its valué can be found by determining AT,ie, T, - T, forascrics of valucs of AP, ie,P, -P.

' Tz -T o

and obtaining the limiting value of — -— . as P, -P approaches zero.
P,-P, -

Inthe expression AT/ AP, AP is always negative sincé in the expansionofagasP, <P, .1l m is positive
then AT will also be ncgative and there should be cooling on cxpansion, If m isnegative, then A Tmust -
be positive, resulting in a warming of the gas upon e?fpansion. The temperature at which there is neither
heating nor cooling in Joule Thomson expansion. | = 0 is called the inversion icrmperature of the gas. -
For most gases ordinary temperatures are already below their inversion temperatares, henee they show
cooling in Joule- Thomson cxpansion. The invetsion temperatures of hydrogen and helium are much
lower thanordinary temperatures and hence they show warming in expansion, However, if thcy are cooled
to temperalures below their iversion temperatures they would also show cooling in such expansion,

This cooling in Joule-Thomson effect is made use of in the liquefaction of guses. The gas cooled in the
' frec expansion of a gas is used 1o precool the gas before expansion, By repeating the process a number
of tmes, the gas finally liquefies on expansion.,

1.17 SUMMARY

Zeroth and first law of thermodynamics arc discussed in this unit. First law of thermodynamics statcs that
encrgy canneither be created nor destroyed. This law is also called the law of conscrvation of energy. E
is a state function whercas Q and W are not. ' :

21
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By applying the first law, retationships arc derived between the c’ibscr’vablc-properliés of gases under
isothermal and adiabatic conditions. Heat capacitics of gases arc expressed in thermodynamic equations.
Thermodynamic criterian of a perfect gas is, its internal encrgy should nof chnage with the change of

‘volume at constant lemperature. An attemp has been made in this the unit 10'study the behaviour of real

gases by the application of Jdule-Thomson experiment.

1.18 MODEL EXAMINATION QUESTIONS

L Answer the following in 10 fines.

i. The equation Q= AE +P A V represents the first law of ther modynamics.. What form would it
assumes under (a) constant volume (b) constant pressure (c) isothermal conditions (d) adiabatic

conditions?
2. Define the terin rcvcrsiblc process and give onc cxzm_lplc {other than cxpansion of gases) |
3. . Derivean cxpression for the work démc_: in .an isdll.:crm;l.l rcv.crs:it:)le expaﬂgioh 6f a ga.s. |
4. Explianwhy a.gasl.)t:coiﬁcs_ \éarmé_n; an adiﬁbatic conip'réssion and coelcf in adiébatic éxpénsiba.
5.  Give the thermodynamics I(_:riu_:rion ofa | pcffccl gas.. N . o

I Answer the following in 30 lines. —.

1. . Give the different forms in which the first law of thermedynamics can be exressed. Explain their
- significance. Do ‘you consider evolution of encrgy in nuclear fission a violation of the [irst law?

2. Describe the experiment for Joule-Thomson elfect. Why do some gascé show \#arming in Joule-
Thomson cxpansion, Explain how cooling inJ oule-Thomson effect useful in the liquefaction of
£ases. -

fll - Solve the folowing Problems.
‘1. In (he expansion of 2 gas againstconstan.t-p;cssurc of atmospheres, its volume increases by 5 litres.
Calculate the work done-in this process in-the following units (i) litre atmospheres (ii) ergs (it}

calories,

2. When one mole of zine is dissolved in diluic HCL at 25, ¢, the hydrogen gas cvolved pushes the
. aimosphere above it. Calculaie the work donc in Lhis process.

3. Find the amount of hoat necessary to heat Sg of Argon from (r10 25°¢ at constant volume and

at constant pressure (Molar heat capacity C_of a gas=3 cals/mole'; degree)

4.  One mole of an ideal gas (C, = 5 cal mole™ degree” ) at S.T.P. is heated to twice its initial
- temperature. Calculate AEand A H in this process. (1365 cals, 1911 cals) ' '

5.  One mole ofan ideal gas cxpands reversibly al constant temperature 0° ¢ from 2 atmosphere
. pressure to one aimospherc. Calculaie W, A E and Q in this change. :

6. Calculate the minimum work that must be done at25° ¢ Tion2 molesof CO to compress it from

a volume of 20 litres 1o a volume 1.0 titre. (Hint: Minimum work is dene in isothermal reversible
compression). '




~ Check your progress -2

‘What is the relation between free energy and spontancous proCcssés? :

3.12 FREE ENERGY CHANGE OF CHEMICAL REACTIONS

- The free éncrgy change equation is written N ¥
A G=AH-TAS . -

For achemical rcactioh A H is the heat of reaction. It is negative for exothermic reactions and positive for

endothermic reactions. A Gand A S are the differences in the values of products and reactants. For a

reaction to proceed, spontaneously A G of the reaction must be negative. This is possmle under Lhrce
" conditions. '
‘A His negative A § is positive
AH isnegative A S is negative but TA S<A H.

A H is positive A § is positive but T A § > A H.
Entropy values do not varry significantly from molecule so that A $.values are usually small. chce, at .
ordinary temperatures T A § values can never be expected 1o be greater than A H values, Hence, for most
reactions at ordinary temperatures the sign of A H alone decides the direction of the reaction. This means
that a reaction is possible if it is exothermic. Examples of exothermic reaction with negative A G values
are many, - S

H,+1/,0,=H0(1)AH-683k.cal, A G =56.7 k. cals.
CCl, (g) + 2H0 (g) = CO, (g) + 4HCI ()
AH=412 k. cals, AG =612k, cals.

Endothenmc reactions are not favoured at ordinary temperatures, but at hngh temperature- the product
T A § may exceed A H (o make A G negative.
An example for the reaction -
Ca CO, + (8) £ Ca0O(S) + CO, (g}
AH=425 k. cals, AS= 38.36 Cals = 0.0384 k Cals. -
Atroom temperature T A S =298 X 0.03841 = 11.4 k, Cals

AG=AH-TAS=425-114=311k Cals.







BLOCK - 2

ELECTRO-CHEMISTRY

This Block deals with the interaction of electricity with matter. In the interaction electrical cnergy gets

converted into chemical energy. Substances also produce electricity and undcrgo chemical changes. Here
chemical energy gets converted into electrical energy. Substances which copduct electricity through them.

without undergoing any change are called electronic conductors (metals). If they Undergo chemical
changes, they are called electrolytic conductors. These substances are electrolytes. They conduct clctricity
- by the migration of ions to electrodes. Therefore they function as conductors either in the molten state or
in the aqueous solution where mobility is possible for ions.
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electrolytic conductors or electrolytes. Example of the first type are solid andmolten metals andrcertain
solid salts (cupric sulphide and cadimom sulphide). Fused salts and solutions of acids, bases and salts are
the examples of the second type. Current flow in electrolytic’conductors is accompanie by chemical
changes at the electrodes. These changes depend on the characieristics  of chemical substances
undergoing electrolysis and the electrodes. -

4.3 THE PHENOMENON OF ELECTROLYSIS

When an electric current is passed through an electrolytic conductor, the transport of matier takes place.
This can be illustrated by an example. If two plantinum wires attached to a source of EMF i.e. battery
are immersed in a dilute solution of an'acid in watet, bubbles of hydrogen and oxygen are evolved at the
platinum wires. Instead, if the platinum wires are placed in a solution of salt of copper or silver the
corresponding metat is deposited at one of ihe wires instead of hydrogen, This phenomenon is referred
1o as electrolysis. This was first studied by M. Faraday in 1832-33. As per the nomenclature used by
Faraday, the platinum wires are referred (o as electrodes, the anode and cathode depending on the fact that
current is brought into and out of the elecrolytic solution at these electrodes. By convention, anode isthe
one attached 1o the positive pole of the battery and the cathodé js that attached tothe negative pole. During -
electrolysis of aqueous solutions of electrolytes. The hydrogen gas or as the metal case may be obtained

at the cathod:, and oxygen gas in gencral appears at the anode, provided the clectrade material is not
attacked. 1t was assumed by Faraday that the flow of current through an clecirolyle was associated with
the movement of charged particles, Those carrying posilve charge and moving towards the cathode are
seferred to as cations and those carrying negative charge and moving in the - opposite direction towards
anode are called anions, Ori reaching the eléctrodes, thé jons are supposed 1o have their charges neutralised

and deposited as neutral atorhis or maolecules.

45. FARADAY'S LAWS OF ELECTROLYSIS

The process of current passage through an efectrolytec with all the accompanying chemical and
migratory changes is called clectrolysis the mechanism of electrolysis can be described as follows

Electrons enter and Jeave the solution through chemical changes at the electrodes
and it is also known that the number of clectrons that pass through the solution and
leave it, is cqual to the number that enter. Taking these facts into account ‘Faraday
has enunciated the taws of electrolysis which give the guantitative relatonships
between the quantity of elcetricity passing through an electrolyte and the amount of
chemical change occuring at the clectrodes.

i} The amount of chemical decomposition produced by a current, that is the
amopunt of any substance deposited of dissolved atain appropriate electrode is
proportional to the quantity of electricity passing through the solution.

i) The amounts of different substances deposited or dissolved by the same quantity
of electricity arc proportional to their chemical equivalent weights.

_ The first law is verified by allowing currents of different strength to pass different period of time
through a given solution and determ ining thic amount of material deposited at the cathode or dissalved.
from the anode. The quantity of electricity is equal to the product of the current strength and the time during
which it is passed. : : ' o

“The second law is verified by allowin g:the same current 10 pass simultaneously through a series
of solutions. The amounts ofchemical substance deposited at the cathodes ot dissolved from anodes are
proportional 10 the equivalent weights of the respective substances deposited or dissolved.




A = Anode
C = Cathode
A = Anion
Mt = eateon

Fig. 4.1 Flow of current and electrons

46 ELECTROLYTIC CONDUCTANCE

T. Von Grotthuss made the first autempt o explain the principle of electrolysis. He suggesied that
molecules are oriented by the electric current inta way such that positive parts pointtowards the negative
electrode and vice-versa. The electrodes then attract the ends of the chain thus, liberating the positive end
of an end molecule at the negative electrode. Then areorientation of the molecules takes place throughout
the length of the chain. The process of splitting takes place once again with the liberation of the respective
species-at the efectrodes, Objections were raised against this theory in view of the fact that, only smali
current sirength is enough for the electrolysis whereas, large currents are needed to break a molecule into
its component parts. ' ' :

R. Clavsius to avercome this, has suggested that the positive and negative parts of amolecule are
not firmly held, and are capable of separating from cach other for shortintervals. These charged panticles,
{ions) are supposed to carry the current during the short period of their free existence, when these iong are

-Temaved at the electrodes. Fresh ions are abtained by 1he vigorous molecular vibration or molecular
collisions. It was assumed by Clausius that only a smail.number of molecules are split into ions at any
stant. ) ’

Van't Hoff observed large deviations in usSmotic properties for eleclralytic solutions. This led §.
. Arrhenius 1o propose a theory of elactrolytic dissociations. He made the assumption that when an acid,
base or salt is dissolved in water, a considerable portion of it dissociates spontanecusly inte postive and
negative ions, that is '

MAS M + M

- These ions are free to move independently, and are guided (o the electrodes of opposite sign by the
applied electric ficld. The proportion of molecules dissociating into ions was belisved 1o vary with the

concentration, and the degree of dissociation {i.e. the fraction of total molecules split up into ions) which

“was considered to approach unity at inflinite dilution, In extremely dilute solutions, almost the whole of
the acid, base or salt is disssociated into ions '

Electrolytic solutions too, ke metallic conductors, obey Ohm's law, except under abnormal
condtions. If a potentiai difference E is applied 1o a conductor of resistance R, then by Ohm's law the
current § which flows is ' :

i=ER | | : (1)
From the above equation itcan be said (hat the current flowing through a given conductor, under

the influence of a constant electromative force (E) 15 inversely prosortional 10 the resistance (R). The
quandly (hl__> is a measure of the conducting power and is called the couductance. 1t is expressed in
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rociprocal ohms ie.. ohm ', sométimes catled 'mhos’, The resistance of any conductor varies direcly as
its lenght (1 em) and inversely as its arca (a sq. cm): that is : ’

R=p + - @

Where p s a conant, the specific resistance or the resistivity, of the conducting matcrial. Specific
resistance, canthen, be delined as the resistance in ohms of specimen 1 cm in length and} sgcm in arca
of cross section. The specilif conductance, designated as k, of agiven material is defincd as the reciprocal
of specific resistance i.e. 1/ p ohms™ cm™. ' :

R:-%-x-% | 3)
k= 1 | G
a.R

If the conductance of the solution is represenied by C. then

c=L = K& ghmst (5)
R 1
The conducting power of all the ions produced by 1 gram cquivalent ol an clectrolyte at any particular
concentration may be cva_lué\t(:d if it is imagined that two large parallel plates are sct 1 cm apart and the
whole of the solulion containing 1 gram cquivalent of the clectrolyte is placed between them. The
conductance of electolyte in (he resulting system 1s called the equivalent of an electrolyte is dissolved in
V ¢ cof soultion, then the solution covers an arca ol V Sq.cm of the electrodes set 1 cm apart. It {ollows
from equation 5 thal :
) o= ExVY =y
1 .
I=1.
or b =k x 1060 (©)
o .
" Wherec is the concentration of the solution in cijuivalents per litre. The cquivalentconducance is therefore
“defined as the product of specific conduclance and the volume in ¢ clcontaining one cquivalent of the
efectrolyte. Molar conductance () which is occasionally employed in conductance studics is defined
similarly as the product of the speeific conductance and the volume in cc containing ¢ gram mole of the
lectrolyie. For univanlenteleclroiytes Aand gt areidentical. since the molecular weightand the cquivalent
weight arc equal.

Check your progress - 1.

What arc clectrolyles?

4.7 MEASUREMENT OF ELECTROLYTIC CONDUCTANCE

In order o ¢valuale equivalent conduciance, we have 10 make use of cquation (6}, Since this
equation involves :§pc;ci[ic__ conductance (k}, it i8 necessary 10 determine this. For cach concentration of
the solution, i s, therciore NCCESSUry L0 determing the specilic conductance, Thedaermination of the
specific conduclance 10 volves the measurcment of resistance R and the ralio (1 ] {cquation 4)

i




The familiar wheatstone bridge is generally employed to-measure the resisitance of the solution. Serious
errors may however arise if a source of direct current is used in the determination because the liberation
of gases during electrolysis at the electrodes increases the resistance of the solution. This is known as

_polarisation and opposes the passa ge of current. To overcome this onsct of polarisation, an altcrnating
current source is employed which reverses the current about thousand limes per second, This results in
the elimination of polarisation by the exact reversal of the reactions at the eicirodes. The balance point
in the determination is therefore detected by the use of ear phones instead of a galvanometer used in the
direct current experiments. Figured.2 shows the arangement of the apparatus.

Q

{S)
NZS
™

Fig: 4.2 Measurement of Resistance,

C s the conductivity cell containing the clectrolyte and R is the variable standard resistance (a reststance
box), S is the source of allernating currnct and D is the null delector., (car-phones). The balancing point
is obtained by moving the Jockey 'd’ op the wire b ¢ so that the sound in the ¢ar phones at this point is
minimum.The observalion of mimimum sound in the car phones is an indication of balance point. The
resistance in the arms of the bridge are related by ' '

C - nd (7}

.Originally, an induction coil was used by Kohiransch as a source of alternating current. But in recent
years other alternatc current sources are recommended. Ofie amon g them is the clectron whe oscillator,

Conductivity cells: Different types of cells dre used [or the measurement of resistance of electrolyte
solutions. They normally have thick platinum electrodes coated with platimum black to reudee the effect
of polarisation. The diffcrent types of cetls are shown in Fig. 4. 3, The electrodes should be fixed lirmly
so that there is no variation in the distance between the clectrodes during the course of the measurement,

Fig. 4.3 Types of Conductance Cells
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Specially pure water, called conductivity water should be used in all conductance measurcments.
This water is obtained by repeated distillation of deionized water containing a listle alkaline KMn®, in
all glass apparams, The water thus obtained, is stored in well 'stcamed stoppered botiles. The specific
conductance of conductivity water is of the order of 0.8 x 10 ohms cm 6 - '

48 CELL CONSTANT (}}

According to cquation (4), the specific conductance (k} of an eiectrolyte solution is given by

k= —1
a. R

. It is secn from this equation that 1 calculate specific conduclance trom the measured resistance
(R), it is nccessary to know the value of 1 for the panticular cell used in the delennination, For a given

cell '1' and 'a’ are constant and the quantity 1/ais called the ce]_]-cqqg}zint. '1'is the distasce between the
two electrodes in the conductange celt and 'a’ is the area of crosgsection of each electrode. To obtain the
vaule of the cell consant, it is not necessary to determine 'F and'a’ scparately. The ratio is directly
determined. For this a solution 6f known specific conductance is taken in the cell and ils resistance R is

easurcd. From (he known specific conductance k and the resisiances R measured, the cell constant
ni-‘j is calculated from equation 4. For this purpese, potassium chloride solutins of various concentra-
tiohs are made usc of, since their specific conductances measured in cells of known dimensions are known
accurately. A given solution of potassium chloride of specific conductance (k) is placed in the
experimental cell and its resistance R is measured, then the cell constant (.15) is equal ok R, .IfR is

the resistance of any other solutin in the same cell, its, specific conductance K is

k:L‘ KeRa
a R

1.
R
Check your progress - 2

What is cell constant?

49 VARIATION OF EQUIVALENT CONDUCTANCE OF AN ELECTRO-
LYTE WITH CONCENTRATION, -

The specitic conductance of a number of clectrolyles is found to increasc sharply with increase in
concentration, while in some cases the increase in the specific conductance 1s gradual. In boib cases, the
increase in conductance canberelated to the increase in th cnumber of ions per unit volume of the soluton,
Inthe formercase,the increase in the number of ions is proportional to the concentration, but inthe later
il is not so due to partial ionisation, :

A beter insighi into the behaviour of electroilytes was obtained by calculating the equivalent
conductance (&) ol solutions of different concentrations making use of the equation (6). (Table 4.1 gives
equivalent conductance of diffcrent electrolytes at 25°¢.)




Tabie 4.1 Equivalent Conductance (25 C in ohms? cm?

Cone. (N) HC1 NaOH KCI | NSO, | CH,COOH
0.0005 422.7 2460 147.8 1187 | -
.001 421.4 245,60 146.9 13,1 48.63
0005 | 4158 240.0 1433 %32 [ 2280
0.01 | 4120 237.0 13 | 7 | 1620
D.02 2072 | 2330 1383 |- 723 1157
- pos 3991 227.0 1334 59.2 7.36
0.10 391.3 210 129.0 50.8 © 520

Itisseen {rom the table that the equivalent conductance decreases with increase in concentration,

- Itis observed that the change in equivalent conductance is not very large in the case of HC1 )sirong acid,}
NaOH (strong base) and KC1 (salts). Inthe case of CH, COOH (weak acid), the equivalent conductance
falls off rapidly as the ocnentration increased and further the conductance valuesare very low atabout0.1g
equiv. per litre. The former type i.c. strong acids strong bases and many salts, are called strong
electrolytes and the latter, mainly organic acids and bases, are known 'ss weak electrolytes, It is also
difficult to draw a-sharp line between the two calegorics, since many substances show intermediate
behaviour e.g. nickel sulphate. (NiSO )

The equivalent conductance of strong electrolylcs approaches a limiting value with decrease in
cancentration. This limiting vatue iscalled the equivalentconductance at infinite dilution and is reprsented
by anditisdetermined by the extrapolation method. Koblrausch had shown that A of strong electrolyies,

130

Fig: 4.4 Variation of eqiliva!ent conductance with concentration

varies linearly with concentration in dilute solutions and-it can be representcd by the cquation.

A=k & -b o {8)
Where b is a constant. In order to 1est the validity of the equation, plots arc dra wit between A and
YC . Inthe case of srong clectrolytes like HCE and KC, lincar plots are obtained, From these lincar 63




plois, A canbe obtained by extrapolating the lincar portion of (he pios 10 yc =0.The intercept will
beequalto .Inanallernate iethod, the slops of the lincar portion is calculated and A | solved by equation
(). This method can be adopted in the case of all strong clelctrolytes.

At the same time, this method cannot be used to evaluate  in the case of weak electrolytes since
the plots of A Vs VC for these do nat approach lincarity even in dilute solutions. They exhibit a very
" rapid increase in % with decrease in concentration.

4.10 KOHLRAUSCH'S LAW OF INDEPENDENT MIGRATION OF TIONS.

An aliernate method is necessary 1o evaluaie of weak electrolyles since it (;anriotbe obtained by
equation (8). A, for weak elcctrolytes is obtained by the application of Kohirausch's lawof independent
migration of ions. : '

Table 4.2: equivalent conductances at infinite ditution at 25%.

[Electrolyte © A, Difi‘erence Electrolyte pifferrence| A
KC1 149.9° ' HCI 426.2
LiB1 115.0 34.9 HNO, 4213 4.9
KNO, 145.0 KCl 149.0
iNO, 110.1 34.9 . KNO, | 1450 49
- [KOH 271.5 - ' LiC1 S 1150
LIOH 236.7 34.8 LiNO, o 49

From the  valucs of pairs of electrolytes given in table 4.2, 1t is noted that, irrespective of the natare of
the common ion between potassium and lithium salts the difference between the cquivalent conduciances
of these salts is the same and 18 equal1034.9. Similar di [forence (4.9) is seen with respect 10 Commoi cation
and different anions given in the table. From this obscevation F. W, Kohirausch,proposed tht gach ion
contribules a definilc amount to the lotal conductance ol the clectrolyte, irrespective of the nature of the
other ion, This is Known as Kohlrausch's faw of indepenadent migration of ions. IL1s sirictly truc only at
infinite dilution when there is no mutanl ionic interaction. The law may be expressed mathematically.

A, = A, v AL (9

Where A, and A are calied the jon conduclances at intinite dilution, of the cation and anion,
respectively. They are the conductances contributed by cach of 1he ions, independent of the other, O the
total equivalent conductanc :

In order 1o oblain the jon conduciances 1et us consider another property ol the ions, known as
trasport number. Transport number of an lonis defincd as the fraction of the 10ta! current carried by an ion.
This number thercfore represents as well the fraction of the total conductance duc 10 the ion. Conscquently

A, and & arc selated to by the relations. ' -

A=+ A
A=+ A




©°, and t°, being the transport numbers at infinite dilution obtained by extrapolation method. These
equations permit us to calculate the jonic conductances from the trasport numbers and values of strong

electrolytes. This calculation of ionic conducdances can be explained by the following example. Given
that for hydrocholoric acid at 25° is 426.16 and the transport number for hydrogen ion (t,) is 0.819. We
can calculate A, and A - as follows:

M=ty + A =0821x426.16= 349.9 | - | |
Aae =ty A, =0179x426.16= 763

In a similar way, the ionic conductances of other ions can be evaluated.

_ Since the ionic conductances at infinite dilution are available for 3 number of ions, it is possible
to calculate the equivalent conductance at infinite dilution of a weak electrolyte using equation (9)

The equivalent conduciance at infinite dilution of a weak acid can alsobeobtainedin a different
way. If we have to calcialate the A » for acetic acid what we have 10 do is 10 determine for hydrochioric
acid, sodium acetate and sodium chloride by thé extrapolation method, This is possible since all the thrce
are strong electrolytes. A _ for acetic acid is thus obtained by adding A_ (HCl)and A , {(NaAc)and
subtracting & | (NaC1) from the sum., Thus : '

Ao (HCT)+ NaAC -Ro (NaCD) = A+ Ae+ 1= Afjp+ hac-- Mgy =Act-

= l'f_'[ + hAc-
= Ao (HAC)
Worked examples
1 Specific conductance of a decinormal solution of potassium chloridc at 18% is 0.01 12 ohm™ cm"

.The resistance of the solution was found 10 be3S ohms. What is the cell constant?
Resistance of the solution = 55 ohms '
- Specific conductance of KC1 solution k =0.0112 chin ¢m?!
k= ;IT X l;—where :If = cell constant.
Now, su-bslilut.ing the values of k and R given- We ge1 0.0112 =
1] (cell constant } = 0.0112 x 55 = 0.616

2. The resistance of a 0.01 N electrolyte was found to be 210 ohms at 25%, Calculalc the equjvalent
conductance of the solution. at 25%, given that the cell constant is 0.88.a% 55 :

Resistance of the solution = 210 ohms
Cell constant = 088

Specilic conductance k =-L where L= cell constant = 0.88 and
ar d .

R =210. -, Specilic conducunce of the Solution OZ?(}: = 4.1 93( 1073,

Concentration of the solution = 0.01N
-~ Volume of the solution containing 1 gram cquivalent of the electrolyte = 100,000 cc. (since

—(1)— gram cquivaient is present in 1000 ce, the volume conlaining 1 gram equivalent is 100 x 1000
100 :
= 100,000). Equivalent conductance =k x V (V is the volume in o containing 1 gram equvalent and k
Is the specific conductance)
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~.Equivalent conductance = 4.19 x 102 x 106,000 =419 ohm cm*?

3. The equivalent conductances of sodiun acotate, hydrochloric acid and sodium chloride at -
infinite solution are 91.0, 426.16 and 126.45 ohm™ cm? respectively at 25¢¢ , Cajculate the equivalent
conductance of acetic acid at infinite dilution.

A, = CH3 COOH= A H, }°gnoo0
A =CH,COONa+ A HCl- A ° NaCl
91.0 + 426.16 - 12641 = 390.71 oharl cm2

411 SUMMARY

 Electrochemistry is the study of the interaction of cleciricity with the matter. Faraday's laws are the
quantitative laws that relate the quantitics of the substances that deposit and the amount of electricity
passed through the solugions. Theory of elcctrolytic dissocation and electrolysis are explained in this unit.
Substances whick zonducl electricity through them and undergo chemical changes are electrolytes. Those
substances which dissociate more in water arc called stong clectrolyles. If their dissociation is less
comparitively, they arc called weak clectroly(cs. '

For any type of clectrolyics 1hc_spcci[ic conductainges decrcase and equivalent conductances
increase with-ditution. Tt is possible to calculate  valucs of strong clertrolytes by the graphical method.
The values of weak elcctrolytes are calculated by theapplication of kohlrausch law.

4.12 MODEL EXAMINATION QUESTIONS

-1 Answer each of the following in 10 lines.

1 State Faraday's laws of clectrolysis. .

2 State and cxplain Kholratsch's law of independent mobility of ions.
3. Derive the relation between cquivalent conductance.

4 How is cett constant of a conductance éell determined?

3 Discuss the applications of Kchlrausch's law. :

II Answer each of the following in 30 lines

1. 'Expilain the terms, conduclance, specific conduciance, cell constant, equivaient conductance and
molar conduclance. Derive the interrciationships berween them. . '

2. Deseribe how, the equivalent conductance of ;an elcctrolyte is determined inthe laboratory.

3. Discuss the variation of equivalent conductance with concentration. :

4.13 MODEL ANSWERS TOCHECK YOUR PROGRESS

L. Those substances which conduct cleciric current through them either in the molten siate or in the
' form of aqucous solutions arc called clecirelytes, .
2. The ratio between the distance (1) of theelectrades ol acell'and thearea (a) of cross seclion is called

cell conslant,

Auther: Dr. K. Lakshmi Narayana
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5.1 AIMS AND OBJECTIVES,

- -cxplain.the electromotive force (EMF) of cefls and its-meas urement; -
relate clecirical encrgy and free energy change of cell reaction .

account for the sign convention of electrode potentials,
-deseribe the atility of standard h ydrogen clectrode and sy bsidiary reference clectrodes calomet angd
silver-silver chioride clecirodes, '

5.2 INTR

ODUCTION
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Situation'iliere sheimichl vhangds -'uifbbfoﬂgh'[':ouf-'a?'(paésﬁgc'bl-’bfé&ﬁib"ﬁifrféi‘il)f Such A procss™
where chemical change is brought out by applicd voltage is calied ciectrolysis. :

) Situations where chemical changes (EMF) help 10 produce clectrical encrgy . Such changes occur
- in chemical ceils. '
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Voltaic or galvanic cells aré considered as pritmary cells. :
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) Seondary celt: Acellwheibgeneraies elecric encrgy (current}ifacurrent isearlier passed through

it for sometime from an external source of EMF. In the former DTM§§.I£H?§..%HH!£;,WESS) the
clecrtic encrigy is converled inio chemical energy chemical cells used §0 produce electrical encrgy
and this chemical eneigy is converted in a latter process (discharging process) ek it Electricat
encrgy. Thus it functions 4s a source ol voltage in the latter pmccss's;;ﬁeat.’cacﬁmuwdré, and
batterires are cxamples of sccondary cells. '
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5.3 GALVANIC OR VOLTAIC CELLS (PRIMARY—&QL’,EL;S%»-i;-:_ef--l..-:;.--s
: 15 et i

A galvanic or a vollaic cell consists essentiafly of: i clegirodes combined; i sichamandicr thHak
when they arc. connected by a conducting material, for example, a metal wire, :al;l.](,“,lg:‘,%l.l‘:%% curront flows:

RN

through it. Each electrode, in general, involtes an clectronic {metal rod) conductor and’an clectrolytic
conductor in contact with each other. There exists a potential dif ferehis caliod Sidthodb Potetitial arthé
surfacc of soparation between the metal and the solution, If thiyg ismembmpmcmiatﬁiﬁme&{i the dallf
the electromotive force (EMF) of the cell is taken as cqual to the algg@gi& 5}!1?;9&1%‘39}?‘%{95%29@““2@2 :
due allowance being made with respect 10 the sign of each clectro ¢ potential. During the operation of 2
voltaic cell a chemical reaction takes place at cach clectrode, and it is free energy of hig réattfon thit
provides Lhe clectrical encrgy of the cell. In gencral there will be an@yorallichemicakeaction aheniwe
take into consideration all the processes occuring in the cell. Such acell is referred 1o asa chemical cell,
In other type of cclls the rca}c'tion occuring ai one electrode is exactly reversed at he other, but there may
be a nct change of.free cnergy because of a dillcrence in concentration of one or other of the reactan{s
concernedatihe two.electrodes. Such-cells-ase cadled cwm&iaﬂ-eebl&r?heeieetﬂea*mrgymmhr'
these cascs from the cnergy change accompanying the transfes oF /i@ istihd Ulirbieriadthém oRet
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Differentiatc a galvanic cell from an clectrotytic cell,
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54 REVERSIBLE AND IRREVERSIBLE CELL

AT EIOATAL ie

)
...... _Cells may-fusthorbeclassitied into ) reversibleand-iiyireversible cotts: Thefirst caegory ofTelts™

- where no net flow of current takes place unless the Lwg eloetroes a5g connegied js.called roversiblg cells.

hgmada sy il NI JE R di s e Tt Mt 2 h 3 k e, - .
The crtent STabEmICATHEACTON oectring in such cells is proportional to the quanlty of clectricity passing

in agcordance will the Faruday:§ laws, A reysrssihle celtshall sutisty tha lolowingeandivionsse
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ii} If the driving force is decreased by an infinitesimatiy SiitFdhioi 4N e e e should flow
from the cell 10 the ex ternal source, : I
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i) When the driving force is incr_ca;scd byan i
L For IS Xt Soired ta T calp - 10 s

nfiniggsima[ly small amount, ihe current should.ﬂr)\y{..
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If chemical reaction takes place at either cl%n‘ubﬁésevc’rtwhcn there is no net flow of current, they
are cell called imeversible colls. The following are the cxample of the two catcgories of __c?lls. e
g shoiiaois shivofds ylieeerdiz ods gl R a4 Seie oAb én Balnenst o Y shiwhil
L APTHEC N L ey i e ISRl KL 4 A ndn s liby @ b e et fndename boia
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Scparaied by means of 4 porous partition, Nefike mided istltioREd Lt g R OaRs il St
a current is allowed to flow. This C?#}éﬁé%ié)@-@ipiqp)l}lbg Texersible,cell,

i Ve

eleletrodereacts with the acid spontancously even ifthereis no passage of cup‘fr_lit. h;i; Lype 9_£ ﬁg%ljg,,\yhcrigf
ST i ¥ LT S TINTIRETy IETrT T S S AT ErE (e Sro ey 3 Oon D P § : D o
there'ss SPomEARIGLS A HCik: ag PRSPl s o o [ AT ekt e
b isdgloz sbimund SH0IESY SAH wooing o1 £ 28 abw sidwisvny shouosia ne o Inwndaideien
. . APRESEA AT B Dlbaoteido e o 5 o doida ninlesn

Itis necessary to relate the clectrical encrgy prsdidcd' & Q’él‘cfdﬂ‘i&jggli’ﬁlgﬂﬁﬁdjynémlcaﬁ y tb’%he
process occuring in the cell. This can be done only when the cell behaves as a rversible one, . L.
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be noted that galvanic cclis arc exeepled to behave reversebly onl when the currents passing iifsg r]n_lre'

I g p b oty oaly passing g
infinitesimally small, so that the system is alway$ virtuallyng cquifibrigm,

The second type cell consisits ofuingaiid Goppey elecsfodeddipiped in dil. sulphuric acid. The zinc '
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i) " The first type of reversible electrode consists of a MEET or non-meiaf in' contact with the solution
of its ions, zinc in zine sulphatc sofﬁtiaq,"éome‘r {8 copper sulphate solution, Hydrogen gas in
contact with hydrogenions, oxXygen gﬁ'%ﬁl(&qmﬂﬁf. with hydroxyl tons, and chlorine gas in comtact
with chloride ions arc some examples. I the case of non metal electrodes, platinum or any other
unatiackable metal is generally used for clectrical contacts, Inthese pg,;eéréhgﬂm%qu}gg@ggggr
into equilibrium with the gases,
= ol e o

The reaction 1aking place in the reversible eleg trodesof the firstkind can be written in the following
manner. If the elecirode material is a metal (M), the reaction can be written as follows:

+

hod paiiines o 90 wil) feiinnean o 42 celtlgesovay svniind viim abovasts si e salvr sl
M=M*+e et Bouubot bog hoeibise

Lo XHSIE M Js comespanding on of the metal e sipdicates an clestron, Inhe case,of normetal
elccirodes, the react 1S may b reprosented b]yi the. }Qliow;;}_&g@wg!c&
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Cla+2c = 2C1°
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Titthe case st hydroptd viditoosting RO IS SimitiE 14 metdl, meal ion elecirade. since
hydrogen gives a positive ion i.c.
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Rcv::rslblc clcctmglqs of the sencond ype: involve.a mc;thand a:spaciagly soluble saltol: tins metal;

S e S G with 4 solution of 4 soluble salt @f, l.hc same. anion. An cxample f this:kind is the
silversilver choloride. Efcctrode in conlacl “willi a solution of a sol ubl(, chloridc like KCl The

eiulctrodc rcag,uon ¢ha, be. w,nu.c;n BS isananiing

pay 2al gt i

s bnsgenenfy G 'r‘{' RS

'Ireanon is v;rtual‘ly cquwalcm Lo Lhc cell rca(,udn ofa (.hlonpc gdS clc@&md&;mgqpt,l.hat the silver

of chiorine. In” fact the mlvcr—suver chlondc clcclmde is
clcumdp quh chlermc L@ pressure equivaicpt: (o the
imental fomperatings The,

RO ng:HgZCIQ(S) I(C’l “Solution

s --.m, Be (S) 8L Soluum RTSSTELE

The'electrodes S5 1hia kind are of u, i m cié;:trochem;stry bhecause- they..p _r_mn he ready.
establishment of an electrode reversible’ wuh respect I.O anions like (chlor;dc bromlde sulphate and
og_(gllg_t;:,__?ghlch could not be obtained: in ’ fap ot -

ists of an unauackablc rncldl .8 plalmum or

iii)  The third type of revcrmb‘lc electrode clcurode cons
d rulu;cd}spcglﬁs;ﬁf An: omdquam-reducuon

gold, immersed, in 2 solution containing both oxidised an

*

_ Fe' * and Fe2”
~Fe {CN) and Fe (CN)

i?té;}”

e LD unau.a&kabk: metalserves.as the.conduclor for.ma ngmuleal—eemaca Thsaxidised and~
reduced states necd nokbe ionic alway&. For cxampie, in agysicm consisung of quinone and hydroqu,unonc

- infpresente of hydrogetions quinoiie s the oxidised Torii, while hydroduirione isthe rcduccd form, ',Ehl,_s, .
also constitutes an clectrode of the third type. These clectrodes are known as oxidation-réduction”

elcctrodcs \Thcsc slcctrodcs are rcpr_cs_el}_t_gq B

S

In or(ier that the clcclmdc may behave rcvers.lbly, itis essential that the sysicm contains both
oxidised and rcduccd states.

i gificH réversible ctdcirodc always inlvtves o&ldiéﬁd .md redute c usat
and reduced in the broadest sensc, Al i ceat: tmr’m 1](1(1;, plaw at'an eiec (}dté mdy be
oxidation reduction rcaction in the most goneral.sopse 2 Sn the: rgmhuun a1 any elcictrode may be wriilcn
as general form re,duccd form oxidised lonn+ ne
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56 ELECTROMOTIVE FORCE (EMF) AND ITS/MEASTREMENTTZ © >

=11 Blectric current capnot flow-from onepotLioanotliptunless thessisa potentdal differencebietween
the two points, Hence.the flow of slestric from one elocirode to-another in-a galvanic. ool indicales that.
the4wo electrodes have different . potontials. The difference of potential which causes the flowof cugrent:
from.gne clecirode to another ina galvanic oell indicaies shatthe swoelectrodes havedifferentpotentials;:
The, diffesence of poteatial which.causes the flow. of curret from one elextrode £o another-is.cafled the,
Q@QF@HP@W’M;@W-;M-§tﬂlﬁﬂ;f.!ﬂ.-’..l.i.ﬁ?{-,;ll!@.EME_:QE,'af-_ct.‘ell.:.i.sanua.l;.leflhﬂ;alg@bmiﬁsmag e two;
clectods potentials, due attowance heing made 10 the.sign.of the. electrode; potentiakic i vt 4y *rie
The EMF of a cell cannot be measured by directl connecting the cell terminals to a voltmeter. It
is because during sich a measurement some current is drawn from the cell and a chemical reaction occurs
in the cell to some extent. This brings a change UFdéthncentration of fig elegrolytes and hence in the
- botential. Because of the flow of surrent, & part of the BME is used to ovércoms the internal resistance of
thecell. Because of these tworedsons, the EMF of he ¢elpiven by:the votmetcr will notcorrectly rzpresent

its voltage. SIE ey

i
L

oo

To overcome this difficulty the Peggendrpff-compensatin ‘métliod isdsed. This method has got
the advantage of measuring the EMF of the celf on "openiciciat™1.c; wheo it i§ producing no current. As
meationed earlier, the cell can beExpecied f6 beliave reversibly only when it-is producing an infinitesi-
mally small current and hence use of anopen gircuit is ideal one for detestiining the EMF of a reversible . -
ool A _ 5 : e -

galvanic cells i caflcd the potentiometer. The
age  batteryB dﬁa_g:q}:_is:tant EMF whihc is much

"

~_ Thedevice used for the measurement of Ef
‘experimental set up is given in fig. 5.1. It consists
~ larger than the EMF of the celf to be measured.

the ends:ol @ wniformeonducior AC of high resistange: The cell X; whoise .
ME 18 being measurcdisconnected through a galvanometer Gia a sliding contact D.which ¢an be mioved.
along AC, The position,of D is adjusted-uniil no current. flows through:the.galvanometer, 1.6, iLgives no:o
deflection, The.potential fall between A.and D dus fo.the bauery E is.exactly somponsated by the EME. .
of X, that is E, . The cell X is replaced by a standard cell S of accurately. kaown EMF (E,). The:sliding.
contact is readjusted untif a point of balance (D,) isreached. The fall of potential between A and D, isequal

t0.E,. Since.conductor AB.is SUpposed.i0.be UaHOmT, i AOHGWS-haL - .. —rruremrnon e oo ermssne
FOVAY CRTEYTIH A
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In the simplest form-of the potentioiteters ACis 1 meiec fong andihe EMF of the Battery i 2volts, -
- Then the corresponding error in the evaluation of EMF is 0.001 voli. -
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aaow e norirab Yol the measuritn: o RENMF depontison the quedracy of e R iadard ¢albukdd, The
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and the other electrbddconsisiroaierelicaid selldtercurows sdiphaty pliecy inkid)gamel AdiR LS
sulphate solution, The cell is represented as follows: '
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Figs 52 WegopCadnnam Cell ] .
12.5% Cd(Hg) /3 Cd gb4 8H,0 HgaSOx (s) / Hg
| 3

salf solution A
b .
PR ——

“The Wesiom cell is sct up gencrally in a H-shaped 1obe hs shown in Fig.5.2

The right hand limb containg cadmium amalgam and the left hand limb the mercury. The amalgam.

is covered with crystals of 3Cd SO, 80 dnd trmiencan &/ilinR¥éurous sulphate and 3Cd SO, 8H,0

crystals. The whole cell is filled with a saturated solution of cadmium sulphate. The EMF of the weston
Cadmilumctikis 11018636 Gmetyisl o) abseliisvols 41200 and #s e RoEseTTierntisd x 10°
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58 FREE ENERGY CHANGE AND EPEQJRICAL ENERGY

spa et Jbes A neswlind o

The second law of thermodynarnics i8 appifé:fble 15 reversible processes. Since the study here
involves reversible cells, it is possible 1o apply hidsmodsiramits to the results, If the EMF of a voltaic cell
is E voltsand the process laking place in it is adddfapanied by the passage of n faradays, (nF coutombs)
whese; Firepsesesis 96360 e mhs g wark doile, by the sysidmyin, (e, ¢olk i3 WEEvplecodlombs oric
Joules. If the cell is a reversible one, this work represeats the maximum work, and it may be taken as equal
10 thechunpe:of tiericheFgy Acabibpanyinig siercd L itatjon: Heioe sr-follotos that 1olieri 3

AG= -iFE o LD 4 TS rﬁ.).nm,-iz;x- 5 43 6 0T BE:‘h(sé(s{Eib.t
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forithe cetbweaction. Introducing -nFE for AG  in the eqation

Where AH i§ ingr case of heat co'lf(-t?:\m.‘
the result is

hanectod actupn add T
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. Funhersince AG = AH-T AS (from thermodynamics), the above measurements of E and dE
can be used (o calculate A S, the §Riropy change in the Proggss. It }c_;_m]also be shown that
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Suppose the reaction occuring in a reversiblé ¢l is represented by the equation,

e nf o=y B () Eed 9 e
A+B=—=( .
e it ad an (FL BOBELEE 2601801 0 aemd ne briesd
= 4.0 accompanyin 8 thg Process is given by van't Hoff reaction
T/ P L PN EaRui g I '

. M s Fo
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The decrease in free enoIgy

isotherrinii T a - i !
- 8G=-AG RTinOn i ©)
SR e TE 200 T IS :

Where - AG® is the decrese in frcg@mergfaccompan ying the same process when all the reaciants

and the products are in thejr szandardstg}_g_ga__s';.g)_af_,,g;;1itT aclivity and Qn stands for (he reaction quotient of the
acuwlm&s&if the products and the rcactqgﬁgpsllmugg Ihe viftic of Qn we have

- A G:-AGO -RT ]n_a{_;‘_x_aD__

Alia g ARG
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eleletrical energy is equal to decrease in frec encrgy. The above equation can be written ag® 10377 o5
iy B a8 G0 (5 gy 40K D),
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_ following lorm by replacing the activity 947

Whiere: E%is she: EMF:of the coll dn: whichi it activity of asany appr:mmmroﬁtb@“@bhtﬁdftﬁﬁbﬂlﬁf’-e&éﬁ
reactant and cach resultant of the cell reaction is equal 1o ity ER i§ KOWIDak b dndard ERMEGPie
cell. The above equation is often referred as Nernst cquation. Nernst equation can be wrilicn in the
“-by the go:aqcmrauon terms as an approximation.

_RT 1, ECxCD ) o
mﬁ‘, Y ‘CAX‘C‘B saesth e hen =-f(:]l4)-:t

L A e mat

P agert I IR S EG TP TITR NA ) S
This cquation helps us o calculate the EMF ol the cell when the concentrating of the rcactants and
products of the: €01l reaciton and E are knigwin, -

We know that the rcvcrsxblc cells arc made up of two reversible clectrodes. The over all cell
reaction and inrn the EMF of the cur-'cm e splitup intd #wé, one for cach electrode. This can be
explaincd by the fotlowing example, d

: STERY
The cell reaction:for the call

. HleC1 (L) AgCl (s) ;’A;,

for the passage of onc faraday. Then Nernst cquation takes the form

)152#.11 te,

and 2) AgCl (S Ag + Cl'

Bascd on these two reactions ‘cquation (15} can be’ apllt up as

o E {E; RT In an+] [52 _RT In “BAg XECJJ--_ et

Fe=

a0

RN

- —E° RT In au+ P '(17).

q" N '\i'.- :‘f - -f o

Where E, and E ‘arc the single clqotr{};lc poicmmls

The standard:siate, o[ hydrogen is. the. gas,at.1. almospheee i
sxlver cl _.‘ndc are \ha s;al.lds2 it thergfore. tqllqws thal a,,, :
are written 8,0 i e . : .

ressure and:the; mandard states:of silver and
are. umly 5. 6Qual.wns 17 ang 18

(19)

(20}

thre E° terms arce the sumda_._r polentials ¢ of H,/H* and Ag/AgCl, CI clectrodes, It is scen,
thercfore, that in the cell under consideration thcpoicmual of gach c’lcctrodc dcpcnds only on the activity
of one tonic spcmcs apart from the stmdard potentidl of the sysu:m v




A general expression for an electrode potential can be obtianed by writting the general clelctrode
reaction as '

Reduced State <—  oxidised state + ne

Where n is th enumber of electrons by which the reduced state and the oxidised state differt. The electrode
potential is given by '

RT [Oxidised State]

E=FEo- nF [Rcduced Stale]

Where E° is the standard potential

_ Thus if the electrode is formed from a metal M of vatency Z,, revesible with repsect to M jons,
the electrode reaction is written as ' o

M=M* +Z¢
" The equation for the potential is written as
E=p-RTpaé QN
- ZF aw A

Where a,, &, ar erespectively the activities of the solid metal M and MZ*. The cations M*Mand M in
solution arc in equillibriumn with each other. B y cenvention the solid siate of the metal is taken as the

by unity. The equation (21) is then written as

RTjp A
E=E°- In )
ZF 4z @)
A .
Similarly for an elcctrode involving a non-metal A, reversible with its anions AZ , the clectrode

reaction is

A‘*-__/ A+Ze
The equation for the electrode potential is

E=E°- Rl . (23)

. ZF
As before, th;:_' actiivity a,. of A is taken as unity. The equation for electrode potential ig written as

E=E°-RL 1 1L | (24)
ZF ok - _
Thus the magnitude of icndency of a substance to lose or gain electrons when it is in contact with
w getoxidised, the potential is called oxidation pownctial. Similarly the tendency to gain elecirons means
reduction potential is the reverse of the oxidation and vice versa,
Check your progress - 2

Why iron cannot precipitate zine {from the agueous solution of a zine salt?

............................................ Dr.BRAOM......Ace, Nog &M~ 95 1>
LBRARY ~ Class No! 546
eng

standard state (unit activity) for an electrode consisting of the purc metal, therefore, a,, may be replaced

its ions is expressed by the electrode potential, Since the tendency 1o losc clectrons means the tendency -

the tendecy to get reduced, and hence the polential is ca][_f:d reduction potential. It may be noled, that the .
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5.10 STANDARD HYDROGEN ELECTRODE

It is not possible to determine experimontally the polential of a single electrode, It is only the.
difference of potentials belween two electrodes that we can measure by combining them to give acomplete
cell, By arbitrarily fixing the potential of on cletrode as zero, itis therefore possibleto assign numerical
values to potentials of the each other electrode. Accordigaly, the potential.of a reversible hydrogen
electrode in which the H gas at aimospheric pressure is bubbled through a solution of hydrogen ions at unit
activity, has been fixed as zero. This electrode is known hydrogen elccirode and is represented as

Pt H, (1 am)/H* (a=1)

I

e—assm———

Hydrogen

‘ . 4 \
Oy
Fig: 5.3 Hydrogen Electrode
where Pt is Platinim used for getting the electrical contact. The potentials of all othier single electrodes
are gencrally expressed on this hydrogen scale. I{ it is required to find the electrode polential, of , say zinc
clectrode, in a solution of zinc sulphate (i.e, Zn/Zn*") itis needed to combine it with a standard hydrogen

clectrode and construct the cell.
Znjz:** sotution /f H (a=1)/H, (1 aim .} Pt

The EMF ol this cell, determincd potentiometrically, is equal to the potential of the Zinc clectrode, |

“since the potential of the standard hydrogen electrode is zoro. In this cell, oxidation takes place at the zinc

clecrode and reduction at the hydrogen efectrode as shown below,

Zn (s) 4.Zn’* + 2¢
-

The net cell reaction is
Zn(s)+ 20 ~«__ Zn* + H, (g)

3. o




3.11 SIGN CONVENTION OF ELECTRODE POTENTIAL

According 10 one convention the eleclode potential is givena postive signifthe clectrode reaction invovies
oxidation when connected to the standard hydrogen electrode and a negative sign if the electrode reaction
involves reduction reaction when connected o standard hydrogen elcletrode whose potential is arbitrarily
taken as zero. This can be explained by the-foltowing examples, -

i) When copper electrode is connected to the standard hydrogen electrode, reduction takes place at
the copper electrode. The clecirode reaciioss are: : -

At Hydrogen electrode H?2 (g) = 2 + 2¢. Oxidation
At Copper glelewrode Cu** + 2e “—___; Cu reduction:

Hence according to the above convention, the potealial of copper eletrode is taken as negative,

However, if the zing clelcirode is connected 10 the standard hydrogen clectrode, oxidation takes
place at the zing elelctrode, The reactions that Lake place at the elecirodes are:

At zinc eleclrodes Zn (s)é_-; ot o+ Ze,
at hydrogen clectrode 2H* 205 H? (g) 1aum,

The potential of the zine electrode is therelore Laken as positive. The standard potential (E°) of any
substance (electrode) is the potential of the elccirode where the substance is in cquillibrium with its ions
in solution present at unit activity, : S

In a cell the electrode reactions are written as oxidation reations. The electrode with more postive
potential is represented as icft hand elecwrode and the one with negative (less positive) potnetial as the right
hand elcctrode. The overali cell reaction is abtained by sublracting the right-hand clectrode reaction from
that of the left hand clecirode reaction. In a similar way the standard potential of the cell (E° cell) is given
as the difference between the standard oxidation potentials of the right hand electrode and the left hand
electrode, : :

Zin/Zn /{Cu** /Cu
Eo = Ec _Ea Tt

Bfine+ - fCu

5.12 SECONDARY REFERENCE ELECTRODES

The standard hydrogen electrodes as mentioned carlicr is used as a reference clectrode for
determining ke single elecirode potentials. But it is not always convenical to set up this etectrode on
account of difficultics involved in maintaining the activity of hydrogen ions at unity and in keeping the
pressure of the gas uniformly ai one atmosphere. Hydrogen electrode also gets poisoned if there are trages
of impuritics in the gas. To overcome these difTicutiics, other clectrodes, called sceondary reference
electrodes have been employed. Two such electrodes in common use are i) calomel elécirode and if) slver-
stlver chloride efectrode. '
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Fig: 3.4 Secondary Reference Electrodes (Calomel electrodes)

i) Calomel Electrode: Thisisthe commonly uscd reference electrode. It consists of mercury, solid
mercurous chloride, and 2 solution of potassiun chloride of a dclinite concentration. The

reaction that takes place is Hg, CL(s) < - Hg* + 2C
. 2 - "

Hg» 2 <= 2Hg()

Hg,CL@ + 2 <= 2Hg+20C

The electrode is therefore trealed as an clectrode reversible with choride lons. The potential hence
depends on the concentration of the chloride ons. The potential of this clectrode therefore varies with the

concentration.ol potassium chloride solution.

Three different concentrations of potassium chloride are gencraily cmployed in construclng the
elocirode. These arc 0.1. N, . 0 Nand 2 saturated solution. The folfowing potentials arc obtained {or the

three calomet electrodes on the hydrogen scale.

01 N KCL, Hg,C, (9, He | -0.3338 V Vs SHE
10 N .KCl, Hg,Cl, (), Hg 20,2800 V Vs SHE
Saturated KCI, Hg,Cl, () Hg 02415 V Vs SHE

ii) Silver - Silver Chloride electrode.

. Inrecentycars, the silver, silver chloride elecirode has been cxtensively used asreference elecirode

for accurate work. 1t is normally obiained by the following method. A small sheet or short coil of platinum
is first coated with silver by elecurolysis of argeniocyanide sotution. This coated silver is partly converted
into silver chloride by using it as an-anode and elecuolysis is carricd out in 2 chloride solution. The
electrode thus prepared is keptina solution of KClor HC of unit activity. The elctrode is represented as.

(a=1Cr AgCl (s), Ag. ltisan electode reversible with respeet 10 chloride ion.
of this electrode is - 0.2224 YV on the hydrogen scale.

78 : ~ Fig. 5.5 Silver - Silver Chluride Elecrode

The standard potential -



_'Worked Prdb_lems
1) Write 1hé electrode reactions and cell reaction for the Daniel cell Zn/ZnSO, /{CuSO,/Cu

Solution: Let us consider that the reactions at the elcctrodes as oxidation reactions, we first write the
right hand clectrode reaction and then the left hand clectrode reaction.

Cu=— Cu™ +2 ii) Right hand electrodes.
In=— Zn* + 2 _ i) Left hand clectrodes.

| The over all cell reaction is obtained by substracting (iij from (i}

Zn - Cu 4:7 Zn* - Cu*

The 6vcr all cell reaction is

Zn + Cy* % Zn*; +Cu

2) Calculate the standard EMF of the cell,

Cd (s) / Ca~ <— Cu* /Cu (9)

giventhatE°, . . =+0.40V and E s =- 034V

Sulution:. Write the cell reaction. According to convenlion, the standard EMF of the cell is equal to
the differcnce in the standard potentials of the left hand electrode and the standard potential of the right

hand eleicirode.

E° . =

n
el E left hand

o
‘E right hand

B, =040-(-034)= 074V

k)| Calculate the standard EMF standard frce energy change and-the cquillibrium onstant for the
folowing reaction that takes place in a cell a1 25%¢ '

Leug+lon@ =Lea*+cr

2 2 2
Solution:  The overall cell reaction can be splil up 1o two half ccll reactions (both as reduction
reactions) OLcy+e-cr : '

: 2
(i) L Co* +e=cu
2
The reaction (i) is considered as the reaction at the ri ght hand clectrode and (i) as the reation at the

left hand clectrode on the basis of their poteatials. '

The standard EMF of the cell is the difference in standard potentials of the Icft hand and right hand
electrodes.

From tbles it is known that E°,, ., =-1.36 and E i =- 034

E,=-034-(-1306)

~E® for the given reaction is 1.02 V.
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Siandard frec encrgy change is givneby the equation G° =A -nFE°

1f o the number of clectrons involved in the reaclion hnd F." the standard EMF are known, & G° can be
calcutatcd since F is equal 10 96500 coulombs. In this rcaction n =1 and E° = 1.02 V and 50

A G =-1X9%500 X 1.02
A G° =- 98430 Jouics,

The equillibrium constant for the seaction is calculated making use the thermodynamic relationship
between standard [ree energy change and the equiltibrium constant K

ic.-A Ge.=RTInK.

Since we got the valuc of A Ge it is possible for us now to calculate X for the reaction, making use of
the equation. '

-AG°=RTinK=n FE* -
In K =DFE”
RT

or log K = —1EE
2303 RT

In this n=1, F=96500, E° = 1.02, R= %.314 Joules nd T=273 + 25 =298 by substituting these values in
ihe-above cquation we get o

log K = —1 X 96500 *1.02
2303 x 8. 314 x298
= 17. 2507
SK=1781% 107

Thus the e-quiiibrium constant Lor the given reaction = 1.781 X 1047

5.13 SUMMARY

Galvanic ccll is a device of converting chemical encrgy into electrical encrgy. These cells are two
types called reversible and iereversible. EMF of a cell can be measured by Poggendorfis compensation
method. Weston ccl\l is a standard e which gives constant EME if considcrable quantity of electricity
is not drawn out fromit, 1F the signs are chunged oxidation polentials become reduction polentials. In order
o develop a scale the potential of standard hydrogen clectrode is taken as zero. EMF  of a cell is the sum
of the oxidation potential of anode (left side clectrode) and the reduction poicntial of cathode) (right side
clectrode). .

5.14 MODEL EXAMINATION QUESTIONS

1 Answes each of the fullowing in 10 lines

Explain the meaning of a reversible clectrode.

How are reversible eleleirodes classilicd?

Discuss the principal underlying the sign conventions of cleketrode potentials.
Explain the mcaning and Consiruc tion of a standurd Cell.

Obtain the relation between Lhe [ree coorgy change and the EMF of a galvanic Cell.
6. Describe hydrogen cleetrode and silver-silver chloride clelctrode.

Wrile the ceil rcaction for the Daniel Cell. :

Write a bricf account of the construction of Calomel clectrode.

oo
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II

Answer each of the following in 30 lines

Give an account of the reversible ¢lectrodes, rcfcrcnéc-electrodés add sign convention of electrode
potenuials, .

2, How is single electrode potential of an elecirode: determined? .

3 Derive the relation between the cquillibrim constant of the Cell reaction and the EMF of the Celi,

5.15 MODEL A'NSWER_S TO CHECK YOUR.PROGRESS

1. Galvanic cefl is a mechanical device Lo convert chemicat encrgy into electrical energy where as
cleetrolytic cell is a device of converting clectrical encrgy into chemical encrgy.

2.

It is because the oxidation patential of zinc is more than the oxidation potential of iron,

Author : Dr. K, Laxminarayana
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61 AIMS AND OBJECTIVES

The main aim of this unit is 10 explain you different theories of electrolytic conductance and get
at the expressions for the variation of equivalent conducatnace of sirong electrolytes. After an intensive
study and understanding the various aspects of this unit, you must be able to:

. explain Archenius theory of electrolytic dissociation which proposes that weak elecirolytes are
~ incompletely ioniscd at moderate concentrations is called degrece of ionisation. It reaches a
limiting value of onc at infinite dilution.

. find out the Ostwald's dilution law is an outcome of the application of Arreh.oius theory and law
of mass action to ionisation of weak electrolyles in solutions.

. accounl: for the swong glectrolytes abnormal conductance behaviour. They show an increase in -

equiva_lcm conducatance with dilution even though they are completely ionized at moderate con-
centrations, '
. bear in mind that the conductance behaviour of strong clectrolyles is explained satisfactorily by

Debye, Hickel and Onsager in their Interionic attraction theory.

-

6.2 INTRODUCTION

The behaviour of electrolytes is obtained on the basis of the variation of elcctrolytic conductance of
electrolytic solutionswith concentration. These results explain the reasons for faiture of Ostwald's dilution
faw in the case of some electrolytes calied strong clectrolyte. These facts helped 10 develope the modem
theories of strong electrolytes. - . :

6.3 ARREHENIUS THEORY OF ELECTROLYTE DISSOCIATION

 Wehave seenind.5 that the electrical conductance ol electrolytes is due 10 the presence of charged
particles, i.2. ions, in solutins of electrolytes. Let us now consider here the importnat postulatcs of the
Arrhenius theory of elecrolytic dissociation and their limitanons.




ii,

. Eletrolytes in aqueous solution underge spontaneous dissociation into postiive and negative ions,

This phenomenon or dissociation s calied inoization,

The degree of ionization or dissociation {defined as the fraction of the tolal electrolyte dissociated)
is appreciable even at moderate concenirations and it further increases with dilution until at infinite
dilution it approaches unity. '

Al moderate concentrations, an equillibrium exists between the ions and the undissociated
elecwolyte (MA)

MA ._‘—._71\/[* FA

Since equal number of positive and negative ions are present in solution, it will be electrically

neutral. On the basis of the degree of dissociation, Arrhenious, classificd eleirolyics as sirong and weak.,
If the degree of dissociation is great even al moderate concentrations, the clectrolyte is said o be strong
If the degree of dissociatin is low under the same conditions, it is called a weak electrolyte.

C.

Arrhenious theory exp-lains the fol lowing experimental facts;

The electric current in electrolysis is carried by the ions in solution and the ions losc their charges
when they reach the’appropriate electrodes durin g clectrolysis,

. The degree of dissociation of an electrolyte increases with dilution. In other words, thecquilthrium

‘between undissociated clectrolyte and fls ions, shifts more and more Lowards right on dilution,
MA—SM*+ A

This explains why the equivalent conductance increases with dijution and ultimatel ¥y acquires a

" limiting value at infinite dilution, The electrolyte is assumied 1o be compietely dissociated if the

degree of dissocaition is unity. Therefore, at any other concentration when- the value of the.

* 2quivalent conductance is- the degree of dissocaition () is given by the expression.

A . : , -
°. Equivalent conduction at a given concentration
A Equivalent conduction avinfintie dilution ' )

[}

o =

Arrhenius theory offered, for the first time, a plausible expplanation for the abnormal behaviour
of electorlytes in aqueous solution. while studying colligative propertics, Van't Hoff observed that
these clectrolytes gave abnormal values for 0smotic pressure and other colligative propertics, The
molccular weights calculated were always higher than the theoretical vatues. In order 10 corroct

this, Van't Hoff introduced the factor ™" and it s given by the cxpression

j = Observed colligalive property
Calculated colligative property

Arrhenius put forth the argument that since the colligative property is dependent on the number
of particles, (molecules or ions,) it is-evident that - binary clectrolyte, which is capable of
disseciation, intoa cation and an anion produces depression in freczing pointor elevation of boilin g
point twice as much as that calculaled from the equation for a single molecule. This expalins the

(]

limiting value of 2 obtained for i tactlor of biiiary clectrolytes. The value of "i"changes depending -
on the number of ions produced by the dissociation of the clecrolyte, Thus in the case of

electrolytes tike BaCl,, Na, SO, where 3 ions are obtained, the "i" factor takes a Limiting value
of3. : : _

Itexplains the concept of Tonic redctions. When a solution of alkali metal chioride or hydrochloric
acid is mixed with a solution of silver nitrate, a white precipilale of silver chloride is obtained. Ethyl
chioride, on the other hand does not give any such precipitate with silver hitraie. Ferrocyanide ion
in polassium ferrocyanide is formed by the combination of four cyanide ions with a molecule of
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ferrous cyanide. The solution of potassium ferrocyanide gives neither reactions of ferrous ion nor
of cyanide ion. The above facts are explained on the basis of formation of free chloride ions in the
case of alkalimetal chloride due 1o jonisation of alkali metal chloride or HC1 and absence of free
chloride ions in the case of ethyl chloride due to non-jonization of ethyl chloride and absence of
free ferrous or cyanide ions in thé ¢ase 6f potassium ferrocyanide since ferrocyanide ion does not
ionise. '

Itis weil known that solutions of electrolytes with 2 common ion show sumilar chemical properties,
For example, solutions of acids show the acidic properties and solutions of bases show the alkaline
prosperties, This is be canse acids ionise in solutions to give hydrogen jons and bases ionise to give
hgydroxhye ions. This is the basis for the Arrhenius concept of acids and bases. Similarly, the.
solutions of salts, either having the common cations or cemmon anions, will .show .the same
properties of the same cations or same anions.

The heats of neatralisation of all strong acids and strong bases are about 13.7 Keal. It is therefore
concluded that all strong acids HX, and strong bases MOH are completely dissociated into jons
the respective ions ' '

HX — H'+X

MOH == M +OH

and the neutralisation of strong acid by a strong base involves the same chemical reaction. i.é, the
combinatin of hydrogen ions with the hydroxyl ions, to form undissociated water.
- S A '
H'+ OF —— H,C
The heat evolved is therefore the same; If the dissociation of the acid ur base is not complete, then

heat evolved in the nentralisation of waek acid with a strong base’ or the reaction of a weak base
~ with a sirong acid will be less than that in the case of a strong &cid and strong base.-

Check your progress - 1
What is the relationship between degree of dissociation and equivalent conductances?
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64 OSTWALD'S DILUTION LAW

Lt us recall what we have studied in Block 5. unit 30 of I year under the application of 'law of mass
action’ (o ionic cquilibrium.

Consider an efetrolyle MA, C moles of which are dissoloved per litre of an aqueous solution . Let
(ot be its degree of dissocation. Then.
MA = M+ A

Cel-o Co Cu N )]

The equilibrium concentration of the undissociuied clecirolyle will be C (1-¢x) and the ocneentration of

theions M* and A willeachbeequal o Co. Applying the law of mass action to the above equillibrium,
we have




2 2 :

k=_Cd _Co’ ' @)
C{t-0 (la :

Here K is called the dissociation constant.

: A

i+

The Ostwald's dilution law is veri fied by conduclances method by substinting ~ ~ fora. the

law was found 1o hold goodin the case of weak electrolytes, such as acetic acid and ammonium hydroxide
only. '

The law failed to hold good in the case of sdirong electrolytes, such as sodium chloride,
hydrochloric acid or sodium hydroxide.

6.5 BEHAVIOUR OF STRONG ELECTROLYTES

Strong electrolytes do notobey Ostwald's dilution law. Butcquivalentconductances increascd with
increasc in dilution. eventhough the values of de gree of dissociation obtained in freezing point depression
method and in condutance method were fuirly equal for uni-univalent elecirolytes (NaCl) they were not
at all so for bi-univalnnt and bi-bivalent clecurolytes {e.g. BuCL,, MgS0,) Strong electrolyies, like KC!
and NaOH are found to be good conductors of clectricity cven in the molien state. It indicates that the
ionisation takes place in these cases even in the molienstate {absence of water). X- ray analysisof crystals
of these salts has shown that the solids consist of ions held together by clectrostatic attraction. When the
solids are brought into solution the ions will become free 10 conduc electricity. Similarly when the solid
are melted, the ions will become free to conduct clec ricity and there is no possibility of undissociated
elelctrolyte being present in these cases. As already stated earlier Arrhenius had assumed that increase
in equivalent conductance with increase indiliition is due 10 increase in the number of ions. This as seen
above, is not correet in the case of strong electrolytes since the sirong electrolyies arc present completely
in the form of ions cven in the solid state. -

6.6 THEORIES OF STRONG ELECTROLYTES

Int order 1o explain this anomalous behaviour of strong electrolytes, namely, increase in equivalent .
conducatance with dilution even though the clectrolytes arc completely ionized athigh concenirations, and
cven in the solid state, various views have been expressed by different workers,

Sutherland (1906) suggested that sinee the number of ions remains unaltered the increase in
conductance is due w the increase in ionic mobilities. The onic mobilitics increase partly duc 10 the
weakening of the inwrionic forces. Every ion is surrounded by a large concentration of ions of opposite
sign. But this was not developed further unti! J.C. Ghose (1918) revived it. According to him, all the ions
- are not free to move owing 1o the influcnce ol apposite clectric charges, and only the mobile jons affect
the conductance of the solution. In this way arepresents  the proportion of active or mobile ions of the
electrolyle. Hohas derived an experssion of the form given below 1o account for the behaviour of strong
electrolytes.

- 3¥Viog =K

This was obeyed by unij-vnivalent clecurotytes. This theory of Ghosh was found not of much use
to explain the behaviour of all strong clectrolytes. This theory was howevoer later developed by Debye and

Huckel (1923) and then by Onsager {1926)




67 DEBYE-HUCKEL-ONSAGER THEORY OF STRONG ELECTRO
LYTES OR THE INTERIONIC ATTRACTION THEORY.

The condugtance of a solution of an clectrolyte depends on two factors. These are (i) the number
of ions and (ii) their speeds in the solution, The change in equivalent conductance is generally ascribed -
to the change in the number of jons on dilution. This assumption implies that the speed of the ions does
not vary appseciably with the ocncentration. Thisis true only in th ecase of weak clectrolytes. Itis certainly
not rus in the case of strong clectolytes. This is supported by the fact that the transport number of an ion
varies with cocentration implying variation of ionic speeds. It follows, thercfore, that the dependence of -
the speeds of ions on the conceniration of the solution must be, atleast partly, responsible for the change
in the equivalent conductance. '

" Inthe case of strong clectrolytes, the view widely adoptéd is that they are complctely jonised atalt -
concentrations. This is supported by the X-ray analysis of crystals of the slats  which'indicates that these
salis are completely in the jonic form and that the positive and negative ions one held by elcctrostatic and

other forces. When the saltis brought into solution, these ions become free tomove and conduc! clectricity,

The increase of equivalent conductance with dilution therefore cannot be ascribed to the increase
in th cnumber of ions on difution. Theincrease in equivalent conductance must therefore be ascribed to
increase in the speed of the ions with decrease in concentration. This is the basis of the interionic atraction
theory of electrolytic conductance. The theory proposes {hiat in concentrated solutions the jons come closér
and the sirong attraction beiween ions of opposite charge resalts in a decrcase of the speeds. On dilution,
the jons move far apart and exist little influence upon their specds. This in turn results in the increase of
speeds on dilution and consequent increase in the equivalent conductance. ' '

Debye-Hucke} and Onsager have derived a quantitative expression o the basis of these assumptions of
the interionic attraction theory. The fundamental assumption is that every ion is associated with a cluster

“of ions of oppostie charge, as a result of the clectrosiatic attraction between postive and negative ions.
Because of this, on average, ions of oppostie charge will be present in the neighbourbood of particular
jon than the jons of the same charge. it means that every ion may be regarded as being surrounded by a
centrally symmetric ionic atmosphere with the magnitude and sign of the charge of the being eqgual and
opposite to that of the cenural ion respectively. When E.MF. is applied to the clectrolyte solution the
cenlral ion and the ionic atmosphere move in oppostie directions. As a result of Lhis it may be supposcd-
thatascentralion movesawady from its position anew ionic atmosphere willbe formed around the central
at its new place, while the old ionic atmosphere decays or dies out. If this formation and decay take place
simultaneously at the same ratc the symmetry of the atmosphere i§ maintained. Sincethese do not take
palce the atmosphere will be asymmetric, This results in the decrease of the speed of the central ion
because of the greater influence of the asymmetric atmosphere on the ion. This effect on the speed of an
ion is called asymmetry of relaxation effect.

Another factor which is responsible for the decrease in the specd of the ion is the tendency of the
applied E.M.F. to move the oppositely charged ienic atmosphere, withits associated molecules of solvent
or water, in a direction oppostic to that of the central ion. This is knwon as electrophoretic effect.

Check your progress - 2

Why the cquivalent conduclivities of strong clectroglytles increase with dilution even through they
undergo complete dissociation?: '




Debye and Huckel thus atiributed the increase in equivalent conductance wilh dilution, even thoght the
number of ions is unaltered to the change in the speed of the ion. On the basis of this assumption Debye

and Huckel derived an equation for the variation of equivalent conductance with concentration. This was
. modified by Onsager. The following is the final form of the equation for a uni-univalent electrolyte. -

. ' A=A, - |824 ,820x10° A, G
onl O3
. 2n

where D is the dielectric coustant of the solvent is viscosity of the medium, T the absolute lemperatyre,
andC is concentration of the solution in moles per liter or gram equivalent per liter. The above equation,
generally known as Debye, Huckel Onsager equatior or simply Onsager equation, accounts for the falling
off in the equivalent conductance from the limiting value with increasing concentration of the electrolyte.
The firstterm in the brackets is due to the electrophoretic effect, while the sccond representsthe asymmetry
effect, ' : “

By writing A and B in place of the two quotients within the brackets of the equation, we have

A=

Where A and B are ocnstants for a given solvent that depend only on the 'temperalure; For water
at 25%, A is 60.20 and B is 0.229, So for aqueous solutions of strong uni:univalent electrolyies, the
cquatiqn becomes :

o

A=A

This meansthat t':3 plot of the equivalentconductance against the squarerooi of the concentration
W should give astraight line of slope 60.2 + 0.229 . It has been observed so in the case of dilute solutions
of uni-univalent electrolytes, :

68 SUMMARY

- Arrhenius theory of electrolytic diss6eiation explains the behaviourof weak clec trolytes. Ostwalds
dilution law is the result of the simultaneous application of law of mass action and Arrhenius theory to the
dissociatin of weak electrolytes. The behavicur of strong electrolytes can be expalined by Debye Huckel
theory, '

6.9 MODEL EXAMINATION QUESTIONS

I Answer each of the following in 10 lines,"

1. Give an account of Arrhenius theory of electrolytic dissociation,
2, What are the anomolies observed in the conductance behaviour of srong elecirolytes.
3 Give the basic postulates of interionic atiraction theory. -

Il Answer each of the following in 30 lines

1. Discuss critically the reasons for the failure of Arrhenius theory in the case of strong electrolytes.
Discuss Debye-Huckel theory of stron g elecirolytes, :

6.10 MODEL ANSWERS TOQ CHECK YOUR PROGRESS

1. Degree of dissociation of a weak elecirolyte is the ratio between its and Aand A o= —
valucs. u
2. Equivalent conductivities due to the disappearance of the interionic attractions.
' Author: Dr. K. Lakshminarayana 87
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BLOCK - 3

CHEMICAL KINETICS

Chemical Kinetics deals with the velocity of reactions, By a study of thercaction rates, itis possible
10 propose reaction mechanisms,

There are some chemical reactions which come to a completion in a fraction of a second. Tonic
reactions are of this type. They are very fast reactions. Some reactions are very slow like the rustin g of

‘reaction rates.




at temperatures that are easily accessibic in the laboratory. The subject of chemical kinetics deals with the
study of the rates at which reactions occur, and the influuenee of conditionson these rates. The information
is helpful to propose the mechanisms of the rcactions. '

7.3 RATE OF REACTION

The rate of a reaction, which may also be called its velociiy or speed, may be expressed in terms
of the concentration change ol a reactant or ol a resaltant of the reaction with time. It is expressed as the
rate of decrease of concentration of a reactant or as arate of increase of concentration of a resultant of the
reaction with time. Thus, if the substance chosen is a reactant and if it has a concentration '¢' at ime 't', the
rate is-9€ | the rate with respect 10 a resultant having a concentration 'x’ at time 't ié%‘-. Here dc, dx

t

dt :
and dit refer to the small changes in concentration of the reactant, concentration of the resultant and in

reaction time. According to this formulation the rate must have the units of concentration divided by time.
The time is almosl invariubly expressed in scconds, while concentrations  are frequendy given as moles
per litre or moles per cubic centimetrz; in such a case the units for the rate are moles litre™ sec™ or moles
cc-. The rate is expressed in atmespheres per second for a gascous reaction where pressure units are used
in place of concentration. ' : '

Since the rale of a chemical reaction depends upon the concentrations of the reactions, the rate of
the process must fatl off as the reaction proceeds, for the reactants are continuously consumed in the course
of the reaction, that is, their concentrations are decreasing steadily. The reaction rate varies thus with time,
somewhat in the manner shown Fig, 7.1, The process becomes slower and slower as the reactants are used
up. The reaclion never ccases, and therorctically, the raje-time curve should be asympiotic to the time axis.

Baeastion Rate

P

Fig: 7.1 Rate-time curve

7.4 CLASSIFICATIONS OF REACTIONS

From the stnadpoint of the quanitative consideration of rcattion ratcs, reactions are classified by
{) the order of the reaction and i) molccuMrity of (he reaction,

ORDER OF A REACTION

The order of a reaction is identical with the number of atoms. ot 100S molecules whose concentra-
tions determinc the velocity or kinctics of the reaction. Inorder o understand the term, order of arcaciion,
let us consider the following reactions. |




Equations i) A —» Resultants
_ Rate = k [A]"
i} - 2A —» Resultants
Rate = k[A}
i) A+B — Resuoltlants
Rate = k[A]" [B}
iv) 2A +B —Resultants _
Rate = k[AF[B]*
_or in general '
V) aA+bB+— Rcsulianis
Rate =k {A]_ [B]

It is scen from the above exmaples that the reaction rate depends upon the concentration and numberof  *
molccules or jons or atems of reactants undergoing the chemical change. Thus,the order of areaction may
be definicd as the sum of the powers to which the concentration terms are raised in order to express the

. rate of the reaction, :

Thus, for the reaction (i) thie orderis 1, for(ii) and (iii) it is 2, for (iv} the order is 9+1 = 3, and
for the general reaction (v) itis a+ b+ ——w-m-o-mm _ -
Check your progress - 1

What is order ?

"MOLECULARITY OF REACTION

. The molecularity is given by the number of atoms or molecules taking part in the act leading to
chemical reaction. thus, the reactions (i 1o iv) can be classified as unimolecular, bimolecular and
termolecular provided these sieps represent the (rate determing stcps) acts leadingto chemical reactions..
These correspond fo first, second and third order reactions too respectively. Althogh this equality of the
reaction order and the molecularity is observed in many reactions, it does not hold in all cases, For example

for the reactions. .
CH, CHO — CH4 + CO
QKCIO - KCIOs + 2Kl

It is anticipated that the first reaction is of the first order and the second reaction is of the third order. _
Actually bothreactions are found tobe second order reactions. This isbecause the acts leading o chemical
reactions are not represetned by the above cquations. A distinction therefore must be made between the _
moleculraity and the order of a reaction. According to the former, reactions are unimolecular, bilolecular
etc., depending or whether onie, two or more molecules  (orions or atoms)are involved in the act *leading
to the reaction (rate detemining act). On the other hand, order of a reaction illustrates the dependence
{)f the observed rale on the concentrations of the reactants.

* Any reaction takes place in a sequence of steps. The solwest siep in this sequence is called act leading ~
to the reaction. : _ : 93




The reaction in presence of mineral acid
Ester + Water — Organic acid + Alcohol

is first order while it is a bimolecular reaction, This happens because one of the reactams is in excess. In .
the above example water is in excess. Reactions having zero and fractional orders are known. The -
molecularity, on the other hand is always an integer and never 2er0.

75 REACTIONS OF THE FIRST ORDER

In a first order reaction, the rate is directly proportional to the concentration of one reactant. Let
the first order reaction be written as follows, o :

A — Resultants
The rate is expressed mathematically by the equation
e =xke )

dt

Where ¢ is the concentration of the reacting substance, This.gquation states that the rate of
disappearance of the reactant at any instant is proportional 0 the first power of its concentration at that
instant. If a' is the initial concentration of Lhe reacting species and X is the decrcase in concentration after
alapse of time 't', the concentration at time 't will be (a-x). The reaction velocity is therecfore obtained
by sucstituting (a-x) for ¢ in (1} thus, '

_d @x)
dt

V= = k (a-x)

Rate or velocities can also be expressed in terms of the concentration of resultant (x) at {ime 't
Thus dK=k(@x) - @
dt . .
" The quantity , Q&"— is a measrue of therate of increase of the resultant concentration with time and is
: t .

called the reaction velocity. The proportionality constant k is called the specific reaction rate, or velocity
constant or velocity coefficient. '

'In order 1o get the velocity constatn, equation (2} is rcarranged and integrated.

dx - : . ;
(Tﬂ};‘j._ k.de | £)]
dx _ kd -
J (a-x) [ l ' @

-in(a-xy=kt+C

Where C is the constant of integration. In order to get the value of C, the condition that X=0, when =0
is made use of. Substituting that x =0, when t= O in equation (4), We¢ have '

-Ina=C : : (3
If this value of C is substituted in cquation {4),we have

-In(a-x)=kt-1n a : | | {6)
kt = 1ln {(a-x) : '




kt=in-2_ : _ '
@x B | M

k=Llin_2
t {ax)

On converting the natural logarithm (1n) to the logarithm to base 10, we get

k=2303 log -2 - (8

St (a-x) _ ..( )
This equation is known as the rate equation or expression for a reaction of the first order, The specific
reactionrate (k) can be obtained by substituting the values of 'a’, and (a-x) corresponding to different times
't' during the course of the reaction. The same equation may be written in the form

{a-x)=ac ora=c,e® -. )

Where ¢_ is the initial concentration of the reactant and ¢, is the conceatration after time 'f'. This shows _
that the concentration of the reactant falls exponcntially, and theoreticaily the reaction is complete, (when
¢, = O) i.e, when 't is infinite. In practice most reactions taking place at a reasonable rate are virtually
complete within the limits of ordinary analytical detection, in the course of a shost time.

Equation (8) may also be tested graphically. On rearranggement this equation becomes
log(a-x)= -kl 4loga 10
g 307 T 18 | (__ )
since for any one experiment ‘' is a.constant, a plot of log (a-x) verses 't should yield a straight line and

the ordinate will be loga and the slope is -k/2.303. Consequently, when such a plot constructed from the
experimental data is found to be linear, the reaction is taken as first order, and k can be calculated fror_n

 the slope of the line.
k = -2.303 (slope) . | | | oy

The time necessary to decompose a definite fraction of the reaciant, usually one half, can be determined
. for a number of differcnt values of a. When one half of the reactant has undergone decompostion, (a-x)
= a/2 and tme (11/2) necessary for this to occur is given by equation 12,

t= 2.303 log a

k. (a-x)
For half change .
typ = 2303 log & =2.303 log 2
k az  k 12)
= (L693/k

This shows that t1/2 is independent of the initial concentration for first order reactions. The decay
of aradioactive clement is an example of a first order process, since the half life period of such an element
is independent of the initial amount of the material. : :

7.6 EXAMPLES OF FIRST ORDER REACTION

Examples of first order gaseous reactions are; a) the thermal decompostion of nitrogen pentoxide,
nitrous oxide, acetone, azo compounds, amines and b) isomerisation of d-pinene to dipentene, '

The kinetics of gaseous reactions are most conveniently studied by observing the pressure of the
gas at knwon intevals of time, provided the reaction is accompained by a change in the number of
molecules. The decompostion of nitrogen pentoxide can be represented by the following equation. -

NOs —NOu Lo, | | 95
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Tt was shown, by measuring the partial pressure of oxygen atregular intevals of lime, that the above
reaction follows the first order equation. :

There are many rcactions in solution which are kinetically of the first order. They arc a)
decompostionof H,0,,b) conversion of N-chloroacetanitide into p-chloro acetanilide, ¢) decomposition
of ammonium nitrate and d) hydrolysis of benzene diazonium chioride. The hydrolysis of an cster in the
presence f an acid and the hydeolysis of sucrose in presence of an acid (inversion cf sucrosce) into glucose
and fructore follow th efirst order even though these are bimorecular

Ester + Water —y  Organic acid + alcohol

Surcrose + water — Glucose + Fructose

-

Let us consider the hydrdlysis of an ester, e.g. methyl acetate, in the presence of an acid. The
reaction can be written as :

CH, COO CH;+ H,0 - CH, COOH + CH,OH
Ester : Acid Alcohol

The reaction is 100 slow in the absence of acid but the rate is measurable in the presence of a small
amount of mine~ .l acid, acting as a catalyst. It docs not appear in the cquation for the reaction. Further,

the water is present in such large excess sl the concentration of this is virtually constant. The kinetics
of the reaction is then delemrined solely by the concentration changes of the ester. Hence the proces is of

first order and equation (8} should be applicable, This has been verified experimentally.

- Inorderto verify this, the disappearance of the ester is followed by withdrawing portions of the
reaction mixture from time to time and ritrating with alkali. The volume of titrant (alkali) required atany
time is equivalent to the sum of the iminerai acid used as a catalyst, (which remains constant throughout)
and of acetic acid produccd in the hydrolytic reaction. The titre value at the commencement of the reaction
T 18 equivalcnt {othe amount of mineral acid caalyst onty, and the titre value Toat the end of the reaction-
is equal to the sum of acid catalyst and all he acetic acid resulted from complete hydrotysis of ester, hence
To. - T, 1s measure of 'a’, the initial ester concentration. Similarly To - T, wereT is the titre value at tme
1, gives the quantity {a-xof ester rcmaining at that time. It foltows, thercforc, for this first order process.

K =2:303 jog Ta-t0 To : 13}
t To-Th ¢

the specific rale can be evaluated from cquation

77 SECOND ORDER REACTIONS "

A second order Teaction can be represened as
A + B —> Resultants; rate =ﬁl =k [A} B!

- Two cases may arise for sccond order reaction. One, where the initial coricentrations of the two
reaciants are equal, and 1wo where the initial concentrations are different.

Ist case

A+ B — Resultands Initial  (Rcactanis differcnt})

a a O
24  — Resultants Initial
a O

it may be considercd that the initial concentrations of each of swomoleculesisa and x is the amount
of cach reactant decomposed after ime interval . Then the concentration of cach reactant after tme 't
will be equal to (a-x). The rale of the reaction will be represented by

19




d K (ax)2

a | | | | (14)
=k. dt
(a x)Q
Integration of equation (14) gives
| 1 __giec )
(a-x)
Where C is tite inl¢gration constant. The value of C can, be obtained by putting the condition that ¥
Whent=0
- L = .
a ¢ (1&
The value of C is then substituted in equation (15). Then we have
L k4L
{a-x) a
kil = I - .1_ =X
(ax) & (ax)a .
k=X _or L X a7

at(a-x)  at (a-x)

Equation (17) represents the expression for the velocity constant k of a second order reaction when the
concentrations of the two reactants are equal or when two moiccules of the same reactant decompose.

2nd case

Let two molecules A and B react with initial concentrations a and b. At time ¢, it may be assumed
ihat the quantity x of each molccule has reacted. The concentral:ons of A and B alter time t will then be
equal to (a-x) and (b-x).
A+B — Resultanis
.a b -0 initially
(a-x)} (b-x) x after time 't' 1

The rate of the reaction is given by

X @x) bx) | (18)
dt | :
or 8% ____%
(a-x) (b-x)
on separation of variables it follows thal - ‘ _
| 11 1 Jax=kdi | '
@-b) [(b-x) @) S 19

" on integration we got

L [-In(@-x)+ In@@x))= kt+C

(a- b) _ (20)
when =0, x = O, then.

=L ma B ' ' A
ab b . :
Putting the value of C in (20} we get _
' 1 [1n(a_'§_]= kt+ L-oma _ 22)
(a-b} b-Xl1 - ab b

97 .
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Changing the natural logarithms 10 the base 10 and re'arranging equation takes the-form

X = 2303 [log b (a-0)] -
tehl - a®xl @

This is the equation for all second order order reactions where the initial concentration, of the
reactansis are different. ' '

Examination of equations 17 and 23 suggests that the value of the second order specific reaction
rate is dependent on the units employed to express concentraions untike the first order reacation. It can
be seen that there is one more corncentration erm in the denominator than in the numerator, therefore the
specific rate is expressed in conc! time? units. A common form is (moleflire)? sec? oriure mole!.
sec , the concentration being in moles per litre and the time in seconds.

The time taken for the initial concentmtibn of the reactants to be reduced by a definite fraction may
be readily calculated. The time t1/2 required to reduce the concentration to one half of its initial value in
equation (17}, is given by substituting a1/2 for X in equation (17)

p=-1 orw ol 24
2 - a

The half time is inversely proportionat to the initial concentration of the reactants. The same
relation applies for the completion of any other fraction of the reaction. Equation 12 and 24 make possible
to distinguish in a simple manncr the first order anid-sccond order reactions especially when onty one
reacting substance is involved. -

Usually the equations 17,23 and 24 are used to show whether a particular reaction is second order
or not. Apart from this procedure, graphical analysis can also be used tolestablish whether a particular
reaction is second order or not. For this purpose equation (17) is written I the form '

: ' D | 1 '
: t=— - (25)
€. k{ax) ka :

The plot of t against @ 1 9 gives a linear plot, the slope being

78 EXAMPLES OF SECOND ORDER REACTIONS

There are hot many gaseous reactions that are definitely of second order. But mention may be made
of the following: i) thermal decomposition of nitrogen, dioxide, chlorine moenoxide and ozone. ii)
combination of ethylene and hydrogen and iii} thermal decompostion of acetaldehyde over aceriainrange
of temperature and pressure. Even though . the reactions follow second order rate, there are some
complications in many of thc above mentioned examples,

There are, however, a large number of processes taking place in solution that are kinetically of
second order. One of the most familiar of thesc is the alkaline hydrolysis, or saponificaitor, of an ester:
. ; ,

-

Ester + alkali — acid + alcohol

This reaction differs from the acid hyaolysis, since none of the reactants in this need be present
in excess. The course of the reaction van be followed by removing definite quantities of the reacting system
from time to time and running it into excess of standard acid. The unreacted acid is then titrated with
standard alkali. The concentration of unchanged hydroxide in thereaction mixture can be determined from
this tiwre value. - : : :

Other second order reactions taking place in solution are the intéraction of alkyl halides wih tertiary
amines and of alky! iodides with sodium phenoxide.




Check your progress - 2

Why a second order reaction becomes first order when ornie reactant is taken in encess?

7.9 THIRD ORDER REACTIONS

A third order reaction may be defined as thaf in which the rate is determined by the concentration
of three molecules of the reactants. There are three different types of third order reaclions. '

.(i)_ The three reactants are same and have equal initial concentrations.
3JA Resu]lzmis
‘(i)  The three reactants arc dilfercnt and have different concentrations.
| A+A+C — .Rcsultanls -

and (it} Two of the reactants are same and have equal concentration and the third is different and has
different concentration too.

2A+B — Resultants or 2B + A — Resultants
The first type is the simplest, where all the three reactants are the same and have cqual concentration.
3A —+ Resultants

Let the initial concentration of A, be 'a' moles and 'x' be the number of moles of A decomposed at
time t, then there will be {a-x) moles of A after time t. The rate of the rcaction is given by
dx .
== =k {a-x)3
dt. @)
X __xaqt
(a-x)3

(26)

on'integration, we get

1 =kt+C
2(a-x)? . @27

Where C is the intcgration constant, when t= 0, x =0
L _ _
22 - =
substituting the value of C in equation (27), we have

S T
2 (a-xp T o2
kt=—1 . 1

Aaxp 24

k=Ll 1 | - @
2 [@xp- a? . 9

m .
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710 EXAMPLES OF THIRD ORDER REACTIONS

The reaction’of nitric oxide with chlorine, or bromine, oroxygen ot hydrogen is anexample of third '
order reaction. Two molecules of nitric oxide will ‘react with each molecule of the other reactant.

2NO+ Brp -»2NOBr | G
2NQ+Clp —» 2NOCl (1)
2NO+ Oz = 2NOy ' :
It is observed that 2 molecules of nitric oxide wﬂl first form.an associated moelcule (NO), and this

was supposed to combifie with the other reactant. then the reaction may become a bimolecular process,
but still kinetically it is a third order reaction, -

Reactions in solution which are third order are the oxidatin of ferrous sulphate in water and the

" reaction between iodide and ferric ions in aqueous solution.

7.11 DET_ERMINATION OF ORDER OF REACTION

There are four different methods aviélable for the determination of the order of reaction.

()  Integration method. _ : '

(i) Half-time method (Time to complete difinite fraction of the reaction)
(i) van't Hoff's diffcrential method. :

(iv) Ostwald's isolation method.

7.11.1 Integration method

This method involxes the determination of the concentration of reactants at various intervals of -
time and substitution @f these results in the equations for the first, second and third order. The equation
which gives the most constant values for the specific reaction rate suggests the order of the reaction.

For example if in an experiment the results satisfy the first order rate expression rather than the -
second order rate-expression; the order is d:x__:idcd as first order (Sce Problems 1and 3}

7112 Half-time method

It is seen from rate expressions presented earlier that the time taken 1o complete one-half of the
reaction, provided the reactants are all at the same initial concentration is independent of initial concen-
tration for a reaction of first order. Inthe case of a second order reaction, it is inversely proportional to the
initial concentration, while it is inversely proportional to the square of the initial concentration forathird
order reaction, provided reactants have the same initial concentration. These facts may be generalised and
wrillen as :

1 -.
tlﬂ.a ;1'—1 (32)

Where t1/2 is time required for half change ,'a’is the initidl concentration and 'n’ is the order of the reaction.

. If in two different experiments the initial c_oncentrations area, anda, "and the corrcsponding half times

are 11172 and 21/2 these are realted as

tl - _ _
ﬁj(aa_f},.l S . _ (33)
2

Therefore ' can be evaluated directly from equation (33) (see problems 6 and 8)




3.14 MODEL EXAMINATION QUESTIONS

I1i.

Answer the foﬁowing inl 10 line_s each

1. In which of the .following paié, would you expect the difference in ehtro;jy 1o be least 7
o (i} Solid iodine and iodihc vapour (i) Solid glass and molten glass (iii)' Ice and walter.

2. Show that free energy decreases in a reversible proces;s.

3. Under what conditions can an endothermic reaction proceed spbmancousiy ?

Answer the following in 30 lines each

1, Give the different statements of the second law of thermodynamics and explain gach one

of them,
2. Dertive an;expression for tne maximum efficiency of a heat engine. -

‘Solve the following probiems

1. Aheat engine operates between the temperatute 120°C and 30°C. Find the maximum
efficiency of this engine,

2. Asteam engine operates between the temperatures 140°C and 40°C.

- What is the minimum amount of heat that should be withdrawn from the hot rcservmr to

‘obtain 250 calories of work?

3 A refrigerator (reverse of a camnot cycle) transfers heat from 0° C (inside the refrigerator)
" to 25°C (room). Find the work that must be done to freeze 1 K¥ of water.
(Hint : Amount of heat to be withdrawn is 1000 g x 80 Cal gm™)

3.15 MODEL ANSWERS TO CHECK YOUR PROGRESS -

" 1. . Those processes which proceed at their own accord without the interference of man are

called spontaneous processes. ¢ - Diffusion of a gas from a rcglon of hlgher pressure 10
" aregion of lower préssurc.

2. Thoseprocesses which proceed with free energy decrease arc called Sp_ohtaneous processes.

Author : Sri J. Joga Rao.
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Contents _
41 Aims and Objectives
42  Inroduction
43  Eleotrolytic conduction
44 Tﬁc:phcnomeﬁon of electrolysis
45 Faraday's Laws of electrolysis
4.6 Elecn-olync conductance
Measurement of c!ecr.ro]ync conductance
4.8  Cell constant _
49  Variation of cqmvalcnt conductance wnh concentration
4.10 Kohlrasch's law of independent migtation of ions
411 Summary - ' . '
4.12  Model examinations questions -
4.13  Model answers to check your progress.
41 AIMS AND OBJECTIVES

To discuss electrical properties of sOlutions of eléclrolytcs and to elucidate the rclation between

chemical action and current passing through such systems. Once the rcadmg and understanding of the
mattcr presented in thig unit is over;, must be able to :

' explajn electrolysis .and Faraday's laws of electrolysis.

_ give the relation between resistance, specific resistance and cell constant.

know the experimental details of measurement of resistance.
explain the variation of cquivalent condictivity with dilution _
appreciate the calculation of A o of weak clectrolytes by the application of Kohlrasch's law.

4.2

"INTRODUCTION

What are electrolytic conductors and how many types arc there? Electrolytic conductors are called -

electrolytes. Faraday's Laws describe quantitative aspects of clectrolysis. The variation of equivalent

‘conductance with concentration differentiates strong electrolytes from weak electrolytes.

43

ELECTROLYTIC CONDUCTION

The passage of electricity through a conductor depends on the nature of the.conductor. The
- mechanism'is not the same in all conductors. In certain cases it involves the flow of electrons from a point
- of htgher negative potential to one of fower. It means that the passage of clectncuy in such cases is
accompanied by the.direct migration of elcctrons through the conductors. Such type of conductors are
known as electronic conductors. On the other hand , in certain other cases the passages, of electricity
leads to the transfer of matter by the migration of ions. Such type of conductors are referred to as
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electrolytic conductors or electrolytes, Example of the first type are solid andmolten metals ande«certain
solid salts (cupric sulphide and cadimum sulphide). Fused salts and solutions of acids, bases and salts are
the examples of the second type. Current flow in electrolytic’conductors is accompanie by chemical
changes ai the electrodes. These changes depend on the characteristics  of chemical substances
undergoing electrolysis and the electrodes. -

43 THE PHENOMENON OF ELECTROLYSIS

When an clectric current is passed through an electrolytic conductor, the ransport of matter takes place.
This can be illustrated by an example. If two plantinum wires attached to a source of EMF ie. battery
are immersed in a dilute solution of an acid in water, bubbles of hydrégen and oxygen are evolved at the
platinum wires. Instead, if the platinum wires are placed in a solution of salt of copper or silver the
corresponding metal is deposited at one of the wires instead of hydrogen. This phenomenon is referred
o as elecirolysis. This was first studied 'by M. Faraday in 1832-33. As per the nomenciawre used by
Faraday, the platinum wires are referred 10 as clectrodes, the anode and cathode dependingon the fact that
current is brought into and out of the electrolytic solution al these electrodes. By convention, anode isthe
one attached to the positive pole of the battery and the cathod¢ is that attached to the negative pole. During -
clectrolysis of aqueous solutions of electrolytes. The hydrogen gas or as the metal case may be obtained
at the cathod:. and oxygen gas in géncral appears at the anode, provided the electrode material is not
attacked. Tt was assumed by Faraday that the fiow of current through an electrolyte was associated with
the-movement of charged particles. Those carrying positve charge and moving towards the cathode are
referred 10 as cations and those carrying riegative charge and moving in the opposite direction towards
anode aré called anions. On reaching the cléctrodes, the ions are supposed to have their charges neatralised
and deposiled as neutral atorhs or molecules.

45. FARADAY'S LAWS OF ELECTRQLYSIS

- The process of cur_rém passage through an clectrolyiec with all the accompanying chemicat and
migratory changes is calied _clcclrolysis the mechanism of electrolysis can be described as follows @

Electrons enter and Jeave the solution through chemical changes at the electrodes
and itis also known that the number of clectrons that pass through the solution and
Jeave it, is equal to the number that enter. Taking these facts into account 'Faraday
has enynciated the laws of electrolysis which give the quantitative relatonships
between the quantity of electricity passing through an electrolyte and the amount of
chemical change occuring at the elecirodes. '

i). The amounnt of chemigal decomposition produced by a current, that is the
amopunt of any substance deposiicd or dissolved atain appropriate electrode is
proportional to the quantity of electricity passing through the solution.

i) The amounis of differcnt substances deposited or dissolved by the same quantity
of electricity are proportional to their chemical equivalent weights. .

The first law is verified by allowing currents of different strength to pass different period of time
through a given solution and determining the amount of material dcposited at the cathode or dissolved.-
from the anode. The quantity of electricity is equal 1o the product of the current strength and the time during
which it is passed. : : S

~The second Iaw is verified by allowing:-the same current to pass simultaneously through a series
of solutions. The amounts ofchemical substance deposited at the cathodes or dissolved from anodes are
proportional to the equivalent weights of the respective substances deposited or dissolved,




- 7.11.3 Van't Hoff Differential Method.

This method, suggested by Vant Hofl, is based on the fact that the rate of a reaction of n™ order
is praportional to the n® power of the initial concentrauon

-d& = kc ) ; : (34)
o : . . . o _
¢ being the initial concentration and n is the order.

For two different concentrations and , ¢, and c, the rate expressions are

=de T,'d@-km . o ' @35)
a dt . _
Hence - _dey .
' ' T _d ( _
dc;:, - (36)

on taking logarithms and rearranglng, we have

Io (dm) o [dcz) . - 37
4 3 4 it . .
flogci-logcs

n=

By carrying the experiment with diffcrent initial concentrations ¢, and ¢, the order of the reaction 'n’ can
be calculated by making use of equation (37), :

7114  Ostwald's Isolation m’emod

-The method {inds its use if two or more Lhan two rcactants are involved in a feacuan The method
-is based on the principle that all the reactants except one arc taken inexcess, and the order is determined
by any method described earlicr, The order thus determinedcorresponds to the reactant taken not in €xcess.
Since it was used by W. Ostwald for the first ime, the method is called Ostwald isclation method. If a
reaction involves A, B, andC and if the rate is controlled by the concentration of a moles of A, b moles
of B and ¢ moles of C, the total order is equal to a+b+c. If in an experiment the concentrations of B-and
C are in ecxcess, the order 2’ determined by any one of the above methods will be with respect to A,
Similarly the process is repeated with excess of C ard A and A and B respectively and the orders 'b' and
'c' are obtained. The orders correspond to B and C respectively. The total order of the reaction isa+ b+
¢. Theisolation method gives satisfactory results in the case of reactions mvolvmg two reactants. Butit
may gwe misleading results in other cases.

Problems
1. ~ Acertain amount of methyl acetate was hydrolysed in the presence of an excess of 0.05 N HCl at

. ¢. When 25 ml aliquotes of reaction mixture were removed and titrated with NaOH solution, the volumes
A of alkah required for neutrahsauon after time 't were as follows:

t (min) 0 21 75 ' ne o

V (ml) 244 | 258 29.3 31.7 472

show that the reaction is a first order reaction.

Solution:

... The first order equation  k =2303 log —A_ - . ' ' 101
t (a X) : :




o102

will take the form h_ k= =2303 1o Va.- Vu

Where

V_ = Volume of alkali required for neutralisation of HCL.

'V o = Volume of alkali required for the neut.rahsamm of HCl and acetic acid obtained from the complete

hydrolysis of mcthyl acetate.

Vit = Volume of alkali required for the ncutrahsatxon of HC and acetic acid obtmncd from the hydrolysis
of methyl acetate at time 1.

Va-Vo=47.2-24.4=228
Aty =21
V-Vt = 472~ 258=214
ko= 2303 10g22.8

21 x60 214
=560 x 107 secS
Att=75

Va-Vt=472-293 = 179

k=2303 1o 228 = 56 x 107t seot
75%60 179

_ Att =119
Vo-Vt=472-317 = 155
ki= 2303 o 228

119 x 60 15.5

Ki=5.6x107"°

Since the value of k is same for diffefent times, the acid hydrolysis of methyl acetate is afirstorder reaction.

2. Fromthe following datashow thatthe decomposition of hydrogen peroxideisa first order reaction.
Time (minute) 0 10 20
y - (inml) | 2.8 . 138 | 828

K y is the volume in ml of standard polassium pcrmanganatc required [or a dcflmte volume of hydrogen

roxide for the first order reaction,
re _ _2303 joy_a__
t (a X)
a=228
Time (1) | (a%) X
10 9.0 9.2 x 10?2 min’!
20 13.52 9.20 x 10? min’!

Since k is almost the samc, the above reaction is a first order rcaction.

3. One gram mole of cthyl acetate was hydrolyscd by NaOH of cqual conccnl.ratlon The volume of
acid used to titrate alkali at various ime mLcrvaJs is




t (minptes) - 0 4 6. 10 15 | 20

Volume of acid | 8.04 530 | 458 3.50 274 | 220
used (in ml) ' o

Show that the reaction is of second order.
Solution _
The second order rate expression for the reaction involving séme mmal concentration of reactant is
k -1 <X

- Here a=804 X=3a- (a_x) _ . at -(a-x)

. Volume of acid at any time will give (a-x_).

Time . (a-x) ' X k

4 5.30 274 : 1.60x 102
6 4,58 346 _ 1.62x 102
10 3.50 4.54  165x 102
15 2.74 5.30 ' 161x 102
0 2.20 . 584 160 102

The value of k is fairly constant and so the reaction is of second order

4) Hmshclwood studied the thermal decomposition of acetaldehyde at 5.18%, The following results are

obtained.
t - Seconds) a2 73 105 | 190 242
ﬁ X (mmotHg) 34 54 74 114 | 114

Show that the reaction is of second order if the initial pressure is 363 mni of Hg.

If P, is the initial pressure, the rate expression for the dccompoétion of acetaldehyde is

k=1 X_
Py (P;- X}
Here P, =363 mm.
t X X
42 34 6.79 x 10
73 54 6.60 x 10
105 : 74 6.71 x 106
190 114 6.64 x 10¢
242 134 - 6.66 x 10

The constancy in the values of k' indicates that the reaction is of second order.
5)  Halftife for disintegration of Radium is 1590 years. Calculate the rate constantins* and also how
many years will be taken for the disintegration of 80% Radium?
. 0695k -069 ___069
k. bz 5014 x10'°
=1.376 x 10" seci
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87  Theory of absoluie reaction rates

UNIT -8 THEORIES OF REACTION RATES
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810 Model answers o check your progress

8.1 AIMS AND OBJECTIVES

“To discuss the influence of temperature o the reaction rate and to explain the meaning of
"energy of activation’. To give an account of the 'simple collision theory’ and the "absolute rate theory’ of
reaction rates. - ' :

After the thorough study and understanding of this unit you must able to:
».  expalin the effect of tcmpérature on the reaction rate in terms of arrhenius equation.

e find out that the energy of activation is the difference in potential energy belween the reactants
(initial state) and the activated state or the transition state.

. realise that according w the simple “collision theory, (a) collisions of the molecules possessing a
certain minimum amount of energy (activation energy) only result in reaction () the specific
reaction rate is equal to the product of the collision number and the Boltzmann factor ¢ T.

. appreciate the absolute rate theory which says that two or more reactant molecules possessing the
necessary energy, come together to form thz transition state complex which subsequently
decomposes under favourable conditions to give products.

82 INTRODUCTION

Increase of temperature increases the rates of most of the reactions. An attempt is made in this unit

to-explain as to why the rates of reactions increase with the increase of temperaure. Temperatre has w0

fold effect on reaction rates. Temperature rise not only increase the frequency of molecular collisions but
also the fraction of reacting ‘molecules that contain the minimum  amount of encrgy to react called -
activation energy. Therefore rate increases.

8.3 EFFECT OF TEMPERATURE ON REACTION RATE

The ratc of a reaction increases with incroasc in temperature markedly. The increase is generally
expressed in torms of _'speciﬁc rate or rate constant (k). The increase in rate constant of a homogenous




processes is two-fold or three-fold for every 10 rise in lcmperature. The only known exception to the
generally of this siatement is the reaction 2 NO + O, & 2NO, which exhibits a small negative
temperature effect.  The increase in the rate of a reaction with temperature is generally denoted as
temperature coeflicient,

ko +/k= 2 to3 wherek is the specific rate at °c and k| 1o 18 &l a temperature (t+10)°c. This
is only an approximate method for predicting the effect of temperature on a reaction rate. 'This increase
of 200-300% in specific rate by a 10° rise in tmeperature is surprising since the increase in the number
of oollisions of reacting molecules increases by 2%  for the same 10° rise in temperature.

8.4 THE ARRHENIUS EQUATION

A quite satisfactory explanaiton for this effect of tem perature was given by_S. Arrhenius, He based
his explanation on the Van't, Hoff equation (equation 1) which describes the variation of equillibrium
constant (Kc) with temperature. . '

~ dinKe =AE :
dT RT2 ' . 0y

Since K is equalto K, /K, where Kr and K, are the specific reaction rates of the forward and backward
reactaions of the ‘equilibrium processes, it follows that '

din kf = dinkp _Ag 1))
daT daT RT?

Equation (2) may be split into two simple equations (3 & 4

ﬂn_k._f = —E.-.L.-I- A

T RP - | ®
din kp _ E '
o re | @

Where B, E, isequal to A E and ‘A’ is a constant, It was found cxperimentally that the tcmpcratmé
variation of the specific rale is best expressed if A is assumed 0 be zero. Thus equations (3) and (4) are
writtcn as

din kf o i | .
dT_ R )
din kb - Ez_ ©)

dT  RT?

Since wer are inierested only in a reaction taking place only in one direction, the equation (5) can be taken
to express the variation of the specific ratc with temperature. This expression on integration gives

E

Inkf=-EL 4 Constant or log ki = - —Zi—. +constant
RT 2.303RT
or in general
logk =-—E 4 Constant | ' ™

2303 RT

Equation (5) or integrated form (7) is referred 1o as Arrhenius eguation. 'E' in these equations is known
as the energy of aclivation.

To test the validity of the arrhenius equation we resort to equation (7). According to equation (7)
a plot of log k against 1/T should be a straight line with slope equal to - and the intercept

“isequal ©© C, Itis possible to calculate E, the encrgy of activation from the slope of the straight line. The
relationship has been found 10 held good in 2 large number of reaction.
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Where's'isthe molecular collision diameter and’M’ the gram molecular weight. Substitution in (i 1) gives
1° :

k=402 ( TtRTfM)ieEJRT . ) a»
=Z &Rt

. L _
 fhe quantity Z = k=40 ( "RT/ME which is equivalent to the frequency factor 'A' in equation (8), is

being called the collision aumber. It is the number of collision per second when there isonly one molecule

of the reactant per ml L
_ pe o [8%RT (Mi+ MMMz - (4

When the bimlecular reaction involves two different molecular specics, the collisions number "Z
assuming one molecule of each kind per ml, is oqual to o2 |8 TRT (Mi+ M) My Mo}y where's

is the mean of the molecular collision diameters of the two reactants, and M, and M, are their molecular _
weights. ' '

The collision theory has been tested with the reactions (i) decomposticn of hydrogen jodide or (if}
the reaction bewween hydrogen and iodine to give hydrogen iodide. 1t has been shown that there is gopd
agrecment betwcen the expermental and calculated values. :

The collision theory is cxpected to be appiicable to a number of rcactions. But it failed
conspicuously in many cases. It was obscrved that the theory does not give valucs agreeable with
experimental valucs. The experimental specific rate is much less that expected from the theoritical
considerations. the discrepencies observed arc of the order of 107 10 10% . In order to account for the
discrepencies cqualion'(14) is modified empirically to 1nke form

k= PZ ™ | _ | o (15
Where 'P' the probalility factor or sieric factor, makes allowance for the effcct causing deviations fromthe -
expected behaviour from equation (14). The vatue of P varicsfrom unity 0 about 10+ bascd on the nature
of the reclion. : :

Check your progress-2

What is collision number?

aamans TSP PT I PRLEEEE S bt i

87 THEORY OF ABSOLUTE REACTION RATES

Polanyi and others suggested an alicrnative point of view, which provides a complete interpre-
tation of the significance of the frequency factor in the reaction rale equation. This point of view has
accounted for the failure of the simple collision theory. ~The calculation of the rate, as per this theory,
involves only such basic { undamental physical properties as dimensions, vibrational (requencics, MAasss
ctc. This reatment is thercfore referred toas the theory of absolute reaction rates or transition state theory.
This theory is based on the fact that when two oF more molecules possessing the necessary amount of
energy, come together and form the transition state complex which decomposes generally inio resultants.

Let us consider a reaction involving the reacting substances A and B etc which form the transition
state complex X which gives the resultants. '




AB +\__. X Resultants

The rate of the reactions is equal to the product of the eoncentration of the transition state complex
at the top of the energy barrier multiplied by the frequency with whick itcrosses the barrier. If 8 represents
the reaction coordinate, at the top of the barrierandy; is the mean velocity of the transition state compelxes
in the same coordinate, the frequency of crossing the barrier is givenby V§ .  If the mumber of acti-
vated complexes per unit volume lying in the length ¢ is C_ then it follows that

R_’ateof reaction = C, VA (16)
The transition slale. complex differs from nbnnal molecules in the respect, that one of its
vibrational degrees of freedom is replaced by transtational degree of motion in the reaction coordinate. The

complex can, therefore, be treated as normal molecule/with one very stiff vibrational mode. Separating
this vibrational mode out and taking its limiting value the raie of reaction is represenied by equation 17,

Rate of reaction = C= (KT/h)) (7

It follows, therefore, that the effective rate of crossing the energy barrier by the transition state
complex is equal to kT/h which is 2 eniversal frequency, haivng the dimensions of time™, Its value is
dependent only on the temperaure and is independent of the nature of the reactants and the type of reaction.

If the specific reaction rate of a a bimolecular reaction is rcprcsentcd by k , the reaction rate can be
expressed in the familiar manner as '

Rate of reaction = k, CaCp ' (18)

Hence from equantions 17 and 18 we have

K =kT C* _ kT g, . (19)
h CaCz h
Where K #represents the equillibrium constant of the reaction A + B ; X which is supposed

to exist between the reactants and the transition complex.

8.8 SUMMARY -

An ettempt is made in the unit (o explain the effect of temperaturc on reaction rates. Molecules are
supposed o possess a minimum amount of encrgy 1o participate in fruitful collisions catled activation
energy. Temperature rise not only increases the collision number but also the number of molecules
possessing activation energy. Melecules of the reactions with the activation energy come closer and form
the transition state or complex which decomposes finally into the products.

8.9 MODEL EXAMINATION QUESTIONS

I Answer each of the following in 10 lines
1. Explain in brief the effect of temiperature on the rate of reaction.

2. Give the important postulates of transition state theory.

3. Write and explain absolulé rate equation.
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Answer each of the follwoing in 30 lines

-stcuss the simple colhsmn theory of reaction rates.

2. Expalin.clearly the absolute rate theory or transition state theory of reaction rates.

8.10 MODEL ANSWERS TO CHECK YOUR PROGRESS

i. The minimum amount of energy that the molecules are expected to possess in order to participate
in fruitfut collisions leading to chemical reaction is called the energy of activation.

2.

The number of collisions that the molecules make in a homogeneous reaction mixture of lec per
second is called collision number.

Author: K, Lakshminarayana




" BLOCK 4

SURFACE CHEMISTRY

Surface chem istry deals with the mieractions of the surfaces of different substances with others,
A liquid wets a solid syrf: ace if the contact angleis less than 90° -Liquid surface always remains in tension
o undergo contraction, Therefore, liquids form spherical drops which possess the least surface area,
Surfaces of solids femain unsaturated and enable them to adsorh &ases. A colloidforms if 3 substance
insoluble in the other, is dispersed uniformly in the latter. Wecome across many colloids inour daily life,
They are milk, blye ink, fog, mist, soap foam ctc. '
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"UNIT - 9 PROPERTIES OF INTERFACES
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91 AIMS AND OBJECTIVES

The main aim of the thig unit is to explain you the properties of interfaces and o illustrate the same
with  suitable examples. '

. realisc that the surface tension of a liguid is duc to the tendency of the surface of the liquid to
contract, .
' be convinced that liquid wets the surface with which itis in contact if the contac . gleis less than

90°, and docs not wet if the ocniact angle is betwecn 9(r and 180¢,

» explain that the risc in the level of a Tiquid in 4 capiliary tube is due (6 the surface tension of the
liquid ' ' : '

4 know that the surface tension can be measured by the drop-weight and capiliary rise methods,

. fiﬁd out that the surface ténsion and adsorption are refated to cach other,

9.2 INTRODUCTION

from thosc of another liquid or solid a;id the force of avraction between such dissimilar molecules g
known as adhesion. The sphericat shape of free drops fo liquids illustrates the forces of cohesion while

. the stickirnig together of wet picees I paper and cloth llustraies the forces of adhesion. Both forces are of
the Van der Waals type which may be very intense at shorg range, but decrease rapidly as the distance
increases, :
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We all observe that rain drops are spherical and that mercury forms nearly spherical drops on a
piece of glass. In both these instances, the liquid assumes the shape of least surface, (surface has least
surface for a given weight) which minimises their enrgies. Let us see how this happens.

9.3 SURFACE AND INTEFACIAL TENSIONS

Le t us consider two di rerent molecules of a liquid, A and B , oné in the interior of the liquid and
the other at the surface as represented in Fig. 9.1. The arrows represent the forces attracting the molecules
towards their neighbours. The molecule A, which is in the interior of the liquid, will be autracted cquatly
from all sides whereas, the moelcule B, which is at the surface, will be atracted more by the many
molecules in the body or bulk of the liquid than by the few in the vapour above the surface. As aresull of
this pull the surface of a liquid always tends 10 contract (o the smallest possible area. It is because of this
reason, that drops of liquids and bubbles of gases in tiguids become spherical, the surface being the
minimum for the particular volume. In order to extend the surface arca, work has (O bedone to bring the
molecules in the interior of the liquid to the surface against the attractive forces drawing them inside.
The work required io extend the surfacc arcaby 1sq. cnit. is known as the surface encrgy. Sincec atiainment
of equillibrium is always accompanied by adecreasein the {rcee cnergy, the tendency of aliquid toconfract:
may be regarded as a consequence of its posscssion of free encrgy. '

Fig: 9.1 - Ligwd molecutes in the interior and at the surface of Tigguid

Due to the tendency ol the surface o contract, the surlace behaves as ihitwere i o stale of strain
or tension and this is kowon as the surface lenston, which is the sama it all points and in all dircctions on
ihe surface of the liquid. The surlace tension is usually repreented by the symbol, 7y and can be de-
[incd as the force I dyncs acting at right angles 10 line of 1 cm longth at any point on the surlace.

We have already scen thatthe surlace energy is the work 1egu ired W increase the arca of the surface
by 1 $q. cm 1.8 CFES cm 2 Hence (rom the definition of surface ension,it loflows that ihe surlace free
cnergy is equal to the curlace tension multiplicd by 1om, dynes e Inother words, (the surface tension
and surface free energy are identical with-cach other because 1 dyne =lergemt. .

The surface tension of a liquid is dependenton the nature ol the liyuid and gas w ith which the liguid
is in contact, Usually, surface tensions arc measured (and recorded) when the liquid is in contact with air
saturated with its vapour. ltcan (herelore be scen that some what dilferent values will be obtained in the
absence of air or it the presence of othe gases. The surface (ension of mercury is partic ularly sensitive 10
such varjations.

In the case of mixtures of LWO immiscible or partially miscibie liyuids, the work required W enlarge
the surlace of separation belween the two liquids, 18 known a3 imerfacial surface energy, and is gonerally

expressed mn terms of the interfacial tension in dynes cm ! . The interfacial tension of such/mixiore i8
usually less than the higher vatue of the two surface nsions.

The interfacial tensions at the liquid - solid interfaces are beyond your scope.




9.4 CONTACT ANGLE AND WETTING

Letus suppose that aliquid rests on a solid surlace and attains equillibrium. The gaswhichis usualiy
in contact with the solid and liquid is air. IF @ is the angle of contact (Fig.9.2), measured in the Higuid at
equillibrium, the forces acting at the interfaces must balance. As assuming that these forces can be
represented by the surface tensions at the respective interfaces, it follows that

Ygs=Yis +Ygicos 8 BN CAY

Where Yoo %> andy, , are the surface tensions at the gas-solid. liquid-solid and gas - liquid interfaces
respectively. from equation (9.1) itis evident that the contactangle, 6 is governed by the values of the three
surface tensions, Y > ¥, » and Yo - However, the possibility of the contact angle being greater than or
less than 9(r, is govemned by the magnitudes of Y, and y, . Thus, if Y, 18 greater than vy, then cos 6 is
postiitive and & will be less than 90°. On the other hand, ifygs .18 less than y,_, then cos 8 will be ncgative
and® must lie between 90° and 180°, In the case of wateron glass, € is less than 90°, whercas in the case
of mercury on glass or water on paraflin, @ lies between 900 and180° . In the former case, i.c. when @
is less than, the liquid is said to wet the solid, whereas in the Fatter case, i.c. when 8 ics between 900 and
180 the liquid is said not to wet the solid.*
_ : . .
A7)

- i
—

9

Fig 9.2 Gas liquid - solid interface

The effects of contact angle and wetting on a plane surface and in a ube, involving the two types
of behaviour mentined above, arc depicted in Fig. 9.3, where A and B are planc surlaces and C andD arc
tubes. It s seen that the surface or meniscus ol aliquid in a tube is not flaL but curved. The mensicus of
the liquid is concave upward with liquids wetting the surface of the tube,” whereas il is convex upward
with liquids which do not wet the surface of the whe. We arc ali familiar with water (¢} add mercury (D)
in glass tnbes exhibiting these two phenomena.

9.3 contact angle and wetting

¢ = liquid wetting the surface of the wbe-D = liquid not wetling the surface of the wube. .

*Siricily speaking, complete wetting implies a contacl angle to O° and absolutely no wetting, an angle of
180°. But conventionally it is said that weuing occurs i © < 90° and no welling it9. > 90e,
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Check your progress-1

When does a liquid wet a solid surface?

9.5 CAPILLARY RISE

In view of the curved nature of the surface of a liquid, there will be a difference of pressure on (he
two sides and the magnitude of this difference is dependent onthe radius of curvature. 1f the Tiquid is in.
a capillary tube, since the radius of curvature of the capillary wbe will be small, the differcnce in pressure
will be large.

Letus suppose that a capillary tube is immersed in a liquidconiained in a large vesscl and that the
meniscus of the liguid in the capiflary tubg is concave upward, i.¢, the liquid wets the surface of the
capiflary tube. If 'a' is the radius of curvatuc of the meniscus, and is the surface lension of the liquid, then
the pressure immediately below the mien iscus, i.¢, on the convex side, will be kess by 2vfa than at the same
level outside the capillary wbe. Because of this pressure differnece, the meniscus of the liquid will be
forced up the capiliary wbe. ICh is (he height in cm by which the meniscus riscs in the capiliary tube at
equilibrium, the pressures at the two points will be the samc and the hydrostatic pressure of the column
of the liquid of h cm will be equal to the diffcrence in pressurcs under the curved meniscus and at the flat

surface, the lattet being 2y fa. Ifp’ and p are the densitics of the tiquid and surrounding gas, i.e. air oF

Fig. 9.4 capillary rise




liquid vapour respectively, the hydrostatjc_ pressure of the column of the liquid of h em is eugal 16 hg

(P - P] ), or
Fagm hg (p-p) .
_ a (9.2)
since’ p>>>p, p can be neglected
2y s
—=hgp
or y=.;_hgpa 9.3)
Generally, a=rfcos 0 | 50 that
=1 hgpr (9.4)
! 2 coso

If the angle of contact between the liquid and glass is zero, in a capillary tube, the radius of curvatuie of
the meniscus a’ will be equal to the radivs of the cpaillary tube, r, so thar o

pressure just under the meniscus will be greaterthan that at the plane surface, Consequently, when a glass
tube is placed inside mercury,  the level ofmercury in the capillary mbe will be below that of the
surrounding liquid. In other words, there will be a fall in the level of mercury in the capillary tube. Under
these conditions, the ‘h' in equation (9.3) represents the fall in the mercury level in the capillary tbe.

We thus see that the rise or fall in the level of a liquid in a capillary tube is dependent upon the-
surface tension of the liquid an dth epheriomena associated with surface twnsion are therefore considered
under the general title of capillary action or ca pillarity, irrespective of the involvement of capillary tubes,

96 DETERMINATION OF SURFACE TENSION

a) Capillary rise h:ethod -

* The surface tension of a liguid can be determined by the capillary rise method in _w'hich the risc in
the level of the liguid in a capillary wbe, placed in the liquid, is measured. If this rise is "0, 'r' is the radius

have to be made.

by Drop-weight method

mg=2myp 08
where ¢ is a correction factor dependent upon r/v?, v being the volame.of the drop. The values of for

different liquieds are tabulated by Harkins and Brown . The apparent mass,. m, in equation (9.6) is given
by mo. -p)
P

where m is the mass of the drop in vaccum andp are p' the densities of the liguid and surrounding medium,
1.¢, air, respectively, :

9.7}
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where T is the surlace concentralion per unit arca of the interface, ¢ is the bulk concentration, ¥ is the
surface tension, R is the molar gas constant and T s the absolute lemperatuse. From cquation (9.12) it is
evident thatif dy/dc.,i.e, thechange in interfacial tension with concentration, is negative then T is positive,

or in other words, the concentration of the substance at the surface will be higher than that in the bulk.

Check your progress -2
Why do solids adsorb gascs?

9.9 INTERFACIAL TENSION AND ADSORPTION BY SOLIDS FROM
SOLUZION '

it is well known that charcoal removes. cotoring matier [rom solutions and that (incly-divided
powders take up dyestulls and other substances [rom solutions and this is another aspect of adsorption.
Here it may bc assumctl that the surface acts in the same manner as in the adsorption of gases by virture
of molecular attraclion of alternatively, it may provide an inteface of large arca where a solute, which
is capable of decreasing {he interlacial tension, may acc umulate. The information available for thetensions
atthe solid liquid interfacesis very litthe and although therc is no theoretical justification, iLcan be assumed
that the tensions for solid - liguid intcrfaces run paratlel o the air - liguid interfaces since the experimental
evidence scems to support Lhe validity of this:paraliclism. For cxample, charcoal adsorbs dyestuffs more
readily. from aqueous solutions than from alceholic solutions. In fact, the dyesiulf adsorbed by charcoal
from agueous soduLION can be readily exiracted by aicohol. The air - liquid inter(acial tension of water is

~ highehr than that of alcohol, and hence the-decrease in surface tension of the aqueous solution with

increasing concentralion of the dyestulf will be higher than that for the alcoholic soluti 7. Therefore, in
accordance with the Gibbs adsorpiion cquation. (equation 9.12}, the adsorption of the dyestulf at the air-
liquid interface will be greater inaqueous than in alcoholic sotutions, The same result is observed at the
solid-liquid interfaces also.

The parallelism mentioned above, however, breaks down sometimes. For cxample, although amyl
alcohol towers the surface LCNSIOR of water more than phenol, charcoal adsorbs phenol more readily from

aqueous solution than am yl alcohol,

Many of the substances are adsorbed from thelr agueous solutions because of the high surface

" tension of water. Very fow cases of ncgative adsorption [rom aqueous solutions by solids like powdered

silica and charcoal, occur with elcctrolytes and as has alrcady been mentioned, there will be ap increase
in the surface tension at the air-liquid interface. The Gibbs adsorption cquation cannot explain this
adsorption of electrolyles and one of the reasons attributed for this failure of adsorption is that the Gibbs
equation dogs not take the electrostatic Torces ino consideration. '

9.10 SUMMARY

Cohesion and adesion arc the altractive forces between identical and different molecules respec-
tively. In liquids the molecules of the bulk atiract Lhe molecules present at the surface due 40 which they
exhibil the characteristic property surfuce tension. A liquid weisa curlacc if the contacL angle is loss than
90, Surface tension can be deierm ined by eithre capillary risc rnethod or drop weight method. The surlace
of a solid remains ansaturated and this tendency is responsible lor thewr adsorpuon of gascs,




9.11 MODEL EXAMINATION QUESTIONS

I Aﬁswer the following in 10 lines
1. Explain the difference b.ctwécn cohesion and adhesion, with suitable cxamplcs:
2, Why does a tension exist at the surface of a liquid?
3. Describe the effects of contact angle and weiting or a plane surface and in a tube. |
4, Derive the equation for the surface tension of a liquid by the method of capiifary rise.
5. Explain how surface tension and adsorption are related lo cach other.

I Answer the followin_g in 30 lines.
1. Write an account of the origin of contact angle and the phenomenon of wetting,

2. Describe the method of determination of the interfacial tension at the interface of {wo
immiscible or partiaily misciblc liquids. '

9.12 MODEL: ANSWERS TO CHECK YOUR PROGRESS

1. A ligpid wels a solid surface if the contact angic is less than 90e,

2. Surfaces of the solids remain unsaturated. Therefore they adsorb gases and undergo frec
energy decrease.

Author: Prof. N. Venkateswar Rao
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101 AIMS AND OBJECTIVES

To cxplain you the term colloidal state and describe the methods of preparation, properticsand uses
of colloidal solutions.

After the thorough study and undertanding of the contenis of this unit you are cxpected o

. findout that colloidal solution consisis of very fine{1to100nmie, 1x10 01X 10cm diameter)
' particles of substance, disperscd in.a medium in which il is immscibel.

. know that colloids are prepascd by differcnt methods and they exhibil typ ical optical and electrical
propertics..

. state the applications of colloids in chemical anatysis, medicine and industry.

9.2 INTRODUCTION

A colloidal solution may be defined as a helerogeneous mixture, consisting of a dispersed
disiribuied in a continuous phas or dispersion medium. Colloidal matircals like purple of Cassius,
alchemical potable gold and colloidal clay used in making potlery and Chinaware, have been known for
centuries. It was, however, in 1 861 that Thomas Graham, studied the diffusion of solutes in solutios, and
divided soluies into two types, namely, crystalloids and colloids. But, since almost any substance, may be
prepared in the colloidal condition, crystalioids and colloidsarc no longer regarded as dilfercnt from each
other. :

_ The disperscd phase and dispersion medium of a colloidal sysiem may beinany of the three states
of mattcr, pamely, solid, liquid and gas, and the names of the cotloidal systcms based on these
combinations arc given in Table 10.]. : '




Table 10.1; Classification of Collpidal Sysiems

Dispersed|  Dispersion Name of colloidal Examples
phase mediam system '
1 2 3 4
Solid S_olid . Solid sol Gold in ruby glass,
Liguid " _ Sol AsH,SH, or § in H, O,
Gas Solid acrosol Smoke, NH, CI fumes
liquid Solid _ Solid cmulsion or gel Milky quartz; opa
Ligiid -~ Emulsion Milk; il in H O
Gas . Liguid acrosol Fog, mist
Gas _ Solid Solid foam Pumice stone
Li_quid Foam Soap foam: whipped
cgg white
- Gas --- Unknown

Ofthe eight types of colloidal systems men tioned in Table 10.1., although sols, emulsions, gelsand

foams are of particalar importance, we shall consider here 5018, emulsions and gels.

10.3 ‘'SOLS

Colloidal solutions arc generaly refermed © a5 Soly'

Sols may be classificd according (o the liquid which ac(s as the dispersion medis:
1s the dispersion the sol is called g hydrosol, and if the dispersion medium js alcobol, tive sol is called an
alcosal, ctc. The hydrosols can be further divided into hydophinic sols (solvent - |
sols (solvent»haling). Sols of hydrous oxides like Fe,0,, Sn0,, starch, and protein ¢t arc cxamples of
hydrophitic sofs while sols of mcetals, sulphides, Ag Cl, ete. are cxamples of hydophobic soly, Lyophilic
(solvcm-loving) and lyophobic (solvcmz-haling) are morce general terms, Sols which on addition of
clectrolytes 1o them, permit the separation of dispersed phase us a peecipitate are refermed 1o ag
hydrophobic sols. The phenomenon of such precipitation is called co-agulation . Thhose sols whihc donot

. permit this under norial conditions are calleq hydrophilic sols.
%

~. Thus, il water

ovingjand hydrophobic

10.4 PREPARATION OF SOLS

Hydrophilic sols of organic substances like gum arabic, gelatin, starch, cic can be prepared by

dissdiving them in water.,

Hydrophobic sofs can be preparcd by only condensation and dispersion methods. Sols are
coagulated by addition ol clectrolyles and henee iLis necessary that all vessels used should be thoroughly
cleanand that all the materials used should be purc. The cleaning of the vessels i hestachieved by Stcaming

‘them out,
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F.ig 10.2 Diatysis of colloidal solution

rc and can be

membranes, in place of parchcment paper. Dialysis is generally slow al room temparalu

hastened by warming the solution,

Electro Dialysis:  Electrodialysis, which’ irivolves the passage of current through a colloidal mem-
brane, hasines the process still further. The apparatus consists of a vessel which Lhe sol is enclosed between

two colloidal membranes, M, and M,; (Fig.-10.3).

Fig: 10.3 Electro-dialysis

Two clectrodes E, and E, are placed ncar the membrancs and water is contained in the end comparments
A and B. When emf is applied between the electrodes, ions of the clectrolyte pass into the water through
the collidal membrane. Fresh water is added through the inlet tubes 1, and 1, and dilute electrolyle is

removed through the outlets, O, and O,

Ultra Filtration: Purificaiton of colloids ¢an also be achieved by the process of ultrafiltration, which is

similar to that of filtration of an erdinary precipitate, except thal a membrane, through which clecirolyies,

but not the colloid, passes, is used as the filtering, mediura, Filter paper impregnate

unglazed porcelain, fincly sintered glass, cic. can be used as suitbale (ihering media. Ultrafiltration
128 proceeds very siowly and hence pressure or suction is used to speed up the process.

d with collodion,



10.6 OPTICAL PROPERTIES OF SOLS

Sols possess characleristic optical properties. A strong beam of light when passed through a sol,

~ is made visible by the light scattered by the particles of the sob. This phenomenon, which was first noticed

by Michael faraday (1857) was studied in detail by John Tyndall (1869) and isknown as the Tyndall Eifect.

The intensity of the scaitered Igith depends upon the wavelendgth of the light, the refreactive index of the

particles relative to the medinm and their number and size. According to Lord Raylcigh (1875) the light

Scattered by a particle of radius ' which is §inall when compared to the wavelength of the light , is given
by the equation.

1= 4981 (m-1yx®

Ve ‘

“Where [ and I are the intensities of the illuminating and scattered beams at a distance, R, and 'm’ is the

refractive index of the particle relative 1o the medium. Since blue light, which is of shorter wavelength than

the red light, is scattered more than the red, the dispersed particles in the almosphere scatter the blue light

more and ransmit the red light better, This phenomenon of multiple scatierin gaccounis for the blue colour
of the sky and the red colour of ‘the sun ncar the horizon. ‘

(10.1)

Since the sizes of molecules of the solutions are too small (when compared Lo those of sols) to cause
appreciable scattering of light, the formation of 1 Tyndall beam distzinguishes a sol from a true solution,
Further, the intensity of the Tyndall beam increascs with increasing sizc of the particles of a sol. There
is amarked difference in the Tyndall beams of Iyophilic and lyphobic sols. The Iyophilic sols adsorb the
liquid molecules very strongly and the resulling micelle largely consists of the dispersing liguid, The
refractive index of the micelle will almost be the same as that of the solvent and hence the light scattering
will not be appreciable. '

The particles of a sol cannot be scen by microscope, but can be scen in the uliramicroscope (Fig.
10. 4) in which the Tyndall beam passing through (he sol is viewed with a migroscope at right angles to
the beam. Individual particles of the sol appcar as bright spots of light against a dark background.

Fig: 10.4 Schematic representation of ultramioroscope

If,in an experiment, '’ is the number of particles observed in a ficld or view of volume 'v' 'b'is the weight
of the subsiance in grams per m) (determined by cvaporation and weighing), and 'p is the density of the
dry substance, then, the mean radius 't of the particles is given by equation (10.2)

r=3\[——~—.-;bV i 102
4m np . (102

"Equation {10.3) is based on two assumptions, namely, that the particles arc spherical, and that the density
of the substance in the sol is the samc as that of the dry substance.

The limitof visibility of the particles of asol in the uliramicroscope isgoverned by the optical nature
of the particles of the sol as well as that of the dispersion medium, Sols of metals can be detecied down
to diameters of 6 x 107 cm, while particles of organic sols can be seen down to 4 x 107 ¢m only,

Particles which cannot be scen cven with the ultramicroscope arc known as amicrons. 129
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107 ELECTRICAL PROPERTIES OF SOLS .

When current is passed through a sol. the, colloidal particles move towards the cathode if they carry
a positive charge, and towards the anode if they carry a ncgative charge. This movement of colloidal
particles towards-an electrode is knwan as electrophoresis. Experiments carried out with different types
of sols have indicated that sols of metals, metallic suiphides and organic substances like gum arabic, etc.

-are negatively charged, while sols of metallic hydroxides and oxides and basic dyestuffs are positively

charged.

The origin of the charge (positive or nagative) of a colloidal particles is ascribed to the adsorption
of positive or negative ions, presentin the dispersion medium, by the colloidal particles. It has been shown
by Hardy that the sign of the chargé on sol could be varied by placing the sol in an environment of ions
of an opposite sign to that which it has. Thus, mastic has almost no charge when it is suspended in water,
but becomes positively charged when placed in an acid solution, and negatively charged when placed in
an alkaline selution. : : - :

Check your rrogress - 1

What is electrophoresis?

10.8 KINETIC PROPERTIES OF S_OLS

_ Brownian movement is an impertant kinetic property of colloids. Robert Brown {1827) a botanist,
observed that pollen grains, when suspended in water, move ceaselessly, When colloidal particles also

“under the ultramicroscope, it was found that the colleidal particles also move ceaselessly in a zig-zag

manner. It was also shown that themotion of the colloidal particles wasalmost independent of their nature
but is dependent on their sizes. The movement was more rapid, the smaller the particle and the lesser the
viscosity of the solution. E '

In view of the haphazard movement.of a colloidal particie, although it is difficult 0 make an
accurate observation on the motion, the probable displaccment of a particle after a given time, can be
calculated (Fig. 10.5) :

IfA is the displacement of a colloidal particle along the x-axis in a given tlime (', it is given by
A = ﬂﬂl ‘_t_)j
N 3Phr

where R is the molar gas constany, T is the absalute lemperature, N is the Avogadro number, ' is the time,
"' is tjhe viscosity coefficient and 'r' is the diameter of the colloidal particle

Perrin and others have calculated the Avogadro number utilising equation (10.3)




Fig. 105 Brownian Movement o

109 COAGULATION OF SOLS BY ELECTR()LYTES

Addition of an electrolyic 10 a sol ofien results in

origin of charge on a colloidal particle is due to the adsorption of jons by the colloidal particle. Therefore,
it follows that removal of the charge on the colloidal particle hy the addition of an electrolyte having an
oppositely charged ion, should resull in the precipitation of (he eolloid. Further, the cificacy of the
electrolyte should depend upon the valency of the oppositely charged ion, '

precipitation. Yoy have already learnt that the

Rardy and Schultz have investigated these aspect
their names, which states that the coagulating cifect of
Irom the data given in Table 10.2.

sindetail and have enunciated a law, known after
an icn depencls upon its valency. This is cvident

Table 10.2 Coagulation of As, S, Sol (1.85 g litre?)

- salts of _ salis of salisol _ - 7
Univalem Coagulation | Bivalen Coagulation | Trivalen) Coagulation
cations value cationg value cationg _ value
- | |
NaCl 51 MgSO, / (.81 ALCl, 0.093
LiCl 58 Mgy, I 0.72 AI(N,) - 0095
KC 49 BaCl, | 069 | AL(SO,), .09
KNO, | 50 I ZnCl, ' ‘ 0.68 Ce(NO), 0.080
Avcrégc 52 r I 0.72 . - 0.091

Arsenic sulphide sol is negatively charged and hence, the coagutation valyes (millimoles of
clectrolytes per litre of sol} of the ions arc in the order univalent > bivalent » trivalent, which is in
agreement with the Hardy Schuliz law.

10.10 PROPERTIES OF COLLOIDS

You have seen that hydrophobic sols are precipitated by the addition of electrolytes, By this
precipitation can be prevented by the addition of syitable agents called protective agents. Substances
capable of forming hydrophilic colloids (Agar, gelarin) generally act as protective agents, The sol can be
cvaporated 1o dryness-and can be Tegeneraled by dissolving the substance obtained evaporation. Thus the -
hehaviour of the sol . Is changed from an irreversible'one to that of a reversible one.

| |
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Zsigmb'ndyr introduced the concept of gold number, o measure the refative protecting powers of
organic colloids. The gold umber defined as the quantity, in mg, of the added hydrophilic colloid which
can protect 10 ml of a standard red gold sol (0.0033 to 0.0058 per cent) from coagulation by the rapid
addition of 1 mlofa 10 per cent solution of sodium chloride. The gold so has 10 be prepared in accordance
with prescribed procedure. '

The gold number is not a very accurate measure but has always a range of values as can be seen

* from the results in Tabie 10.3

Table 10.3 Gold numbers
—|]7 _ Protective agent l| Gold number
\ Gelatin N _ 0.005 -0.01
. Albumen 0.1-0.2
! Guma Arabic ' ] 0.15- 0.25
| . Derrin I 6-25
| Potato starch | - 20-25

Protective action of colloids is a very important phenomenon and cnables preservation of colloids.
Making use of this phenomenon, Carey Lee prepared metl sols of high concenirations, of as high as 99
percent, by reducing silver nitrate solution with a mixure of ferrous sulphate and sodium citratc, the
‘organic matter acting as a protective colloid for the sitver. Such sols are used in medicine, in the form of
ointments or intravenous injections. In the preparation of ice cream, gelatinisaddedasa protective colloid,
to give a smooth appearence o the icc cream. If the gelatin is not added, small gritty crystals of ice and
lactose would separaie.

Check your progress - 2

What is goid number?

.............................

......................................

10.11  EMULSIONS

_ An emulsion is a colloidal dispersion of onc liquid in another, the liguid acting as the
dispersion medium being present in cxcess. Thus an emulsion of nirrobenzene in waler can be obained
by shaking litde nitrobenzene with excess of water, and an emulsion of water in nitrobenzene 1s oblained
by shaking a little water with excess of nitrobenzene.

The emuisions mentioned above are respectively called oil in waler (Nitro benzene in water) and
water in oil (water in nitro benzene) types of emulsions. Emulsions are not generally stable since the drop
lets of the dispersed phase coalesce forming a second continuous dispersion medium, But ihe presence of

" some substances called emulsifying agents-stabiliscs the emulsions. An emulsifying agent forms a film

at the oil-water interface and prevents the coalescence of the droplets. This stabilises the cmuls ion. Soaps,
gelatin and other hydrophilic sols are useful as emulsifying agents. ' '

Stable emulsions can be broken, or deemulsified, by the addition ofa reagent which altacks the
cmplsifying agentanddestroysthe interfacial film between the coltoid dropletand the dispersionmedium,




Thsu addition of an acid to an emulsion stabilized by soap, converts the soap into the corresponding fatty
acid, which has no emulsifying action and thus allows the droplets to coalesce, '

The droplets in an emulsion behave like colloidal particles in that they are clectrically charged
(usually negative) and migrate in an eleciric field. Addition of a salt containing a divalent, or trivalent
cation, results in the ‘salting out’ of the colloidat droplets. Heating, cooling vibration and centrifugation
also causes coalescence of the colliodal droplets and separation of the two liquid phascs.

. Many ointments and other phanmaceutical preparations are emulsions. Milk also is an emulsion of
butter fat in water, the hydrophilic sol case in acting as the emulsifying agent.

1012 GELS

A gelis asemirigid mass of alyophilic sol, in which the dispersion medium is completely adsorbed
by the 5ol particles and producing a spongy structure of micelies. By suitable choice of conditions, almost
all lyophilic sols can be converied into gels. Since the gel possesses a completely continuous structure, it
follows that the miceltes built up must be intricately interwoven.

Gels of a large number of inorganic-and organic substances, suchas the hydrous oxides of iron,
aluminium, siticic acid, many kinds of soaps, gelatin, starch, efc, can be prepared, Calciumeacetate alcohol
(obtained by the addition of ethanol 10 a solution of a calcium acclate in water} forms a gel called "solid
alcohol”, on standing. : '

Gels can be subdivided into two kinds namely, clastic and non-clastic. Gels of gelatin, agar, etc.are
of the elastic type while silica gel is of the elastic type. A compielely dehydrated elastic gel can be
regenerated by the addition of water whereas such a gelation does not take place in the case of clastic gel.
The difference in this hydration behaviour is attributed to the differcncé in the structures of the dried gels.

When water is added to dehydrated elastic gels, the lauer adsorb water, sometimes in large
volumes, lcading to swelling of the gels. Both clastic and nonelastic gels, shrink in volume on sianding,

with an atiendant cxudation of the solvent. this ptienomenen is knwon as syneresis. Again, some gels,

particularly those of gelatin and hydrous oxides, liquely and form a sol on shaking, and the sol reverts to
a gel on standing, i.e, the sol-gel transf ormation occurs reversibly. This phenomenon is ¢ ~d'thixotropy,

10.13 APPLICATIONS OF COLLOIDS

Colloids find applications in qualitative and quantitative chemical analysis and in industry also. It
is always essential that organic matter shoutd be removed before starling in a qualitalive analysis, onc of
the reasons being that the organic matter may form protective colloid resulling in an incomplete
precipitation of the cations in differen groups: '

One of the chief sources of error in gravimetric analysis is adsorption, which depends upon the
particle size. The adsorplion is greater the smaller the particle. This error duc to adsorption can be
eliminated by carmrying out the precipitation at elevaled temperatures and also by employing fairly -

concentrated solutions of the reagents.

Colloids find graeat application in industry particularly in adsorption. Silica gel is very effective
m the adsorption of gases and is used in large quantitiés for this purpose. Many of the impurities in sewage
are colloidal in nature and hence the trcatment of sewage is also a collidal problem. Colloid science plays
an important role in the study of soils, tanning, cooking and paint industrics as well as several biological
processcs,
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10.14

SUMMARY

A colloid is a hetcrogeneous mixture of a dispersion phase distributed uniformly in a dispersion

medium. In the unit classification of colloids which based on the physical stalcs of dispersion phase and
medium and different methods of preparation of colloids are presented. Electrophoresis, tyndal effect and
Brownian movement are the typical properties of colloids electrolytes can coagulate hydrophaobic colloids
_Hydrophilic colloids protect the hydrophobic colloids from coagulation by the addition of electirolytes.
colioidshave many applications.

10.15 MODEL EXAMINATION QUESTIONS

1 Answer the following in 10 lines |

1. Describe the preparaiion of a colloid by the Bredig's arc méthod. :

2 E:{plain the origin of charge on a colloidal particie.

3. What is ultramicroscope and how is it uselul in studying colicids?

4, State and explain Hardy-Schultz law with suitable examples.

5. . Explain the protective action of co]lﬁids with suitable cxamples.

11 Answer the following in 30 lines. - |

i Describe the Brownian movement of colloidal particles and cxpalin application.
2. Givean accouﬁl of the different melHods of purification of colloids..

10.16 MODEL ANSWERS TO CHECK YOUR PROGRESS

1.

Op passing electricity through a sol, the colloidal particles move towards anode or cathode based
on their charge. This movement of colloidal particles to cathode or anode is called clectrophorisis.

Gold number is the minimum dry weight of a hydrophilic colloid which is 1o be added to 10 ml of
a standard gold solution 1o prevent coagulation by the addition of 1 ml of 10% NaCl solution .

Author : Prof. N. venkateshwara Rao
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PHASE RULE
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if the temperature is fixed, the vapour pressure is fixed, and vice versa, We can therefore say that such
a system has only on¢ degree freedom. :

Consider NGw a Sysiern consisting of gascous phasconly. Ttis well known thatin the case of gases,
pressure, volume, and temperature ate relaled by means of onc equation or anofher. Out of these threc
quantities, itis just culficient ifany two are fixed, because (he third quantity is automatically fixed. In other
words, any two of these three guantitics completely deline the system angd he 1wo quantitics can be varied
without altering the numbcr of phascs prescat. That is, the pnmber of degrees of frecdom of the system
is 2.

Check your progress -1
What do you mean by a univariant system?

Components

The number of componenis may be defined as the smallest number of independently variable
constit uents by means of which the composition of cach phase of the system can he expressed in the form
of a chemical equation. '

Toillustrate the definition, let us consider the systemm consisting of sulphur and its allotropes, iquid
sulphur, and sulphur vapour. Tn this system the composition ol cach phase can be ex pressed in terms of
only one constituent, namely sulphur, The system is 1hus 4 One COMponent system.

The equiiibrium Ca CO, l\'\'—_‘— CaQ+ CO,

contains three dillerent molecular species, namely, CaCO, Ffi CaO and CO, the first two being
solidsand thelast one, agas. The composition of cach phasecan he expressed inteems of two components, '
For examptle, if CaQ and CO, arc chosen as the ocnstituents then ihe compositions of the three phases
can be cxpressed as - ' :

CaCO, = CaO+ CO,
Ca® = Ca0+0CO,
co, =C0,+0 CaQd

On the other hand, if CaCO, and CO, arc chosen as the two constituents, then,

CaCO, =Ca €O, + 0CQ,

CaO

il

CaCO, - CO

2

€O, =0 CaCOy+ CO,

Thus in this system the smallest number &F constituents that fixed the composition of cach faccis
two, or this is a two-component systcm. '

Phases

A phase may ‘be defined as a part of the sysiem which is homogencous through out and can be
138" separated from other homogencous parts of the system by a boundary.




Considering the equilibrium mentioned above,

S

Ca C03 <= Ca0d + CO

2

We can see that therc are three phascs in this system, namely, Ca CQ3_, CaOand CO, the first two being
solids, and the third onc, a gas. ; ' '

Int this system under consideration-consists of a mix ture of liquids, the number of phascs depends
ipon the miscibility or othewise of the liquids. If the liquids arc miscible with cach other, the number of
phases is onty onc. On the other hand, il the liquids arc partially miscible -depending upon thie
concentrations, the number of phases may be one or morc. However, if the liquids are immiscible, cach
liquid will constitutc a separale phase. ' ' '

In the casc of a system of 4 mixiure of gases, the number of phases will be:oniy one. Since gases
are always complctely miscible, no mitier how many different molccular species make il up.

11.4 APPLICATION OF PHASE RULE TO SINGLE-COMPENT SYSTEM

Water Vapour - Water - ice equilibrinm

The number of components in this system is only 1, but the number of phases may be varying. Thus,
if we consider an equilibriun of phases may be varying. Thus, #f we consider an cquilibrium in which all
the three phases, i.c. ice, water and vapour, arc present, then according 10 the phase rule, the number of
degrees of freedom ' C o

CF=1-3+42 =0

- That is, the system has no degree of (reedom and such systemsan which ¥ = O are catled "non-
variant, or 'invarianl” systems. For a systém 1o have no degreee ol reedom (F =0), means ihat nonc of
the variablcs, pressure, temperature and concentration, can be altered without the disappcarance of the
phases, from the sysiem. The three phases can therelore cxist, only under onc ¢cndition of temperature
and pressure, their values being 0.00075° C and 4 mm respectively. :

Considering the exisience of only 1wo phases, icc-water, waler-water vapour, ic. - water vapaour,
i.e, P-=2 i foltows that S : o

F=1-2+2= 1

This means that such 2-phasc sysiems are univariant, and one of the degrees of freedom, say
temperature, can be varied without altcring the number ol phases. o

These facts arc bome out by experiment and Fig. 11,1 represents thevariation of vapour pressurcs
of ice, water and water vapour wilh temperature. '
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Fig: 111 P<T diagram for water

In the Fig. 11.1 OX, QY and OZ represent the vapour pressurecurves of theequilibria, water-water
vapour, ice-watcr, and ice and water-vapour respectively. The three curves meet at a point O; which is
called the triple point (0.0075 C and 4 mm), where ice, water and watcr vapour can co-exist. 1t is
represented only by apoint which indicates that the three phascs can exist only under onc seiof conditions,
as envisaged by the phasc rule.  Once the conditions arc altered, one phase disappears, and this

disappearance depends upon the disection in which the conditions are altered.

Along the lincs OX, OY and OZ, 1wo phases existand inany of the areas bounded by two lings, |
one phasc exists, i.e, ice, water and water vapour exist in the areas ZOY, YOX, and XOZ respectively, If
it were possible to have water represented by the point P, { firgure 11.2) it would be metastablc and would
$00R turn into vapour. Simifarly, water may be supercooled 10 'X" but the supercooled water will be ina
metastable state. Tt can- therefore be concluded that in diagrams of this kind-a point, a linc and an area
represent the existence of an invariant, univariant and bivariant systems respectively.

From a carclul cxmaination of the curves in Fig. 11.1 it is scen that the curve OX ends abruptly at
a point which corresponds 1o the critical temperature (374°C) and critical pressurc{218.5 atm) of walcr,
beyond which, the water and water vapour phascs cannot be dstinguished [rom each other. Similarly, the

curve OZ cnds abruptly a1 O° K and zero pressure.

In the case of the curve OY, however, no limit can be fixed, at lcast in principle, although it leads
10 a region where at least six polymorphic forms of ice exist, Further the sloping ol the curve QY indicales -
that melting of ice is always accompanied by a decrease in volumg, as predicied by the Lo Chatlier

- principle according 10 which increase of pressure at a constant temperature will resuil in a decrcase in

volume. If the pressure on the system is increased at the peint A, ata constant temperature, the system wilk
be represented by B, i.c, wate ris formed and the change is accompanicd by a decrease in volume,
Similarly, freezing of water will be accompanicd by an increase in volume (dotied line AC in the figure).

~ The diagram shown in Fig,.11.1 is only an approximate one and a more accurale one, i the
neighbourhood of the triple point is shown in.Fig. 11.2:
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Fig: 11.2 Triple point of water (enlarged scale)
Check you - progress - 2
What is tripie poinc?

The Sulf)hur System

Sulphurexists jn severalallotripic forms some of them being stable whj le the others are metastable,
The stable forms are:  thombic, monoclinic (both

are solids), liquid sulphur and sulphyr vapour. The -
vapour pressure-temperatgre Curves for these diffe

rent forms are given in Fig11.3

[ YY
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Let us now try 16 calculate the degroes of frecdom for the existence in equilibrinm of the different

forms of sulphur - thombic, monoclinic, liquid and vapout. If all the four phases were 1o exist in

equilibrium i.e, p= 4, the number of degrees of freedom would be
F=1-4+ 2=-1

which means that it is not possible for all the phases to co-exist in equilibrium. On the other hand, forthe

" existence of any three phases in equilibrium, i.e, p =3, then

F=1-3+ 2=0

That is , a system consisting of any three phases is intvariaat, justas i the caseof the water system.
Such a system is represented by a point and variation in the temperature Or Pressure will resuit in the
disappearance of one of these three phases. : :

Considering the equitibrium between any two phases, i.c,P = 2,itcan be secn that these sysiems
are univariant and one of the factors can be altcred without disappearance of the phase. If P=1, that is
for any single phase, F =2 ot the syslem 13 bivariant, and the two- [aclors canhe altered without any
disappearance in the phase.. o '

From the analogy with the water system, it follows from what has been mentioned above, thatthree
phases can existat a point, two phascs pressure-lemperalure curves for the different forms of sulphur are
given approximately in Table 11.3. OP, 0Q, and QR arc vapour pressure curves of rhombic, monoclinic
and tiquid sulphuor respectively. OS repeeses the equilibrium between the thombic and monoclinic forms

© of suiphur and is obtained from the effect of pressure on Lthe transition point. QS represents {he equilibrium

hetween, monociinic and kiquid suiphur. The sloping of the linc 0% 1o the right indicates that when
moneclinic sulphur is canverted into rhombic sulphut, there is an increase in volume, in accordance with
the Le chatlier principle (just as in the formation of icc  from water). Similarly, the sloping of the curve
QS slightly to the right shows that there is a decrease in volume when liquid sulphur is converted into the
monoclinic form. - _ o S
An examination of the Fig. 11.3 indicates the cxistence of three wriple points, O, Q, and S for the
sulphur system, the poin corresponding to the cquilibria :- thombic, monoclinic - vapour, monoclinic.
liquid - vapour and shombic-monoclinic - Hquid , the poimt S existing under the conditions 151° C and
1288 aim. : : " : :

_ Liquid sulphur eanbe supercooledlothe pointPanditisalso pok'sih]c to superheat thombic sulphur
along O P. The point P is thus another wibple point, bul ia 2 metastabic one and is not frequently Attained.

115 SUMMARY

Phase rule is amathematical expression,F=C-P+ 7 Thelermsinvolved inphase rule components
(C) degrees of freectom (F) and phascs (p) are explained. This unit is testricted o the application of phase
rule to ONE component systems i.e.. water and sulphur. In the phase diagrams ol one component Systems
areas represent bivariant systems, lines represent univariant systems and point represents an invariant
system, : ' :

11.6 MODEL EXAMINATION QUESTIONS
1 Answer the following in 10 fines

1. From the vapour preéiaurc—tempera[ure curves of the water system, explainhowa point, aline and
an area represent the equilibria between 3 phases, 2 phases and single phase respectively.




Fréi‘}f"thiz-“\-ré;ibﬂr" pressure temperature curvéof fhe ’siliphuf"sj*;:slérﬁ, show that thé wipld poirit

betwéen rhombic, monaclinic and liquid forms of sulphur, i$ a imelastabie one.

3. From the vapour pressure-temperature curves of water system, show that there is an incrgase in
volume when water is converted into ice, ‘ I

II  Answer the following in 30 lines

1. State the phase rule -and explain the terms nvolved, with suitable ¢xamples. . .

2. Discuss the application of phase rule to the water or sulphur system. -

11.7 MOD_EL ANSWERS TO CHECK YOUR PROGRESS_ o

1. °  In the phasc diagram of a one componeni system, the stage where onl ¥ one parameter among
temperature and pressure can be varied withoul the disztppgarancc of one phase among the two is
called a univariant system. Lines represent univariant systems. o '

2. In the phase dia gram the point where three lines join is called triple point. The system a this peint

18 invariant.
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UNIT-12  PHASE EQUILIBRIUM - TWO COMPONENT
SYSTEM -

Contents

'12.1  Aims and Objectives

122 Metallic alloys and salt hydrates

123 Solutions of gases in gases -

124 Solutions of gases in liquids - Henry's 1aw
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12.6.1 Completely miscible liquids

12.6.2 Partially miscible liquids

12.6.3 Immiscible liquids

127 Summary

128 Model examinations questiol2s

12.9 Model answers to check your progress.

12.1 AIMS AND OBJECTIVES

. To Discuss the application pf phase rule to two component systems.

Once you completely study and understand the contents of this unit, you must be able 1o apply
the phase rule to:"

o Metallic alloys and salt hydrates
° Solutions of gases in gases

. Solutions of gases in liquids - Henry's law

. Solutions of gases in solids
. Solutions of liquids in liquids

12.2 METALLIC ALLOYS AND SALT HYDRATES

Let us discuss the application of phase rule to a system of two solid meizllic componeats, say an
alloy of zinc and cadmium. Since there will not be any noticeable change in the volume of asolid by the

application of pressure, pressure will not have any effect on this equilibrium. Hence it is sufficient to
consider the effects of only temperature and composition on this euqilibrium.

Since the'vapouf pressures of solids are small and the experiments are usually camied out at
atmospheric pressure, the phase rule  can be written in a ‘reduced’ form  as :

F=C-P+1 : ' : [{VR))

where F represents the number of degrecé of freedom which the system possesses in addition o the
pressure.

Fig: 12.1 represeats the phase equilibrium diagram of alloys such as those of zinc-cadmium, where there
is no miscibility of the componeats in the solid state and alsonocompound formation. AB representsthe




conditions, the number of phases is 3 and the number of components is 2. Hence from the "roduced” phase
rule, it follows that F=2.3 4 { = 0. That is, the cquilibrium a1 B is invariant. Along the linc AB, solid
zinc will be in equilibrium with the melt, or C =2, P = 2

Al
4
Y ¢
1))
¥D
K
0%Ed T00%Cd

100%2Zn  Compesition ' pgr

Fig: 12.1 phase Equilibruim diagram of Zn cd alloys

and so F= 1, which means that the equilibrium is univariany along AB. The samc argument is applicable
to the line CB also, '

. The curve given in Fig. 12.1 is not quite accuraic and the suic.lly accurate diagram is given in Fig.
12.2. where the dotted lines represent the composition of Lhe solid phase in cquilibrium with the liguid.

If the two substances form a solid solution, there can be only two phascs,. namely, the liquid and
solid solution and hence from the "reduced” phase rule, it folfows that F= 1,ie., therecan beno eutectic
point, Such a type of equilibrium is shown inFig. 12.3 where the curves AXBand AY B represent the
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Check your progress-1

What do yoh mean byjeuteétic mixtare?
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3 Till now, we have considered cases involving formation of an eutectic and solid solution. In.
addition to these, sometimes there may be the formation of one or more chemical compounds, for example,

a systemcbns{stin g of Mg and Sn in which the compound Mg, Sn is formed. The lemperature-composition
curve of this system ts given in Fig. 124,

Temperature

- 0¥eMg Mg, Sn 100%Mg

Fig, 12.4 Phase Equilibrium Diagram of a system involving compound formation

The point B and D correspond to the eutectics at which each of the three phases, Sn Mg, Snand
liquid and Mg, Mg, Sn and-liquid are present. Along the curves AB and DE, pure tin and pure Mg
respectively will be.deposited while the pure compound Mg, Sn will be deposited along BC and CD,

- The point C is at the maximum of the curve BCD and represents the composition of the pure
compound. Addition of Sn or Mg to the compound will result in a lowering of the melting point of the
pure compound and the behaviour is represented by the curves CB  and CD.

The exisience of a hump in the freczing point-composition curve indicates the existence of a
- compound and the number of humps indicates the number of such compounds Tormed,

The phase  rule can beapplied to sall hydrates also. If CuSO#5H,0 and CuSO,. 3H,0 arc taken
i the two limbs of a tensimeter (appratus used for measuring vapour pressures), the vapour pressure of
the mixture remains constant as long as the pentahydratc is preseat, but is falls down suddenly when the
pentahydrate is completely converted into the trihydrale, and thercafier it again remains constant, till the
trihydrate is completely converted into the monohydrate and the behaviour repeats itself till the salt
completely becomes anhydrous, Thesc facts are represented in Fi 8- 12.5 and canbe very casily explained
on the basis of phase rule. For the pentahydrate-tribydrate.equilibri um, the number of phascs is three (two

solids and the water vapour), and the numbcer of compaonents is 2. Hence from the phase rule, it follows
that - :
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Fig, 12.5 Phase equilibrium Diagram of salt hydrate

F=2.342 = 1 or the sysicm is univeriant. Bul since the lemperature is already fixed (constant,} the system
must beinvariant. That this is so i shown by the (act that the vapour pressure remziing constant as long
as the penta-and trihydrales are: prescnl in the equilibrium: {curve AR). When the pentahydrate is

completely converted into the Lrifydrate, there is a sudden [all in the wihydratc-monohydrale and
monohydrate-anhydrous salt cqu_ilibria also (curves CD and EF,

12.3 SOLUTIONS OF GASES IN GASES

Allgascs which do notcombine chentically mix in all proporlions. Hence in the case of a solution
of one gas in another, the number of phases isonc and the aumber of components is 2. Henee according
10 the phase rule, the number of degrees of freedom will pe, F=2-1+2=3which moans thatall the
three quantitics, temperaluse, pressure and concentration, can be varied overa fimited range without the
risk of the appcarance of any ncw phasc. 1t should, however, be borne in mind that if the varialions are
large, the possibility of formation of a new phase. cafinot be ruled out,

12.4 SOLUTIONS OF GASES IN LIQUIDS-HENRY'S LAW

In the case of a solution afa gasina liguid, the number of phases i (wo, gas and solution, and the
nusnber of components also is 1wo, namely, gas and liquid. Heaee, according to the phasc rulg, F=2-2
+2 =2 or the system is bivariant. That is, il the emperaturd is fixed, (e gas pressure and concentration
of the solution can be varied. On the other hand, it the composition is fixed, the gas pressure and
temperature may be varied.

125 SLUTIONS OF GASES IN SOLIDS

The case of solutions of gascs in solids can be considered in four different ways. Firstly, aperfecily
homogencous truc solution, in which theré is no alteration in the composition or constitution of the gas.
may be formed when a gas dissolves in a solid.




Sccondly, two or more solid solutions, which Mmay or may not be miscible with cach other, may be
formed.  In the third case, there may be formation of a chemical compound between the gas and the
solid._ Lasty, the gas may be adsorbed by the solid.

In the first case, i.e, the one involving the formation of  true solution, the number of phases is two
and the number of components also is two and hence the number of degrees of freedom will also be two,

Just as in the case of solutions of gases in liquids, If the lemperature is kept constant the pressure and
composition of solution can be altered, but one will depend upon the other,

Inthe case of a gas dissolving in solid to form solid solution, the number of phascs would be three
solid, solid solution and gas, and the number of components is two, gas and solid. Hence the namber of
degrees of freedom F=2-3 + 2= » OT the system, is univariant, If the emperature s fixed, the pressure
and compositions of the phases are also automatically fixed.

Ifthe number of solid soluticns formed is two, then the 101al namber of phases would be 4 and Froni
the phase rule equatien, it follows that. F=0, or the System is invariant. It a graph is drawn between the
pressure of the gas and its concentration {thc amountofthe gaseous component in the system) ata constant
lemperature, it has been found 1o be of the form shown in Fig, 12.6 '

Pressyre

A :
Conceniration of qas

\

Fig. 12.6 Phase equilibrium diagram of system with two solid solutions

The portion AB of the curve in Fi g2 12.6 represents the formation of the first solid solution. The
number of phases is twg, (solid and gas) and since the number of CaMpoNCIts is also  two, the number
of degrees of frecdom is (wo. At constant empcrature, the number of degrees of frecdom becomes one,
Hence ateach concentration, there is a definite pressure along the line AB. A1B, the formation of the new
solid solution beginsand, since the numberc-fphasc_s and components are three and two respectively, the
number of degrees of frecdom will be one an d atconstant lcmperature, the degreesol freedom witl be zero.
that is why, the part BC of the curve is a straight line parellc! to-the X - axis - As the concentration of the
gas is increased, the first solid solution gradually disappears and will be convertod o the second solid
solution, and then there are onty two phascs again and the curve would be of the form CD,

12.6 'SO'LUTIONS_OF LIQU!_DS IN LIQUIDS

A Solutions of ligquids are of 3 Lypes, namely, (1) Completely miscibie liquids, e.g, ethanol and wier,
(2) partially miscible liquids, e.g. ether and water, and (3) practically inmiscibic liquids, e.g. nitrobenzene
and water. The liquids are not absolutely immiscible, but under ordinary concentration ranges, two higuid
phases will always be present. :

B N | )
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12.6.1 Completely miscibie liguids

In this system, there will be two components and two phases, and according to the phase rule, the
system should be. bivariant. Hence at constant temperature, the pressure and composition must vary
together. Thus, at a given temperature, the mixiure of a given composition will have a fixed and definite
vapour pressarc, '

(a).

vapour Pressure

A 8
_('e)

Fig. 12,7 liquids in liquids
The curves in Fig. 12,7 represent the variation of vapour pressurcs of completely miscible liquids with
¢compostion, the composition being cxprossed as mole-f raclions*

In the first case, Fig. 12.7 (a}ihe partial vapour pressure curves of both the liguids as well as the
total vapour pressurc of the mixwure are straight lincs: Such a situation obtains only in the casc of ideal
solutions, i.e, when Raoult's law is obeyed and is exhibited by pairs of closely related liquids like benzene
+ toluene, water + hcavy waicr, €l¢. Of intersection of the two partial pressure lines in Fig. 12.7 (a). The

vapour at the point contains cach of the 1wo liquids in the proportion of its partial pressure, and will

. therfore be cquimolar, although the liguidcomtains an cxcess of liquid B. This principle is known as

Konowaloff's Rule is always obeyed and can be stated as the vapour over a binary liquid always contains
an excess of that compencnt whose addition Lo the liquid would raise the (otal vapour pressure. If the




Fig. 9.5 (b} Interfacial Tension

the drops. The number of drops produced by a definitc volume of the liquid is counted and its apparent
mass, m, is calculated utilising equation 9.7 : C

m=me(p-p

b o

Where p is the density of the drop-forming liquid, and P18 that of the ottier liquid, and rho =v. p, v'being _
the vol

olume of one drop, From a knowledge of m, the interfacial tension can be calculated employing
equation (9.6) ' :

98 INTERFACIAL TENSION AND ADSORPTION

We have secn that the surface of 4 liquid is in a state of iension, Similarly, the surface of a solid
also will have a residyal T ield of force or unsaturation which results in a tendency of the free energy of the
surface to decrease, Thig tendency isresponsible for the phenomenon of adsorption which strictly vefers
to the existence of 3 higher conentration of the substance at the surface of aliquid or solid phase than
is present in the bulk. The component with the lower surface icnsion will tend (o increase its
CORCcentration on the surface, because this will reduce the (ree cnergy of the surface, It may therelore be

stated that if a soliite lowers the tension at any mlerface, there will be a higher concentration of the solute

at the interface than in the bulk of the solution. Such substances are said 1o be surface active,

On the other hand, with suhstances which increase the surface iension,  at the intcrface, the
concentration of the substancc at the surface will be Tess than that in the bulk of the solution and this type
of behaviour, which is known as negateve adsorplion, is exhibited by electrolytes.

The relationship between adsorp_tion and surface tension is given by the Gibbs adsorption which
may be represcnted as :

TR % S 9.12)
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where T is the surface concentration per unit arca of the interface, ¢ 18 ihe bulk concentration, Y i5 the

surface tension, R is the molar gas constant and T is the absolute icmperature. From cqualion (9.12) it is
evident thatif dy/de.. 1€, the change in imerfacial tension with conceniration, is negative then T is posilive,
or in other words, the concentration of the substance at the surface will be higher than that in the bulk.

Check your progress -2

_ Why do solids adsorb gases?

99 INTERFACIAL TENSION AND ADSORPTION BY SOLIDS FROM
- SOLULION

1t is well known that charcoal removes coloring mater (rom solutions and that fi incly-divided
powdcers take up dyestulls and other substances from solutions and this is another aspect of adsorptiof.
Here it may be assumed ihat the surface acis in the same mannce as in the adsorption of gases by virture
of motecular attraction of alternatively, it may provide an intelnce of large arca where a solute, which
is capableof decreasing the interfacial (ension, may accumulate. The information available [or the ensions
at the solid liquid interfaces 18 very litde and although there isno (heorelical justification, itcan be assumed
{hat the tensions for solid - Jiquid interfaces run parallel 1o the air - liquid interfaces since the experimental
evidence scems o support (he validity of this paral ietism, For cxample, charcoal adsorbs dyestuffs more
readily [rom agueous solutions than from alcoholic solutions. In fact, the dyestutf adsorbed by charcoal
from aqueous solution can e readily extracted by aicohol. The air - hiquid interlacial tension of water is
highchr than that of alcohol, and hence the decrease in surface tension of the aqueous solution with
increasing concentration of the dycstulf will be higher tha that for the alcoholic solali 5. Therefore, i
accordance with the Gibbs adsosplion cquation, {equaton 9.12), the.adsorption ol the dyestuff at the air-
liguid interfacc will be greater in aqucous (han in alcoholic solutions, The same result is observed at the
solid-liguid intcrfaces also.

The parallelism mentioncd above, howcvc_f, breaks down somctimes. For cxample, although amyl
alcohol towers the surface tension of waicr more than phenol, charcoal adsorbs phenol more readily from
aqueous solation than amyl alcohol, ' '

Many of the substances are adsorbed from their agucous solutions because of the high surface
iension of water. Very [ew cases of negative adsorplion from aqueous solutions by solids like powdered
sitica and charcoal, occur with electrolyies and as has atready been mentioned, there will be an increase
:n the surface tension at the air-liquid interface. The Gibbs adsorption cquation cannot cxplain this
adsorption of electrolytes and onc of the reasons attributed for this failure of adsorption is that the Gibbs
cquation does not {ake the electrostatic forces into consideration. '

9.10 SUMMARY

Cohesion and adesion arc the altractive forces between identical and different molec ulcs respec-
tively. In liquids the molecules of the bulk attract the moleculcs present at the surface due to which they
exhibit the characteristic property surface Lension. A diquid welsa surfuce if the contact angle is less than
90, Surface tension can be determined by eithre capillary rise method or drop weight method, The surface
of a solid remaing unsaturated and this iendency is responsible for their adsorption of gascs. '




UNIT-11 PHASE EQUILIBRIUM - SINGLE COMPO-
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11.1 AIMS AND OBJECTIVES

_Todescribe the phenomenon of heterogencous equilibrium and discuss (uantitatively the cffect of
parameters such as témperature, pressure, concentration and compostion on the equitibrium

Once you study and understand the contents of this unit yOu must:

. realise the importance of the statement ot phascRule F=C-P+2

be able to describe the terms involved, namiely degrees of freedom, components, and phases.
. be in a postiion 10 apply phase Rule to single component systems, lke water and sulphug, :
112 INTRODUCTION \ ‘

The phase rule derived by Gibbs, provides a convenient method for the treatment of heterogeneous I

equilibria i.e, equilibria in which reactions oceur in more than one phase. The rule enables onc to forceast
the behaviour of heterogencous systems under various experimental conditions. I has been derived from
thermodynamics and does not involve any assumptions about the nature of matter., Thus, itis independent
of any bypothesis concerning the nature of matter and coordinates a number of phenomena under one law,
The rule applies only when equilibrium is attained. Each of the phases is supposed to be present in large
quantities and the equilibri um is not disturbed by the addition of a little more of the reac tants or products,

11.3 THE TERMS INVOLVED

The phase rule is stated in words but can be staicd only mathemalically, as where F, C and P are
F=C-P+2 ' (111

respectiely the number of degrees of freedom, componcnts and phascs and arc explaincd as follows.

Degrees of freedom

- The number of dcgrces of freedom 1s the number of the factors, pressure, temperature, and
concentration of the system, which can be varied wihiout alterin g number of phases present in the system,
~ which can be varied without altering the number of phases in the system, '

Let us suppose thal there is a System consisting of water in comact with iis vapour, Itis a fact that
the vapour pressurc of water is dependentonlyon the temperatire and noton the mass of the,water. Hence,




138 :

if the temperature is fixed, the vapour pressure is fixed, and vice versa. We can therefore say that such
a system has only one degree freedom.

Consider now a system consisting of gaseous phase only. Itis well known that in the case of gases,
pressurc, volume, and temperature arc related by means of onc equation or another.  Out of these three
quantities, itis justsufficientilany twoare fixed, becausc thé third quantity is automatically fixed. In other
words, any two of these three quantities completely deline the system and the two quantities can be varied
without aliering thc numbcr of phases present. Thai is, the number of degrees of frecdom of the sysiem
is 2.

Check your progress -1

What do you mean by aunivariant sysiem?

Components

The number of compenents may be defined as the smallest namber of independently variable
constit uents by means of which the composition of cach phase of the systern can he expressed in the form
of a chemical equation.

Toillusiratc the definition, let us consider the sysiem consisting of sutphur and its alfotropes, liguid
sulphur, and sulphur vapour. In this system e composition of cach phase can be cxpressed in terms of
only one constituent, namely sulphur. The sysient s thus 4 onc component sysem.

—

The equilibrium CaCO, <— CaO+ CO,

R

contains three different molecuiar species, namely, CaCQ, <= CaOand CO, the firstiwo being
solids and the last one, a gas. The composition of each phase can be expressed inlerms ol two components,
For example, if Ca0 and. CO,. are chosen as the oenstituents then the compositions of the three phases
can be expressed as ;- ' : '

CaCO, = CaO + CO,

Ca0 = Ca0+0CO,
CO, = C02 + O Ca0

2

On the other hand, if CaCO, and CO, arc chosen as the two constitucnts, then,

CaCO, + 0CO,

Ca CO,

CaO

CaCO, - CO,

CO, . =0 CaCOy + Co,

Thus in this system the smallest number Of constitents that fixed the composition of cach lace 1s
two, or this is a two-component sysiem.

Phases

A phase may be defined as a part of the system which is homogencous through oul anid can be
separated from other homogeneous parts of the system by a boundary.




vapour at point of intersection is removed and condensed in a separate vessel, the condensate will contain
a larger proportion of the more volatile component than did the original liguid and the residual liquid will
contain a larger proportion of the less volatile component than did the original liquid. This process of
vapourisation and condensation {distillation) can be utitiscd o separate the two components and this is
what happens in fractional distillation. '

Fig, 12.7 (a) represents ideal behaviour which is, gencrally rare for liquids, since there will be
always be deviations from Raoult's faw. These deviations are indicated in {b) and (c). AL high
‘concentrations, the partial pressures aiways start by obeying Raoull's faw and the broken linc follows the
dotted fine at first. But as the concentration of the second component increases, the pressure may deviaie
by dropping below the idcal line as in (b), or may rise above that, as in {c),. The situations represented in
(b) and {c) are known as negative and positive deviations respectively.

From (bj and {c), it can be seen that the total vapour pressure has no maximum or minimum,
because the departure from Raou't's Jaw (or ideal behaviour) is not excessive. In such cascs also, the two
components can be separated by fractional distillation. :

Sometimes, however, the total vapour ressure curve w ill have a minimom or maximum as shown
in (d) and (e). This behaviour is exhibited by mixtures of hydrogen chloride-watcr and water-cthanol.
Hydrochloric acid forms a constant boiling mixlure containing 20.24% HCI which distils unchanged at
110°C. This is a casc of negative deviation from Racult's law,

Mixtures of water and ethanol exhibit positive deviations from racult's law and a constant boiling
mixture containing  89% molc of alocohol boils at 78.15°C '

" Check your progress-2’

What do you mean by 2 cbnstant boiling ligquid mixture?

1262  Partially miscible liquids

A mixture of cther and water may be taken as an example of this class. The curve in Fig. 12.8 -
represents the variation of vapour pressure with composition.

When a small quantity of ether is added to water, the ether dissolves forming a truc solution and
the total vapour preassure of the mixture increases alony the ling AB. According to the Phasc rule, the
system is bivariant along AB, bocausc there are 1wo COmponents, ether and water, and two phascs, cther
in water and vapour. :







BLOCK -6

CRYSTAL STRUCTURE

The fundamental properties of crystals are their symmetry in the external appearance and the
“orderly arrangemcnt of atoms or ions or molecules. External symmetry of crystals is the result of the
orderly arrangement of constituent particles. The symmetric external shape of a crysial is achieved by the
repetition of the same basic units three-dimentionally. A crystal possesses aset of faces that join 1o form
definite angles. Another important property of crystals is their tendency to break along their natural axes
-when force is applied. Amorphous solids break irregularly. Only one substance may exist in more than
one crystalline form under different conditions. This phenomenon is called ploymorphism. Polymor-

phism of elements is allotrophy. .
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13.1 AIMS AND OBJECTIVES

~ To describe the internal stracture of crystals and to explain you show X-rays can be used to arrive
at the type of arrangement of aloms (or ions) in a crystal.

Once you thoroughly study and undersiand the contents of this unit, you must be able to:

& realise that there ar¢ iwo aspecis of crystal structure (i) dealing with the extcmal symmetry and

shape and (ii) intcmai arrangement of atoms, molcculcs or 1ons.

» to describe the external symmetry concerncd with the outward arrangement of faces and the
symmetry of the crystal as a whole

. find out that based on the external symmetry crystals arc divided into seven systems. The seven
crystal systems give rise 1o fourteen lattices, The crystal lagices differ from one another in their
_interplanar spacings. o '

4 internal arrangement of atoms in a crystal is desbribed in terms of its space lzmicé which is a three
dimen$ional arrangements of points in space.

: : - ! :
. 1o know that by X-ray diffraction analysis of crysla{s, interplanar spacings can be determiend and

such measurements help us in ariving at the type of lattice wo which the crystal belongs.

132 INTRODUCTION

‘When we look at any crystalline solid what impresses us most is its outward geometric form, the
-symmetry inits extenal appearance. A definite sct of faces meeting at definite angles. This symmetry can
be casily recognized in naturatly occurring mineral as for example in quartz crystals. However, if the solid
occurs as powder or lumps the symmetry can be noticed only when the individual particles are observed
under a microscope. Metals occur in polycrystalline condition. The crystalline nature is observed only by
etching the surface, when a large aumber of tightly packed crystals in all possible orientations could be
noticed. This external symmetry of crystals is however due to the regularity in its internal structure, The

" units of a crystal be the atoms, molecules or jens must be arranged in a regular order. The external shape
of the crystal may be assamed to be obtained by the repetition in three dimensions, of a basic pattern

containing atoms or jons, It is this intenal regularity of structure that is the more important and essential
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characteristic of the crystalline state and not the external geometry or form. However, since the latter is
-a direct result of the former, we can always get some hint as to the nature of the internal structure from
observing the extenal form. Hence it is useful to consider some aspects of the outward spatial arrangement
of the crystal faces that is the external symmetry of the crystal, '

133 GEOMETRIC CRYSTALLOGRAPHY

The external surface of a crystal is made up of well defined faces which interest at constant angles.
These angles are called interfacial angles and can be measured by a goniometer. It has been found that
no matter how the faces developed, the angle between the correspnding faces remians constant for any
crystal of a given substance. Again crystais of different substances exhbit different symmetries, but the
crystals of the same substance possess the same symmeltry, This is expressed in terms of elements of

" symmetry. They are axes of symmeltry, plans of symmetry aid centic of symmctry,

Axes of Symmetry

A crystal is said to possess an axis of symmetry, if when rotated about an imaginary line passing
through the centre of the crystal, presents the same appearance more than once. The symmetry axis is said
to be two fold, three fold or four fold depending upon whetheritis brought inio seif coincidence twice three
four times during a complete rotation, etc. For example, for a cube a line passing through the centres of
opposite faces is an axis of four fold symmeiry because the faces coincide onc another, for every tumn
through 90°; 360/90=4 times in one complete rotation. The axis is represented by the symbol C,-An axis

. of three fold symmetry (C,) is the one passing through the opposite corners of the cube and an axis of (wo
fold symmetry (C,) is the one passing through the mid points of opposite edges. Thesc are shown in the
figure 13.1, ' : ' - .

Planes of Symmetry

A Plane of symmetry isan imaginary plane which divides the crystal into two halves such that one
half is a mirror image of the other. A cube can have two types of plane sof symmetry - rectanglular plane

of symmetry parallel io the faces or diagonat plane of symmetry passing diagonally through the cube.
These are shown inthe figure 13.2. (b). o
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158 Fig. 13.2 (a) Centre of Symmetry in a Cube
(b) Planes of Symmetry in a Cube




Centre of Symmetry

A crystal is said 1o possess a centre of symmetry i any line drawn through it will intersect the
surface of the crystal at equal distances on eitherside (fig, 13.2 a)

A crystal may have more than one axis of symmclry ol any kind and more ihan onc plane of
symmetry of a given kind. But of course only one centre of symmetry.

/. /f,?\ R
/"“

Fig, 13.3

Tn the external form of a crystal only thosc faces arc possible and have physical existence which
bear a simple relation to one another, This refationship can be obtained — as follows. Fiest three axes are
chosen in a crystal and a standard planc P'Q R' is chosen which is not parallel to any of these axes at
distances a, band ¢ from the origin. These are the [undamenial chacacieristics of the crystal. Let the
intercepts made by any other plane PQR' be OF, OQ' and OR’. For this planc to oceur as a lace, these
inlercepts must be-related to the intereepls nade by the standard planc OPQR ina simple manner. The
relationship is given as OP:0Q"OR’ = a/h:b/k:¢/] where bk & 1 mustbe small whole numbers like O,
1,23, & 4. Tt very rarely exceeds four. The planc is called an bk plang. hki are called Miller indices ol the
plane.

For any crystal a sel of axes can be construcied such that at naturally occurring plancs have
reciprocal intercepts that are proportional to small numbers. This is called the taw of rational indices and

can be applied to classify the plancs. Consider a unit cell ol a crystal. Let the three edges of theerystal .~

form the axcs which intersect at one poiat, The standard planc has to be chosen such that it is not paaralicl
to any of these axes. The planc ABC satisfics thiscondition. The mtercepts made by this planc on the three
axes are a,b & ¢ which turn out 10 be the length of the sides of the cell. We can now tind the miller indices
of other faces. Consider top face CDEF. This does notcut the X and Y axcesas it is paralic! 1o thom. ft mects
them only at infinity. It intercepts the Z axis al the same distances as the standard plane. - '

P
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The intercepts made by the top face on the three axes may be written,

axo: bx o :cx1

This can be written as a/(:bf0:c/1. The Miller indices of the plane are therefore 001, It is called a
001 plane. Similarly the side plane DEGB intercepts the Y axis but is parallel to the X & Z axes its
inicreepts are thereforea x o @b x 1: ¢x a which may be written as a/0:b/1:cA). The Miller indices
are 010. Miller indices are therefore the reciprocals of the intercepts in terms of the standard plane. Ina
similtar way the indices for AGEF will be 100.

Example

A crystal plane intercepts the three crystatlographic axes at the following mutiples of unit distance
372, 2, 1. What are the Miller indices of the plane?

We have seen that Miller lndlCC‘i arc reciprocal ol the intcecepts. Hence they are 2/3, 1,’2 1 'which
in integral numbers become (436). - :

TABLE -13.1

System Axes Angles Essential Example,
1. Cubic a=b=c ' | a=B = y=90° | Four three NaCl, KCl, NaF, Mgo
fold axcs diamond, CaF,,
pb, Hg, Au. TiO,,
$n0,, Sn
2. Teragonal | a=b#c =f = y= 90° | Three two KNO,, Rhombic Sulphur,
T Fold exes PbCO
3. Ortho a#b#c a=f = y=90° | One two fold axes | KNO, Rhombic
rhombic sulphur, PbCO,
4;Monoq]inic_ azbzc a=f =00 =y One two fold axis | MOnociinic Sulph'ur,
S and one plane Borax
5. Triclinic a #b#c | o=p #y#90° | Noaxes,no plancs CuSO,, SH,0.
S K,Cr,Q,
6. l-_lcxagonzil a £b#£c o zB £ # 000 One six fold axis | Hg§, ice, graphic
: y=120° '
7 Rhombo- a=b=¢" |a =f =y =00° One thre lold axis | Silica, Magnesite,
hcdral or ' Calcite, NaNO,
Trigonal

133 ISOMORPHISM AND POLYMORPHISM

In the above Table-13.1 we may notice thal.crystalé of several compounds may belong to the same
system. For example NaF, KCI and MgO have the same symmetry as sodium chloride. Different

. compounds which crystallize with the same structure arc said to be isomorphous. The property is called

isomorphism. Again the same compound may under different conditions crystallize with a different
structure. Thus calcium carbonate crystallizes at low temperature in the rhombohedral form which is called
calcite, but when it crystallizes at high temperature an orthorhombic structure results. This form is




metastablé and is called aragonite. The existence of the same substance in morc than onc crysalline form
js known as polymorphism. Polymorphism occurring in elements is referred to as allowropy. Examples
are carbon (diamond and graphite) and suiphur (Rhombic and monoclinic.)

Check your progress - 1

- Whatis polymorphism?

................................................................................................

134 INTERNAL STRUCTURE OF CRYSTALS (SPACE LATTICE)

It has beer stated in the introduction that the exicrnal shape of the crystal is reflection of its internal
structure. This fact can be easily established. Supposc a small crystal of any salt like copper sulphate is
suspended in its remain the same. Again when a large crystal is pounded into a powder any small grain
observed under the microscope, it will be found to retain the shape of the original crystal. These facts
_ saggest that the constituents of a crystal-aioms, molccules or ions are arranged in a repetitive patem, That
is, there must be an ultimate basic group of atoms catied the unit cell which has a shapc related to the
original crystal. The repetition of this cell in three dimcnsions gives the whole crystal. Thus the cubic
crystal may be visualized as built from the repetition of a small cube paraliel to itself in three dimensions
gives the whole crystal. Thus the cubic crystal may be visuatized as buill from the repetition of a smali !3
cube paraltel toitself in three dimensions. The atoms are placed at the cornérs of the cube. By repetition
of this basic group of atoms (cubic network ol aloms) in three dimensions, we get what is known as the
spac'eﬁattie‘ of the crystal. The space lattice is defincd as a regular distribution of points in space.

To understand how this is obtained, consider a simpie lattice-in dne dimension. This is mercly an
arrangement of points along a line so that they are regularly spaced. ‘

Fig. 13.5 Ghe dimensional lattice

The lattice is obtained by the movement of asingle point along a fixed dircction in fixed incréments,
The fixed increment is called a primitive vector. The distance between any two poinis in the latice can
be expressed in terms of this primitive vector, ' .

By moving a point in two directions by lixed increments we get.a two dimensional lattice. In the
lattice given below the primitive vectors arc equal. The paralellogram constructed on these primitive
vectors as sides is catled the unit cell. Here the unit cell is a square. By repeating this sqaurc parallel 10
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Fig. 13.6 Two dimentsional lattic

itself we obtain a two dimensional lattice. Here the two directions in which the point is moved are
perpendicular 1o each other and the increments are equal. The result is a square lattice. This may not be
s0. We could have chosen a different unil ceil and by the movement of this cell, 2 different space lattice
would have resulted as shown by the dotted Jines in the figure.

Fig. 13.7 Three dimensional (space) lattice

We may now exiend these ideas_into_ .the third dimension. Through each point of the two
dimensional lattice we have a parallell row of points in some third direction not in the same plane as the
two dimensional lattice. Thus for example in the square lattice if we draw through each point a row of
points in a third direction perpendicular to the square we getacubic lattice as shown above. Here the three
vectors are equal and the directions perpendicular to each other. The figure constructed on these three
vectors as sides is a cube. The cubic lattics is thus obtained, by moving a single point by cqual increments,
along three directions perpendicular 1o each other. By choosing the vectors in a different way a different
space lattice would have resulted (see the dotted lines), '

From purely symmetry consideration, Bravais was able to show that only fourteen kinds of space
lattices are possible. this means that there are only fourteen diffeinet ways of arranging points in three
dimensional space. We find that the seven crystal systems have given rise to fourteen latiices. These are
shown in the figure 13.8. The smallest portion of the crystal lattice which contains a representative portion
of a crystal is called a unit cell. The unit cell vepeated in three dimension will reproduce the crystal,

_ Our interest is primarily in the cubic lattices. There are three types of cubic latiices possibie. The
simple cubic lattice contains cight points at the corners of the cubcs. The second is the face centered cubic
lattice which containg an additional lattice point in the centre of cach face of the unit cell, The third is the
body centered cubic lattice which contains a lattice pointin the centre of the unit cell of the simple cubic
system. It musi be borne in mind that the poinis represent the lattice, the lines are drawn only for clarity.
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Fig. 13.8 The fuurteen Bravais lalices
1) Simplconbe 23 body—ccmrcd cube 3') face-centred cube 4y hexagonal 5} simple tetragonal prisim 6} body-
cenured Ietragonal 7} rectanglular (orthorhombic) 8) body-centred rectangular ) base-centred recianguiar
(10) face ceatred rectangutar | 1) rhomboehedron 12) simple monoclinie 13) basc-centred monociinic 14)
triclinic.

Check your progress - 2

What is unit cell?

Lattice planes

_ These are planes which divide the crystal into Jayers and pass through lattice points. Only those
planes will have physical reality which are denscly populated. The plancs are described by numbers, the _ 163
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miller indices. Any set of paraliel planes will have the same Miller indices. A simple method of obtaining
the Miller indices of a set of planes is to count the number of planes crossed between one lattice pointand
the next along the direction of an axis. The description of Miller indices is clearly seen in the two
dimentional lattice below. We have seen before that for any plane parallel to an aixs, the intercept on that
axis will be at infinity and hence the Miller index (the reciprocal of intercept) for such planes will be zero
for thataxis. Since all the planes are perpendicular to the plane containing the lattice points they are parallel
tothe Z axis hence for all sets of planes the Miller index for the Z axis will be zero. Keeping this in mmd-
itis easy to follow the allotment of Miller indices for the planes shown below.For example the 100 planes .

Fig. 13.9 Latiice planes in a two dimensional fattice
I = 100 planes, II = 110 planes, I = 210 planes:

arc.paraltel to the Y and Z axes. Along the Z axis onc planc has to be crossed in going from ong lattice
point to the next. For the 210 planes on the right it is scen that whilc along the X dircction two plancs have
to be crosse, along the Y dircetion one pianc has (o be crossed in going from onc atlice ppint to the next.

For cubic crystals three scts of plancs are important. {i) Plancs paralle! to a face (i) planes
perpendicular to the diagonal of a face (it} plancs perpendicular 1o the cube diagonal or body diagonal.
These are shown below for the simple cubic sysiem. Let us lakclhcaxcs as X, Yand Zrepresented inthe
figurc.

For the planes parellel to the face, we find that along the axis onc plane should be crossed in going
from one lattice point the next. Along-- the Y. and Z axcs fio planes need be crossed.  This is because
the planes are chosen paralle! tothe Y and Z axes. Hencee the Mitler indices are 100, Such planes are called’

100 Planes 110 Planes 111, Pianes

i

Fig. 13.10 Planes in the sirmple cubic lattice




_ 100 planes. For planes perpendicular to the face diagonal, itis seen that they are parallel 1o the Z axis.In
going from one lattice point to another along the X axis or the Y axis one plane has to be corssed, Hence
indices are 110 and the planes are called 110 planes: Similarly one can see that the Miller indices of planes
perpendicular to the body diagonal are 111 as one plane has to be crossed in every direction ( X, Yand Z)
Jn going from one fattice powmnt to the next. '

Inthe same manner we can select such planes  for the face centred and body centred cubic systems
and assign Miller i 1dices to them. They are given below. For the face centred cubic system the planes

200 Planes

200 Planes

i I
~ Y

Fig. 13.11 planes in the face centered and body centred cubic lattices

paraliel to a face are the 200 planes, planes perpendicular to the face diagonal arc the 220 planes and planes
perpendicular to the body diagonal are the 111 plancs. For the body centred cubic system, these are 200,
110 and 220 piancs. The distance between two successive plancs (interplanar spacing) is given by the
relationship. ' '

b
Vihz + k2 +12)
Where hkl arc the Miller indices of the planc and 'a’ s the length of the unit cell,
Tnus for 100 planes  djp0 = ———b———=a

\J( 12 + 02 +(}2i

-gimilarly djp=——=2d =

N .
q_"12+12+02i ¥Z - and diil =.-é_h—and 50 on

‘We are interested in the raiio of (he interplanar spacings tor the different seis of places in each type
of cubic crystal. :
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Fig, 13.15 Annulting of wave trains

Therefore, the condition for reinforcement or constructive interference is that the path difference.
between tworays scattered from adjacent planes musi be an integral multiple of the wavelength. This fact

-is used to derive the Bragg's equation,

Let the two rays be AOB and RPQ. Drop perpendiculars 1o QP and PR [rom  O. Then the path dffercnce
between the twotays AOB and is RPQ - AOB = CP+ PD. From simple geomctry it can be shown that the
angles COP a~ ! POD are also cqual 10 O,

Then CP=OP Sin Oand PD =OP Sin @
orCP+PD =20PSin 6

A-

Fig.  13.16 Reflection of X -rays

Bul OP is the distance 'd’ between two planes, so path dilference can be writlen as 2d $nl. We
have scen that for constructive interference path diffirence must be equal to n A where 'n iy an integer.

Henece 2d Sind) =n A

n A can have the values of 1,2,3,..._.is also called the order of the specteum. This is called the bragg's
cquation.

Hence, when a beam of X-rays is directed on any facc of a crysial, reflection will occur only when
the X-ray beam is incident at an angle § which satislics (he above equation, If the wavelength of the X-
rays is known ‘d’ the interplanar spacing can be calculated {from the above equation. A crystat can be cut
in such a way that the 100-type planes, 110-type ptancs or 111-type planes face the X-rays beam. Then
finding the value of 8 at which reflection occurs, the value of 'd’ for such planes can be calculated.




13.83 EXPERIMENTAL PROCEDURE

A monochromatic beam of X-rays (obtained from an X-ray tube with molybdenum or copper as
anticathode) collimated by two slits falls on a known face of a crystal mounted on a specirometer table.
The radiation reflecied from the crystal enters an ionization chamber. This consists of a gas like methyl
bromide or sulphur dioxide between iwo plates that are highly charged. When X-rays enter the chamber,
they ionize the molecules-the molecules lose electrons and form positive ions. The ions move towards the
charged plates resulting in the flow of current between the plates. This is shown in the elecirometer.

- Now a current will flow and the clecirometer will show deflection only when the X-rays are
reflected from the crystal face into the ionization chamber. This happens only when the glancing angle 0
satisfics the Brgg's cquation n A =2d Sin @ or Sin = n A /2d. If 8 does not satisfy this equation then
there wiil be no ioniztion current. The crystal and the ionization chamber ¢an be rotated through measured
angles on the spectrometer table. In the experiment the crystal is slowly rotated starting (rom the angle
zero, the ionization chamber isrotated throughanangle 2 8. No current will be shown by the electrometer
until the angle © satisfied the Bragg's equation Sin 8= A /2d when suddenly a large ionization curreni
is regisiered by the elecirometer. If the angle 6 is increased further there is no reflection of the X-rays
by the crystal planes, hence the current drops to zero, the current increasing again when the viaue of 0
satisfics the equation Sin 8= 2 A /2d. This happens again when Sin 8= 3 A /2d. However as nincreases
the intensity of the current falls off. Thus when the ionization current I is plotted agianst 6 the following
type of curve is obtained (fig. 13.18). Thus peaks will be obtained for certain setungs of the crystal that
is only for certain dngles of 8.8in 6 =R /2d,

X -Tays
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Fig: 13.17 Bragg's Spectrometer (Schematic)

Sin 6;=2A and Sin 63=3A/2d. Forallother angles the ionization current is more-or less zeroas there.
is norefleéfon of X-rays for those angles which do not satisfy Bragg's equation.




Fig. 13.18 Plot of ionization current Vs angle of diffraction ( 0)

Thus precedure is repeated for all planes possible for the crystal and the angles at which coherent
scaltering takes place is determined for plancs. The crystal is mounted in such a way as to present the
particular aset of planes to the X-ray beam.

13.9 APPLICATION TO THE STRUCTURE OF SODIUM CHLORIDE

Inaparticular cxperiment the first order (n=1) rcﬂoguons from diffcrent planes were found to occur
at angles given below;

Planes _ B, . Sin 8,
Planes paraliel to faces 100 . ' 5.90 0.103
Planes perpendicular to face diagonal 110 84 1146
Planes perpendicular to body diagoral 110 52 1.0906

For the first order reflection d= % /2 Sin 6
For the three sets of plangs

digo: divo: din ——m x0.103 : 1/0.146: A /2 x0.0906
Since A is the same for all the three plancs
dmo duo:din = 1,*'0 103 : l,f(} 146 : 1/0.0906 =1 0?05 1.14 -

Through the equation d= (h +K+ 1?)- where a is the length of the unit ccli we have already
established the following ratios for the simple cubic, face centred and body centred cubic lattices,

System d,. d,, | d,,,

Simple cubic 1 0.707 0577
Face centred o1 0.707 1.154
Body centred 1 1.414 0.5717

Comparing the experimentally obtained ratio with the above ratios it can be concluded that in the
sodium chloride crystal, the constituent ions must be arranged in a face centred cubic lattice.
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Relatwe pusmon of Sodlum and Chlorlde ions

The problem of ﬁndmg the relative position of sodium and chioride ions can be solved by
considering the intepsities of the reflection maxima for the different crystal planes of sodium chioride.

{100)

{110} ]

Oy

o 5 15 20 e 00 35T 4 45

Fig. 13.19 1 Vs 8 for different planes of NaCl

The intensity of scattered beam depends upontwo factors, (i) the mass of the atom. Since scattering
of X rays involves their interaction with the elcctrons in the atom, the intensity of the scaticred beam
depends upon the numbcr of electrons in the atom and hence indirectly on the mass of the atom. The larger
the mass, the more intense would be the diffracied beam (ii) on the order of diffraction - the mtensny
regularly falls off with increase in the order.

Lerus apply these considerations to the above results for the 100 and 110 planes we find the normal
decrease of inlensity expected with the order of the spectrum. This means that different 100 type planes
ordiffernet 110 type plancs have the same scattering power leading us to conclude that such planes contain
equal number of sodium ions and chloride ions. For the 111-type plancs however there is an alternation
of intensitics, while the 2nd and fourth peaks arc normal the first and third peaks are unusually small. This
mcans that the planes alternate in their scattering power leading us to conclude that the 111 type planes
are composed alternatively of sodizm ions and chloride ions. These results are completely. incorporated
to give the following structure for sodium chloride,

_ ‘The shaded circles represent chloride ions and the blank ones sodium ions. Though these are
represented as small circles for purposes of clarity, in the crystal however the ions are quite close and
- almost touchmg ear:h olher as the figure on the side shows.

_ The above is a part of the lattice for sodium chloride. It may be imagined to have been obtained
by the interpenetration of two face centred cubic lattiges, one composed entircly of sodium ions and the
other only'of chloride ions. This can be visualised by supposing first that the blank circles to be absent. -
This gives a face centred cubic lattice consisting of onty sodium ions. Into this imagine that a face centred’
cubic Iattice consisting on]y of chloride ions (blank circlcs). pencirates halfway onc from cither side.
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13.13 MODEL ANSWERS TO CHECK YOUR PROGRESS.

1. Existance of the same substance in more than one crystalline form under different condmons is to

called ploymorphism eg. & -chromium and B - chomnum..r

2. . The smallest portion of the crystal lattice which. repeats three dxmensmnally formmg the crytsal '

_:s called unit cell.

Al:thor_: Prof. J. Joga Rao




BLOCK -7

D - BLOCK ELEMENTS

combined state are called d-block elements, Their general outer electronic configuration is (n-1) d'° ns'2,

The involvement of both s and d-subshell £lectrons.cnable them to exhibit variable oxidation states. . .

Maximum oxidation state exhibited is + 8. They were found to form coloured and paramagnetic substances - )

that contain unpaired electrons in the d-subshell. Other characieristic properties of these elemients being B
 their ability to form complexes and to exhibit catalytic property. All the wransition elements are metals.

i ' Those elements which possess unpaired electrons in the d-subshell eithre in the elemental state or

= .




14.3 SOME PHYSICAL CHARACTERISTICS

In transition elements the differentiating electron cnters the (n-1) d orbital in presence of is. These
elements are therefore expecied to have many physical and chemical properties in common, The elements
of the group having (n-1) d*" ns? clectronic configuration show seme differences from the remainder of
elements. All the trasition elements are metals, and the number of electrons in the outermost shell is small,
being equal to 1 or 2. They are hard, malleable and ductile and good conductors of heat and clectricity.

They possess all the three types of struciures namely face centred cub:c (FCC), hexagonal close packing
(HCP), and body centred cubic (BCCJ

The ransitton etemcnts having partially filled (n-1) dorbitals have very high metting and boiling
points as compared 1o those of 's" and 'p' block clements. Zn, Cd and Hg having completely filled orbitais
possess relatively low melling and boiling points. Although melling and boiiing show no deﬁnlte trends
in the three transition serics, the metals having the highest mcltmg and boiting pomls are towards Lhe:
middle of the cach Lransition scrics.

The awmic (covalent) radii Tor the elements of the transition series are given in Tabie 14.3

Covalent radii (A”) of transition elements

Ca  Se Ti Vv Cr Mn Fe Co Ni' Cu Zn Ga

174 144 132 122 117 117 117 116 115 117 125 125
St Y 2 Nb Mo Tc Ru Rh Pd Ag Cd - I
1.91 191 162 145 134 - 124 125 128 134 14 15
Ba La Hf Ta W Re Os I Pt Au Hg Tp

198 1.69 144 134 1300 1.28 126 126 129 134 144 1.55

It can be scen [rom the table that these values first decrease [rom 5S¢ 1o V but jater remains close -
10 one another from Cr 1o Cu. This is duc 1o the Tact thatw increase in heelfective e ar charge tends
toattract the electron-cloud, decreasing the radius from Sc 1o V. Addition of elecrons 1o 3(n-1)d orbitals -
reverses the effect by seréening the outer 4s clectrons from the nuclear attraction resulting not much
allcration in the covalent radius from Cr w Cu. In the licst group the atomic radii show expected increase .
in size Sc-Y-La bul in the subsequent groups is anincrease in the radius of 0.1 to 0.2 A® between the first
and the 2nd wransition scrics and remains constant in-the third transition scries. This is known as the
lanthanide contraction, The clfect of the Lanthanide contraction begins (o dl€ out towards lhe right of the
d' bl(};,k clements and hcncc the radii increascs, . :

The [irst ionization cncrgies (poientials) of transition clements (Table 14.2) lic between the values
of those of 's' and 'p' block clements. The addition of the idfTerentiating electron to-the (n-1) d level in
transition clements provides a screening cffect schiclding the oiter ns clectrons from the nuclear
attraction. Thus the cffects of the effective nuclear charge-and schielding due to the expansion of (n-1) d
orbital oppose cach other. On account ol these counter clfects the inoization encrgics (polentiais) increase
rather slowly along a period. The first ionisation encrgics (potential) of Zn is considerably high because
of the completely filled 'd’ and 's' orbitals which provides extra stability (0 the atom. The second fonization-
encrgis (potentials) - sceny'1o increase with increase in atomic number.- These values of Cr and Cu are
higher than those for their ncighbours. This is due to the fact that the electronic con figurations of Cr*? and
Cu*?ions hd\fb extra stability having 3d® and 3d*® configurations,
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Table 14.2 First Ionization energies K J'mole-!

Ca Sc i Vv “Cr Mn Fe Co - Ni Cu Zn Ga
560 - 631 656 630 652 717 762 758 736 745 906 579

Sr Y Zr No Mo Tc Ru Rh Pd Ag Cd In
549 616 674 664 685 703 711 720 804 731 876 558

"Ba la Hf Ta W Re Os I Pt - Au Hg TI
503 541 760 760. 770 759 840 900 870 889 1007 589

The transilion elements are characlerised by .thc formation o,
i) 'Compounds containing the metals in different variable oxidation states.
it} Paramagnetic compounds |
i) coloured compounds
v} complex compounds and -
vy . a]'luys

vi}  The metals and their compounds in difterent oxidation states exhibit calalylic activity.

144 OXIDATIONSTATES

The chemistry of the wansition clements is charactarised by the phenomenon of variable oxidation
states. This is duc to the presence of valence clectrons in two different sets of orbitals of almost similar
cnergy, the five degencrate (n-1)d orbitals and one ns atonic orbital. In simplc compounds it can be said
that the two clectorns in thé ns orbital of the Fansition meial atom are gencrally used giving a minimum
of oxidation staielI, while the cidetrons in the (n-1) dorbitals may or may not be used for the purpose. For
cxample, mangancse atom which has (he ground state electon condi guration (Ar)3d° 4s? ¢ <hibits oxidation
states of IL, 111, IV,'V, VT and V1L, In the oxidation state I, the five 3d clectrons are neés ssed for bonding
purposcs and manganese atom is said to possess 3d non-bonding clectrons. Similarly

Mo (IIf) has 3d* non-bonding clectrons
Mn (IV) has 3d® non-bonding clecicons
Mn (V) has 3d® non-bonding clocirons
Mn (V1) has 3d* non-bonding clectrons

Mn having 3d° aon-bonding clectrons in oxidation state V11 belongs 1o Lthe VII group of the periedic
tabte. The different oxidation states observed in cage ol Mn are not stable, The relative stability of the
oxidation states depends on the reduction potential,

The stable oxidation states of the transition elements arc summarised in the Table 14.3




RPN

Table 14.3 Stable oxidation states “of the transition élétﬁeﬁts

Sc Ti v Cr 'Mn_ Fe. Co | Ni Cu; Zn

1+
~1 2 2+ 12+ [ 2+ F 2 2+ 2+ 24 | 24
3ol 3¢ | 3+ | 3¢ |3+ 3+ D36 D3+ | 3+ ] 3+

| a4+ b4+ |4 4 | 4e | 4+ ] 34 -

Y | Zr |[Nb | Mo |Te | Ru| RE| Pa| ag| Cd

'1+

3¢ | 3+ | 3+ 13+ [3+ | 3 3+ PO I P O

La |Hg [Ta | W | Re L Os | Ir | Pt | Au| Hg

- -- 24 ]2+ | 2+ | 2+ 2+ 2 | 2+ § 2+ _
3+ | 3+ | 3+ | 3+ 3+ ¢ 3+ | 3+ | 3+ | 3+ | 3+
- 4+ 34; 4+ | 4+ 4+. 4+ | 4+ | - | -
— 1 15+ 5+ 56 Lose | se| 56 b o | =
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Copper, silver and gold exhibit an oxidation state of 1+ since this gives a very stable d non-bonding
. configuration. The greater stability of Ag (1) in solution and solid state as compared to Cu(1) and Au(l)-
is due to the energies required to promote an clectron from the (n-1) d group of orbitals 1o the ns orbital.
[(n-1)d*° ns° to (n-1) d°nst ] .

Cu(l) - 6273 K.cal
CAg (1) - 112.32K.cal
Au(l) -- 43.13 K.cal
-Hg (1) with 5d" 4s! non-bonding configuration exists as the diatomic Hg?* cationt in which both
the electrons in the 6s orbital are being used for bonding purposes {in forming Mercury-mercury covalent
bond.} Theother electron is used in the ionization, The uni-negative oxidation states given [or Tiand Re

in the table are due to the siabilization of - 1 oxidation stac by means of complexation.,

The stability of the higher oxidutiom state mercases down 4 (ransition sub-group. ' This general
phenomenun observed for groups 4-8 can be explained on the basis of reduction potentials.

+VI +WI 1V wlpt 5y +1 - 0
i Ry . -1
MnO, " 058 MinO, 2:26 Q. Y Pt tAnde M
| 170 | 123 ]
I ' 1.51 ' '
65 -83 . 028 :
100, =285 reo—22reo, ~ T
| 074 |
0.48
089 0.45 1.26 033
ReQ,™ ReQ, = R, Re,O, ~~=fe
| oss A
' ' 0.76
0.-58 -
I Acid solutions : n Basic solutions

Check your progress - 1

How ransition elements exhibit variable oxidation stales?




14.5 MAGNETIC PROPERTIES

The transition metal atom (or ions in different oxidation states) possess unpaired electrons; The
atoms orions which possess unpaired electrons are paramagnetic (attracted intoa magnetic field) in nature.
where as those containing paired electrons (doubly occupied orbitals) are diamagnetic (repelled by a
magnetic ficld). The paramagnetic moment '’ of a compound with 'n’ unpaired electrons is given by the
equation o '

u=vit[n +2]BM

(B.M. - Bohr Magnetons) 1)

Where 'n' is the number of unpaired elecirons. The values thus obtained for'transition metal jons
become equal to the valucs calculated by using the spin-only expression. :

m=[45 S +D] |
S = Totatspin of the clectrons . ' )

The detailed theory of magnelic behaviour indicates that the paramagnetism of a transition metal
ion should be related to the wial angaiar mementum of the unpaired electrons, rather than to Jjust their
number. The total angular momentum of an electron is the sum of two contzibutions: i) due to spinand ii)
due to orbital motion, The spin angular momentum is uneffocied by the environment of the electron, and
so the contribution 1o the magnetic moment of the spins of the unpaired clectrons cannot be effected by
the nature of the bondin g of the meial ion. The orbital angular momentwn is effecied by the environment
of the clectron and naturcof bonding contribuies (o the deviation in the magnetic moment. Quenching or
non-quenching of the orbital contribulion depends on the ficld - (ol the ligands) presentaround the central
metal ion. In a tetrahedral ficld guenching occurs for the metal ions with d?, d* df and confligurtions
but orbital contribution occurs for d2, d*  d% and d® conliguralions.

Table 14.4 Magnetic properties of the first transition series

Metal ion Number of unpaired Magneticmoment{u ) Magnelic moment
: electrons caleulated determined

Trd v ' 1 1.73 : 1.7-1.8

V¥ Cr+ 2 2.83 2.8 - 3.1

Cr* Mnt 3 3 28-39
Cr?* Mn* :4 4.90 : ' 48-49
Mn®* Fe¥* 5 582 5.7-6.0
Co* . , 3. 3.87 o 43-.52 ..
i | 2 | 2.43 : 29- 39
Cu® . 1 : 173 1.9- 2.1

Inspection of the table 14.4 indicates the deviations occur in the casc of elements with high atomic
number, particularly Cobal {11) and Nickle (I} /This is due to the orbilai contributin 1o the magnetic
182 : motnent. In such cases the magnetic moment is caleulated using the equation.




u=g VS {S+ D+L{IL+1)B. M.
Where L = iotal angular moment
S= total spin of the electrons

g=gyroscopic constant (g=200)

14.6 COLOURED COMPQUNDS

The cation and the anions and oxy-anions of the representative elements (s’ and 'p’ block elements
except inert gases), are colourless, Bug the hydraied transition metal ions such as Cu?, Mn?* , Cr** and
the oxy-anions of the metals such as CrO* (yellow), Cr, 0,* (orange)and MnO .- (purple) are generally
coloured. The colours of some of the hydrated cations contgining (n-1) d® electrons and n-number of
- unpaired clectrons are given in tabic 14.5. : : :

Table 14.5 Colours of hydrated cations

Hydrated Electronic Number of unpaired Colonr
cations configuration - electrons

Sc3+, Tiv, Za* 349, 3g10 0 Colourless
TP+ - 3d! ! purpie

\au 3d -1 blue

Cu® 34! 1 blue
v 39 2 green

Ni* 3d? 2 green

Cr* 3d® 3 dark green
Co* : 342 3 pink

v 3 3 violet

Ma* * 3@ 4 violet

Cr Kliy 4 blue

Fe? 3ds 4 pale green
Co* 3d D, : violet .
Mn% : 3d3 3 faindy pink or buff

From the table it is inferred thal the ions such as S¢*, Ti* which do not contain unpaired d-
electrons and the ions such as Ag+, Zn?, Cu® which contain di° configuration (paired clectrons) are
colourless. The other metal ions containing partially filled 'd orbitals are coloured. The observed colour
in case of transitionmetal ions can be explained with the help of Crystal Ficld Theory (CFT) described in
unit 15. The octahedral field set up by the aquo molecular specics splits the five degenerate ‘d'orbitals into
lwo energy stales with a diffcrence of A (A = crystal field stabilization energy).

An increasc in the magnitude of A , changes the colour of the complex from violet 1o red. The
observed colour not only depends on the number of ligands. In order 1o see the effcet of the ticld sirength
of the ligands on the colour of the complex consider the oclahedral complexes of Co¥ prepared with
different Ligands such as H,0,NH,, and CN", On the basis ol the spectro chemical series the Licld strength
set up by the ligands is CH> NH_> H,0), The wave lengih of the colour absorbed by these ions is in the
reverse order (CN< NH; < H,0. Consequently the colour of the light absorbed by the complex shifts [rom
violet toe red and the colour of the transmitted light (colour of the complex) shifts rom yeliow-green blue
green. The colour of a complex is taken-16 be the colour of the light transmitled by the complex or the
ocmplementary colour of the light absorbed by the complex.




Table 14.6 Colours of complex ions

Coi‘nplex jon . Colour of the : “Colour. of the complex
absorbed light (or colour of the
transniifted light)

[Co (H, 0) ) o Orange | Greenish bluc

[Co (NI, )]  Greenish blue Orange
[Co (CN) > . Violet _ _ Yellowish green

The colour of the complex depends not only on the number of unpaired electrons, strength of the
field set up by the ligands around the metal ion but also on the coordination number and geometry of the
complex. The metal ion having the same number of unpaired electrons may form complexes withthe same
ligand with diffcrent geometries. In such cases the valuc of A changes with the geometry of the complex.
This in tarn ¢Langes the colour of the complex. If the value of A is small, the metal ion absorbs i the
infrared region and if A islarge the meml ion absorbs in Ultraviolet region. In both cases the colour of

the complex is colourless.

Check your progress - 2 .

What 1ype of tramsition metal ions exhibit colour?

14.7 COMPLEX COMPOUNDS

The transition metal ions in different oxidation states show a great tendency to form siable
complexes with ligands such as NH,, H,0, CN-, Cl', OH, etc. This tendency of formation of complexes
can be ascribed to the following reasons.

1. The metal ions have relatively small size in higher oxidation state.
2. The small size of the transition melat ions and (he availability of vacant (n-1) 4 orbitals make the
meial ion accept easily the lone pair of electrons from the donar atoms of (he ligand.

3. Metals of first transition series generally form compléx compounds with coordination numbers 2,4
and 6 where as metals of 2nd and 3rd transition scries formn complexes with coordination numbers
7.8and 9. - : '

4, The metals of the first transition series form stable complexes with ligands containing N and O as

donar atoms while the metals of the second and Lhird transition series form stable complexes with
- ligands containing, P, As and § as donor atoms,
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-14.8 COMPOUNDS WITH CATALYTIC PROPERTIES

‘The transitiion metals and their metal ions having high surface area and vacant orbitals possess
_catalyuc properties. Same of the examples are (i} Vanadium is used as V, O  or ag ammonium metavandate
in the manufacture of sulphuric acid by contact process. (i) chly dmdcd Nickle is used in the
_hydrogenation of oils, conversion of the mixture of CO and H, O into a mixture of CO, and H, .{iii) Spongy
Platinum is used in the conversion of SO, 10 SO, by air di‘id oxidation of ammonia to mLm oxide. (iv})
Iron 15 used as catalyst in the manufacturc of ammonia by the Haber's process. Mo is used as promoter in

- soine reactions.

14.9 FORMATION OF ALLOYS

Transition metals such as Mo, W and Cu, Ni having ncarly the same atomic radii, erystal structure,
minimum difference in efectronegativity and same number of valence clectrons form truc solid soluitions.
Elements such as H,B,C and N combincs with transition metals to form non-sioichiometric interstitial
- comapounds.

1410 - SUMMARY

© d-Block elemerits arc transition elements, The gencral physical propoerties of the elements like
jonisation potentials, melting points and boiling points are described in this unit. Their outer clectronic
configurations vary from (n-1) & nS*?to (n-1}d"® ns'2. The characteristic properties of transition clements

a) variable oxidation states b) paramagnclic character ¢) colour d) their iendency to form complcxcs :

e} calalytic property and f) alloys arc described. All the transition clements are mclals.

14.11 MODEL EXAMINATION QUESTIONS

I | Answer the following in 10 lines each. _
1;  Explain why copper is a proper reducing agent than il§ neighbours
2. Tisstrate the influence of the lanthanide contraction on the properties of transition metal clements.

11 Answer the following in 30 lines each,

- 1. Discuss why the reduction potenual for mang,anous ion is more negative than for chromouns and
* ferrous ions. :
2. . -cxplai_n the variable oxidation states and magnclic properties of transition metal on the basis of
electronic configuration.
3. a) Expalin the trends in ionic radii and ionization potentials in the st series of transition
clements,

b) - What are the common characteristics of transition ciements?

14.12. -~ MODEL ANSWERS TO CHECK YOUR PROGRESS..

1. They are able to exhibit variable oxidation states due to the involvement of both S and d-subshell
' electrons:
2. Transition metal ions Wthh possess unpa:red clectrons in the d-subshell were found to exhibit

colour
' Author:Prof. P. Lingaiah
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UNIT-15  TRANSITION METAL COMPLEXES
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15.1 AIMS AND OBJECTIVES

To explain you the principles underlying the formation of complex compounds.

Alter complete study and understanding of this unit, you must be able to:

. give the definitions of the terms commonly used in the coordinalion chemistry

. apply the rules pertaining to the nomenclature of coordination compounds ({UPAC) giving suitable
examples.

®  cxplain the theories of metal-ligand bonﬂ of isomerism of complex compounds

. describe the concept of stability consiants and the faclors affeeting the stability constants

. give the applications of co—or.dination compounds in analytical chemistry

152 INTRODUCTION

a) Double salt: When' solutions of two salts are mixed in stoichiometric ratio and allowed to
cvaportale we get a crystalline solid named as double salt. The double salt dissociates nto ions in water
and these ions respond 1o qualilative tests. '

Example;
crysta
K2 504 + Al (SO4, Jy—---—> K2 S04 Alp (SQ4)3 24H; O (Crystalline Solid)
: -lization -l 10
2K’ + 2 AP+ 350F
b). Co-ordi'natiotl compound: The compound is gencrally preparcd by methods similar to those

adopted for the preparation of a double salt. The compound does dissociate in water to give the constituent
ions. But the ions do not respond to the tests answered in the ions present in the starfing compounds,




Example: Fe(CN);+4KCN — 5 K s Fe (C N) ; (Co-ordination compound)

{H,0
4K*+ [Fe (CN)J¢ o

The Co-ordination compound may be neutral like Ni (DMG), (DMG: Dimethyl glyoxime) or

 donic like K, Fe (CN),, (CO (NH,), 1 CL,

In other words the co-ordination compound (neutral/ionic) may be defined as a compound formed

by the chemical combination of a metal ion, in an oxidation state (O, n) and ligands, (DMG or NH, or CN) '

a) Ligand: The ligand may be neutral molecule such as NH, , Ethylenediamine (En), or
Pyridine (Py) or anionic such as CN-, OH, F-, or cationic such asNH, . NH, * capable of donating
an electron pair - ( A base). : : .

b)  Co-ordination number: The number of mono dentate ligands bound to the central metal ion
inside the ocordinatin sphere to give a regular geometryO-lincar, trigonal planar, tetrahedral, a.
square planar, trigonal bipyramidal or octahedrml-to the complex species.

<) - Chelate: A chelate is a complex species formed between a metal jon and a bidentatc ligand

it which the points of attachments of more electrons and cxamples, the ligand to the metal in are
more than onc forming a ring structure (chelate from the Greek meaning claw?). '

d) Classification of ligands: On the basis of the donor atoms present in the ligand the ligands are
classified into two groups. '

i) Monodentate, ii) Poiydentate.

i} Monodentate ligands are those ligands containing one or more donor atoms, but donates

only one lone pair of electrons to the central metal ion forming the complex.
Example:.

OH F NH,
Hydroxo Flooro Amido

i) Polydentate ligands are ﬂlésc ligands in which the numnbr of donor atomis and number of

lone pairs of electrons donated are more than one. The potnts of attachments between the central -

metal ioh and the ligand are therefore more than one.

Example:

CHz.NH,. HOOC.CH; _CH,.COOH 7 1
| : N-CH;~CR-N_ |

CHNH: ooc ony” CH,COO0H v

Fig. 15.1 1. Ethylene Diamine 2. EDTA 3. 8-0H quinoline

d) Bridging liquid: A monodentaic lgand having more than one lone pair of electrons on a donor
atom may simultaneously donate its lone pairs to two different metal ions. Such a ligand is called
a Bridging ligand and the resulting complex is :known as Bridged complex.




15. 3 NOMENCLATURE OF CO-ORDINATION COMPOUNDS

The first comprehensive system of nomenclature was suggested by Alfred Werner. Subsequently
this hasbeen modified by the inorganic nomenclagure comiittee of International Union of Pure and Applied
_Chemists (IUPAC). The modified form of nomenclature, approved by IUPAC is given below.

1. The neutral complexes (non-ionic) are given a one word name whereas the ioniccomplexes are
named in the usual fashion by using two word name. The cation is named first and the anion is named later.

Tetra carbonyt Nickel (0) (neatral)
Dichloro diamine platinum (I}  (neutral)
Hexamine cobalt (11T} chloride {cationic})
Potassium hexacyano fereate (1) {anionic)

The anionic complcxes end with characteristic endmg -ate' the cationic and neutral complexes

have no characieristic endings. "
2. Names,order and the number of hgands prcs,cm in the co- ordination sphere are described as stated
- below.

i) Neutral ligands are named as such (except NH3 and H;* O, in which cases they are named as (aming'
and 'aquo’ respectively).

H,NCH,CH,NH, ethylene diamine.
(C,H5),P  triphenyl phosphine

ii)  Negative ligands end in -0’ and positive ligands end with "-ium’.

Cr Chloro .
CN Cyano _NH,NH, Hvdrazinium
CH,COO Acetate

iliy ~ The naming order of the li gands in a complex is negative, neutral and positive, f:ach one s,eparatcd
by hyphen'.

iv)  The number of ligands present in the complex is indicated by the prefixes di, iri, tetra etc., in the
case of simple ligands such as bromo, nitro, oxalato. Prefixes like bis, tris and tetrakis etc., are used
in the case of complex names (chiefly with ligands containing mono, i, tri, etc., inthe llgand hame
itself, such as ethylene diamine and triphenyl phosphine).

3, The oxidation state of the central metal ion is designated by aRoman numeral in parenthesis at the
end of the name of the complex - species. For a negative oxidation state a minus 51gn is used before
the Roman numeral and 'O’ is used for zero omdanon state.

4, The ligands that bridge two centres of coordinalion.are-preceeded by the greek letier W’ whic_h 15
repeated before the name of each different kind of bridging group.

5. Wherever necessary, the point of attachment of the ligand is designated by placing the symbol (in
jtalics) of the elements attached after the name of the group, with separation by hyphen.

6. Ilustration of the rulcs mentioned
i) [Co{NH, )] CL, Hexamine cobalt {ITI) chloride
i) {Colen, )1 Cly Tris ethylendeidamine cobalt (iit} chloride

i) K, [Fe(CN),] Pottassium hexacyano ferrate (ii)




ox

(iv) .
| ((Nlia).1Co/ “Co(NH), ¥0,),
N/

N
[y Hl

Fig. 15.2 i - amido L - hydroxo octaamine cobalt (iii) sulphate

15.4 THEORIES OF CO-O_RD’INATE (METAL-LIGAND) BOND

It is difficult to state exactly when the first metal complex was discovered. The earliest one on
record is prussianblue, KCN, Fe (CN),, Fo (CN),. ‘artists color” which was prepared by Diesbach in the
beginning of the eighteenth century. The real beginning of the coordination chemistry has started with the
preparation of hexamine cobalt (T11) chloride by Tassaert in the year 1798, The compound CoCl, 6NH,
with unigue properties stimulated “considerablc interest in rescarch on similar systems. Tassacrt 8
experimenial obscrvations could not be cxplained on the basis of the chemical theory available at that time.
It was neccssary to understand how COCI, and NH,, cach being a stable compound of presumably
saturated valence, could combine to make ycl another stable compound. The answer for this wasnot found
for 100 years. During that time many such compounds were prepared. To explain the obscrved propertlies
several theories were proposed. As they were inadequate to explain the experimental dala they were
discarded. '

The preparation of melal complexes g gcricral]y involves the reaction belween a metal salt and

neitral hgards like NH, oranions like CN', NO,, NCS™ and Cl.

The complexes prcpared by the interaction of CoCl, w1lh ammonia exhibiied a spectrum of colours

and deflered in their chemical reactivity, The compcmnds along with their colours and names are given

_in table 15.1 The compounds are named on the basis of colour,

Table 15,1 Colours, names and formula of cobalt- ammonia complexes:

L]

- 8.No | Complex Colour Name .| Number of Present
' : Clions Formula
precipitated
1. | CoCl,.6NH, Yellow Luteo cobalti k) [Co (NH,)ICY;
. o chloride .
2. CoCl,. SNH3 _Purple Purpureo cobalti 2 [Co (NH, )‘Cl]Clz
- chloride
3. Co Cl, . 4NH, green Prasco cobalti : 1 trans [CO (NH,)
. ' chloride CLiCl
4, Co CL, . 4NH,. Violet VYioleo cobalu 1 cis [CO (NH3)4'
© b thloride ] ' cL1d
. 5. Co Cl3 J3NH, No ppt

The addition of a solution of silver nuratc to a freshly prepared solution of CoCl, , 6NH3 recults
in the immediate precipitaion of all the three chloride ions. The same experiment with CoCl,. SNH, is
found 1o cause instant precipitation of only two chloride ions, the third chloride preclpltates slowly on
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prolonged heating. The results of such smdies are incorporated in the table. The compounds 3 and 4 having
the same chemical composition CoCl, 4NH; are different notonly in colour but also in their physical and
chenical properties. it was necessary 1o account for all these experimental facts with a suitable theory,

Several hypothesis and theories were proposed. One amongst them is Bloomstrand-Jorgensen chain

theory.
Bloomstrand - Jorgensen chain theory

‘The concept of the tetra valency of carbon and the formation of carbon-carbon chains in carbon
compounds made a marked influence oni the th inking of inorganic chemists. Mention may be made at this
point about Bloomstrand, Professor of chemistry at the University of Lund, in Sweeden and his student
Jorgensen, who proposed the chain theory. 1o expalin the existence of metal complexes.

It was feft that the clements (metal tons}) had only one type of valence and there could be only three
bonds to cobaltin itscomplexes. ‘Therefore a chain structure{I) was proposed to account for the additional
six ammonia molecules in CoCl,. 6NH, . The three chlorides are separated by some distance from cobalt
and were therefore believed to precipitaic-readily as sitver chloride on the addition of Ag*. The theory

represnied CoCl,. 5NH, as 1. In this structure one chloride ion is directly attached to the cobalt and it was |

presumed that this is the one that does not ionize and does not precipitate instantly as silver chloride,
Structure I11, given for CoCl, . 4NH, accounts [or the experimental results and showed that two chloride

/

Co/—NHy~NH~NHs—NH:—Cl Co’—NH;~NH,~NH,—NH,—]

NH,—C! - Ccr

NH—Cl ' NH—C}
I | - I

e : Ll
Co —~ NHy—~NH;—NH;—~NH,—] COZNH,——NH;--NH:—CI

Ci . Cl
LI | hi's
Fig. 153

tons are held morc firmly than the third, The next member of this series CoCl. 3NH, was represented
by IV. From this structure one would predict that the chlorides would behave as they do in CoCl14NH,
Professor Jorgensen, a very able experimentalist did not succeed in-preparin g the cobatt compound but
made instead the analogous iridium com plex IrCL. 3NH, . A solution of this compound did not give a
precipitate upon addition of silver nilraic indicating that their chain thcory is notcorrect. After the failure
of the chain theory more convincing theory was proposed by A, Werncrin the year 1893,

Werner's coordination theory
Alfred Werncr, at the age of oni ¥ 26, proposed what is now com monly known as Werner's co-

ordination theory. His thcory has been a guiding principle in inorganic chemistry and in the concept of
valence, The fundamcm__a] postulates of this theory are summarised as follows:

i




1. Most metals/ions exhibit two types of valence.

a) Primary valence or ionic valence.
b) Secondary valence or non-ionic valence
(In modern terminology (a) corresponds to oxidation state and (b) to coordination number,

2. Every metal/ion tends 10 satisfy both the primary and secondary valences.
3. The secondary valence is directed towards fixed positions in space around the central metal ion.

In the light of the above postulates the experimental facts described earlier, may now be properly
explained. According tothe theory, the first member of the scries CoClL,. 6N H, isdesignatedas V and
formulated as {Co(NH,), Cl, The primary valence or oxidation state of cobaft is 3 The threc chloride ions
saturate the primary valenée of cobaltand are rcpresentcd by solid lines, The secondary valence is six, and
is satisfied by six ammonia molecules; Théamiionia molecules are directly attached to the cenLraJ metal
ion and are said to be in the coordination sphere represented by do{ted lines.

d
BN, -NHy

| .-

-‘ |'1

o

470
TR
C ’ R
2 1 N

¢l PR o'

NH,

Fig. 154

The chloride ions in the compound {V) are not {irmly bound. A solution of the complex conducts
current equivalent to four ions and the three chloride ions arreadily precipitated by Ag* as silver chioride.
Returning now to the theory, one finds that Werner represented CoCl,. SNH, as VI. He did this in
accordance with postulate 2 which states that both the primary and secondary valence tend to be satisfied.
In CoCl.,. 5NH, thercare only five ammonia molecules to satisfy the sccondary valence. Therefore one
chlor:de ion must serve the dual function of satisfying both the primary and secondary valence. Werner
represented the bond between such a ligand and the central metal ion by a combined solid line.

Such a chioride ion is not readily precipitated by the addition of Ag*, The complex cation
{Co (NH, )), C1)* carries 2 + charge. The compound is now formulated as (Co (NH, )s CI) CL,. Extension
of this theory to the next member of the serics Co Cl, . 4NH, , required formula VIL In this two chloride
ions satisfy both the primary and secondary valence. chcc they are firmly heid in thegoordination sphere.
In solution the compound therefore dissociaies into two ions C; and [Co (NH, )¢-Cl, ICL. The weight of
the precipitate of AgCl corresponds to only one chloride ion.

A very signiflicant point arises with the next member of the scrics CoCl, SNH (VII). Werner's
theory requires that it should be represented as V[II and formulated as [Co (NHz) Cl, ] Thc Wemer theory
predicied that the compiex would not yield CI ion in solution, In contrast the chain theory predicted that

. the compound would dissociate to give one chioride ion. Postutate. 3 of Wemer's theory deals specially -

with the siereo chemistry of metal complexes, Co ordination [hcory corrctly explains many of the
strucmral features of co- ordmanon compounils.
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Although the theory ‘explains ‘satisfactdrily all the experimental obseﬁaﬁom it is not able to
expalin the concept of secondary valnece, in the light of the electronic theory of valence.

Check your progress - 1

Why the chloride ions do not get precipitated on Lreating a solution of [ (Co (NH3 ), CL 1 with A'gNO3
solution? '

Sidgwick's electronic Interpretation .

Until the advent of electronic theory of valence, Werner's theory was regarded as satisfaciory one.
After the advent of electronic theory of valence by Lewis, it was considered necessary to make some
modificatins to it. Sidgwick has introduced a new concept called 'coordinate bond' (sometimes called the
semipolar bond or dative bond). According (o Sidgwick’s concept the molecules or ions attached to the
central metal jon donate atleast one lone pair of electrons {douor) to the metal ion, which accepts the
electron pair (acceptor). The bond established between the metal and li gand is ermed as Co-ordinate
covalent bond or Dative bond or Semipoiar bond. '

Once formed, this bond is not dif] ferent [rom covalent bond. The only difference lies in the mode
of its formation. The bond formed is usually represented asM e L. On the basis of Sidgwick's concept _
the structure of the complex ion (Co (N H, );CP is represented as “

Fig. 15.5 Structural representation of (Co (NH, ), Cl

Inthe formation of six coordinate covalent bonds, in all twelve electrons are donated to ikie central

‘metal ion Co* by six ammonia molecules. On the basis of this Sidgwick suggested that after the ligands

have donated a centain number of electrons io the central metal ion through bonding the total number of
electrons present around the alom/ion becomes equivalent (o the next this is inert gas configuration called
EAN (Effective Atomic Number). For example: The EAN of (Co (NH, },CI* an be calculated as follows:




Number of electrons present in cobalt (At.No 27 ) atom is-27,
. Number of electrons present in Co™ is (27-3) =24,
3. Number of electrons donated by 6 ligands= 2x 6= 12,

o

Total number of electrons present around the central metal ion in the complex species is 24+12
=136. This is called EAN and it confers stability on the complex species.

" Though in many cases the EAN is the same as the atomic number of next inert gas, yet itisnot . -

always true. For example in [Ni (CN), > EAN is 34.
i. Number of electrons present in Nickel (AT No. 28) is 28.
. Number of electrons present in Ni (28-2) = 26
3. Number of electrons donated by 4 ligands 2 x4 =8.
' _' Total number of electrons around Ni%* is 34.

Check your progress -2

What is EAN?

" Metals having more than one coordination number do not attain the inert gas conﬁguration (EAN)

Thisraises doubis regarding the conceptof stability in the light of EAN. To account for this stability several -

modern theories have been prooposed by

1. Linys Pauling {V. aicnce Bond Lhcory) 2. Bethe and VanVleck (Crystal Field Theory) and 3. Van
Vleck (Molecular Orbital Theory) :

The elementary treatment of the first two theories is given below.
Vaience Bond Theory (VBT)

The next major step in the development of coordination compounds was due to Linus Pauling of
California University of Technology, who applied the valence bond approximation to complexesin 1913
His valence bond theory is based upon clectronic structure of the ground state of the ceniral mezal ion,
Pauling's bonding picture involves the following assumptions. ' '

1. The central metal atom or -ion will make available vacant orbiials eqﬁal in number to its
coordination number for accepting lonc pairs of electrons for the formation of covalent bonds with
ligands. '

2. These vacant atomicorbitals undéigo hybridisations to give an equal number of hybridised orbitals
with a fixed orientation in space. .

3 A ‘c’bond is formed by the overlap of empty hybridised orbitals of metal ion with the filled orbital
of the ligand. '

: In octahedral or six coordinated complexes, the six hybrid orbitals are identical exceptthat they are
pointed along the six -directions in space given by a set of cartesian axes. The six atomic orbitals used
are thes,P,,P, P, d  * and d > For maximum stability, the 'd' orbitals used ar of the next lower

% -

princial quantum number than the s and p. Each hybrid orbital accepts a pair of electrons from aligand.
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In other words a set of six valence bonds are formed by the overlap of six hybridised orbitals of metal ion
with the filled orbitals of the ligands. These bonds are of g type, the elecron density of the bond being
symmetrical about the bond axis. It has been pestulated by Pauling that, if a ligand has, 'd' electrons, IT
bonding from the metal to the ligand, will occur. This will strengthen the metal ligand bond (making it g
double bond) and help to reduce the negative charge formed on the central atom by the addition of électrons
from ligands.

In order to account for the different magnetic properties of a given metal ion in various complexes,
pauling postulated that a covalent bond forms when the ligand is of a highly electron donating type such
as CN, whereas it is not sc with a highly eleciro-negative ligand like F-. Thus 2 distinction between
covalent and ionic complexes was drawn and their magretic moments were observed. Based upon these

- observations the nature of complex was determined. Thus the magnetic moment is taken as a criteria (0

decide the type of bond. To explain this, the electronic configuration of some complexes of Co(Il1) are
furnished here. g

3d 48 4p
CO (111) (Frecion) [TITT: 117 7] [
[CO(NHg)l*  [TUFL T8 051 o] (oToTo) dos pb

Covalent or inner orbital complex

lcorp-  _TOTIATE T S T
: - SPSdi.

ionic or outer orbital complex

The hexamine cobalt (III) ion being diamagnetic, was considered as a covalent complex, the
hexafluoro complex shows paramagnetism consistent with its four unpaired electrons as an ionic complex.
Tauble uses the terms, ‘Tnner orbital’ and ‘Outer orbital' to distinguish between these two kinds of
complexes respectively,

Although provides a satisfactory pictorial representation of coordination compounds based on the
concept of oribtal hybridization it is limited only to qualitative explanations.

The major drawbacks of the valence bond theory are it is

1) not able (o lend support 1o spectroscopic intepretaiton.

1) not able to account fer or predict in detail the magnetic properties,
i) not able to account for the splitting of the 'd" orpital encrgy levels,

These lapses are to a large extent covered by electrosialic crystal {ield theory, ligand ficld theory

and molecular orbital lheory.

Electrostati¢ Crystal Field theroy-

The crystal field theory, a refined form of electrostatic theory, developed by Bethe, Van Vieck
calculate magnetic susceptibilities of certain complex compounds. In the theory the ligands are treated as
negative point charges which set up an elecirostatic field around the metal ion. The effect of the field on
the central metal ion is then investigated. :

Ina gaseous transitional melal atom or ion, (he five 'd’ orbilals are degenerate, that is they have
the same energy. These five 'd’ orbitals arc designated as dd 2 %d, .4 . d  ionisexposedtoa
negative clecirostatic field, the encrgy of the sysiem (lonanu the Liela) isincreased. If the field is spherical
in shape, the only cffect is an increasc in the cnergy of the system, but il the ficld is non-spherical, then
the interaction has directional propertics. The imposition of a ficld-of point charges which has the shape

of aregular octahedron increases the energy and removes the degencracy of the set of 'd" orbitals. If the




octahedral field is imposed along the positive and negative directions of the original cartesian co-ordinate
system, the interaction with the ficld is maximum and their encrgy isincreased. In d_d andd orbitals
lie between the point charges, hence their interaction is minimum. Since the chmcc of X,y and z axes is
orbitrary, the orbitals d, d and dﬂ arc degencrate and higher in enrgy, The orbitals are also degencrate
but lower in energy. The orbllais are also degenerate but lower in encrgy. The two sets of orbitals are
conveniently labelled by the group theorctical representations as e {or the doubly degenerate set and
for the three fold degenerate set. The amount of splitting belween e, and t, orbitals is generally denoted
by Aor 10 Dq. The magnitede of splitting obviously depends on the central ion and ligands involved. Using
an analogous lin¢ of rcasonging, the splifling paticrns of the d orbitals of a cenwrad ion in complcxcs having
different geometries are shown below.

Zy;f-;a:z *'29

Free lon deda 2 ¢

e e
ey UL b -
dade_ g -,
r ‘ LY \\ . d;f,
butan e SN P LR R R R L da
Free ion . et
b d:ud:zdy: N
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‘Octahedral . di, dye
Field- '

square planar
Field

Fig. 15.6 'd’ orbital splitting

15.5 ISOMERISM IN CO-ORDINATION COMPOUNDS

The compounds which have the same molecular formulae buthave differcnt structural arrangement
of their atoms are called isomers and the phenomenon is knwon as isomerism. Co-ordination compounds
similar to organic compounds, eX]'llbl[ two main types of isomerism, namely structural isomerism and
stereo isomerism,

Stractural isomerism’

This isomerism arised because of the difference in structures of co-ordination compousds. The
following are the different types of structural isomers.

i) ~ Linkage isomerism: Itdeals with the ligands that are capable of forming co-ordinate bond though
one type of donor atom in one situation and though a different atom in another situation. This type
of isomerism is termed as linkage isomerism. The {irst example of this type of isomerism was
provided by Jorgenson, His method of preparation was as follows,




NH3; HCl NaNQ; .

[CO(NHs_)s ClCl - > > » solution
. . Let stand -
Solution A T=o@ [(NHL), Co ONO] €L, (Red) Solution B
Heat cool '

Solution B ----- == «----—3 [(NH3)5 CO NO»] Cl; Yellow
+ Cong, HC] - '

Jorgenson and Werner agreed that the différence between the two isomers lies in the linkage of NO
group to the coball. The N-bonded ("niwo"ystrutture was assigned 1o the yellow isomerand the O-bonded .
("nitrito”) sturcture Lo the red isomer on the basis of the colour of the similar compounds.

ii) Ligand isomerism: since many ligandsare organic compoands and the latter have a large number
of possibilities for isomerism, the resulting complexes can show isomerism on this account, Examples of
isomeric ligands are 1,2 - diamino propane ("propylene diamine” pn) and 1,3 diamino propane (rimeth-
ylenediamine” ). ' '

Structures:
H
H 2
e CHé""-
TN 70N
5 C Hz"_ N \ /
| H2 CH7—N
CHy H2
1 2
Fig. 15.7

1. 1,2 diamino propane 2. 1,3 diamino propane

iii)  Tonization isomerism: The compounds [Co(NH,); Br1* SO> and[Co(NH,), Br]** SO,* Br
dissolve m water to yield difterent ions and thus react drt( crently Lo various reagens.

Example;
Compound Ba% Ag*
[Co(NH,), Br{%~ SO, whitc ppt (BaSO,) no ppt
[Co(NH,), Bri2+ SO ] Br- no ppt light yellow ppt {AgBr)

v) Solvate or Hydrate isomerism: This is 4 special case of the interchange of ligands involving
neutral watcr or solvent molecuics. The best known cxamples arc isomers of hydrate chromic chloride,
These diflfer in their reactions,

dchydration
1. [Cr (H,0),i Cl, — —={Cr (H,0),) Ci; (no change in weight)
: : dehydration
2, (Cr (H0)CL, ] CL0 T [Cr_(H,0); CI1 CL, (loss in weight)
" dehydration '

3. [Cr (H,0), ClL ] CI2HO— [Cr (H,0), CL, 1 Cl (greater loss in weight)




v) Co-ordination - isomerism: Salts that contain mmplex cations and anions exhibiti isomerism through

. . theinterchange of ligands betrween cation and anion. For example, both hexamine cobalt (III} hexacyano
* . chromate (I1I), (CO (NH,) ) [Cr (CN, ) and its isomer hexamino chromium (1IT), hexacyano cobaltate (III)

(Cr (NH,)) [CO (CN ] are known, Another examplo that differs in colour is (Cu (NH,),) [ (PtCl,] Vlolet
and (CuCl) [(Pt(NH,),] (green).

A special case of coordination isomerism has some times been given the name 'polymerization
isomerism’ since the various isomers differ in formulae weight from one another. However, it is
unfortunate to use this ferm since polymerization is normally used to refer to the reaction in which a
monomeric unit builds a larger structure consisting of a great number of repeating units. The isomers in

_question are represented by compounds such as.

L 11 {NH3)4] [PeClL]

2 [Co (NH,)](NO),] [Co(NH,), (NO,)} = -
3. [Co {NH,)NO,} [Co (NH,), (NO,),,

4. [Co-{NH,),] [(Co (NH,), (NG,), 1,

5. [Co (NH,); (NO,], [(Co (NO))],

2,3,4,5 have the same ompmcal formula [Co {NH3) ('\TOZ)] ‘bt have molecular formulae wnh
worghts 2,3,4 and 5 times the wc:ght of the empirical formulae.

Steremsomensm: When two compounds conlaining the same ligands coordinated to the central metal
ion with difference in spacial arrangement are said 10 be sterecisomers and the phenomenon is knwon as

stereoisomerism., This is of two types (i) geometrical or cis-trans isomerism and (ii) optical isomerism.

Geometrical ispmerism or Cis-trans isomerism: Geometrical isomers have the same molecutar
formulae but differ in chemical and physical properties because of the difference in special arrangement
of ligands around the central metal ion, The comson geometrical isomersare observed in complexes with
coordination numnbers 4 can be conveniemly divided into tetrahedral and square planar forms, although
intermediate and distorted structures are known, .
Geometrical isomers are generally named by the use of the terms 'cis’ to designate :* . apart) positions
nad 'trans’ for (130" apart) positions. Opucal isomers 'dextro’ or lacvo' rotatory are doblgnawd by (+) and
(-} or by d and 1 respectively.

1 : Cl
HyN H,N NH,
Co
HN HyNC— NH,
NH; <

Fig. 15.8 Cis dichlorotetra amine cobalt (iii) . trans dichloro tetrarine cobalt (iii)
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Squareplanar Complexes: Only square planar complexes with differnet molecular formulae are known
to exist as cis-trans isomers. However, the compounds having the molecular formulae (MA,L )™, (MA '

Ly (MA LS)“ do not show geomelrical isometism Th e complex with molecular formula only exh:bns
geometrical isomerism.

As cxémples of this type of complexes we have,
1. [Pt{NH,)] (NO,),] [Pd (NH,), (NO,),}

Both these complexes have cis-trans isomers. The four bonds in b

oth the compleces are coplanar
with the central metal ion.

NH:
- Cis - trang

H;N N

NI NN

/Pol\ Py
HsN No, [ | q:xn-/ \NH3

cis | trazis '

Fig. 15,10 :

Complexes with the molecular formula (MALX Yj where AL XY are mono dentate ligands.'i

Complexes of this type existin the isomeric forms,

;
A ! A
b |
M. M
/WYN L /IN

NN YN

M
N o
v N v N Y

2

Fig. 15.10 1. Tetrahedral com pléxes 2. sqﬁare-planar complexes .




Complexes containing unsymmetrical bidentate ligand like glycyine give two geometrical

isomers.

?i\zg.'
¢
]

1Y
Qemenl
[

Fig. 15,11 1.Cisy 2. Trans
tate ligands such as cthylene diamine do not exhibit cis-trans.

complexes containing symmetrical biden

isomerism,

()Ihl::tahedral complexes
- Geomelrical isomerism in octahedral complexes is closcly related to that in square planar com-
plcxes. Amongst them most familiar ones are the violet (cis) and green (wrans ) forms of the dichloro-

tetraamine cobalt (111} and chromium (IIT)-eatiens which have the siructures.
In these complexes the like groups occupy comers of one of octa hedral faces (cis form) or they
do not (trans form). Unsymmetryical bidentate ligands give rise to geometrical ispmers in much, the same

way as was described carlier {or square planar complexes,
- -t . - +
Cl Cl
H]N H ] N N H!
H,N H,N NH,
NH, Cl
cis Fig. 15.13 trans
Aly gy
¢ { ! / N
! f ! !
e i i
H t/ 1 l\\\!
() : i ]
St 1---0
sir.__l

!
1

t

L]

O=~== :

Fig. 15.12




15.6° STABILITY OF COMPLEX IONS

Metal ions, because of the charge and the size, do not exist freely in solutions. They are alwg
associated with the counter ions or other compenents of the solutions. In nearly all the cases the do

- property of the solvent itself is considerable. The mctal ions are present as well defined stable spec

called ‘solvo complexes'. If the solvent is water, these arc called ‘aquo complexcs' [Ca (HO) 1> If ¢
solution contains a more reactive ligand than the water the stepwise substitution of the water molecu

by this ligand takes place.

For example:

when ammoniaisadded toasolution of Cu salt, Lhére will be arapid replacement of water molecu
co-ordinated to the metal ion by molecules of ammonia giving rise to a final product {Cu ANH) >
This can be represented by the equations,

R

[Cu (H,0), J** + NH, :_E"lé [Cu (NHy) (H,0) ,1*
[Cu (H,0),] (NH,) T+ NH, LN [Cu (NH,), ®,0)]%
[Cu 74,0), I (NH), + NH, LN [Cu (NH,), (H,0),)*
[Cu(H,0) (NH)+ NH, k. (Cu (NHL) (NELO)

Accordmg (0 law of mass action, ‘the equilibrium constanis’ or otherwise called the ' slepwnt_
formation constants' K, K, ... K, cic., for different steps can be written as, :

[Cu (NH,) (H,0) >
ST ' [Cu (L,0), I 'NH,

- (Chl (NHE), (H,0),1
T e (H,0),] (NE,) 1+ NH,
B [Cu (NH,), (H,0),J*
N [Cu (H,0), (NH,), + NH,

(Cu (NH,) },I*
K =

[Cu (NHy, (H,O0)* [NH,}

The equilibrium constants characterise the stability of the complexes in selution and are nsualf
called 'stability constants'. Sometimes the reciprocal values of these constants named as 'instabili
constants’ are also used. Another symbol B is used to represcin the overall formiaion of the complex. IJ'
overall formation constant B is the product of step wisc formation constants. For example

B.= K..K,.K,.K,
orB:KK K, K,

at equilibriumn. Large stability constants indicate the at the concentration of complex is much greater th:

The numerical value of a stablhty constant descnbcs the relative concentrations of different speuj
the concentrations of the components of which it is made Thcn we say that a complex is stable,

15.7 FACTORS EFFECTING THE STABILITY CONSTANT

The factors effecting the stability of a complex in solution arc :




12, 7 SUMMARY

a)

b)

¢}

d)

e)

In this unit we have discussed the following

Alloys and salt hydrates:- When metals form alloys, it can result in eutectic mixtures or mter—

metaflic compound to solid solutions,

Solutions of gases in gases:- Gases which do not react chemically mix in all proportions. They
possess one phase and two components. -

*

Solutions of gases in liquids:- These solutions are controlled by Henry's law. Tt states that the
quantity of a gas that dissolves in a fixed quantity of a liguid is directly porportional io the pressure
that it causes on the liquid with which it is in equilibrium,

Solutions of gases in solids:- Gases interact with solids in four ways i)a homogeneous true
solution may formii)it may resultin two or more solid solutions iii) a chemical compound may form
and iv) gas may be adsorbed on the solid.

Solutions of liquids in liquids:- These are three types i) completely miscible liquids ii) partially
liguids miscible. iii} practically immiscible liquids.

12.8

MODEL EXAMINATION QUESTIONS

1)
2)

3)
4)
5)

IL

Answer the following in 30 lines.

Explain the Phase rule diagram of an alloy.

Discuss the application of Phase rule to salt hydrates.

Discuss the application of Phase rule to a solutions of gases in solids resulung in the formation
of chemical compound.

Explain the negative and positive deviations from Raoult's law involving solutions of liquids.
By means of Phase rule, show how a mixture of ethanol and water cannot be completely separated
into the mdmdual components.

Answer the following in 30 lines.

1) Discuss the application of Phase rule to solutions of liquids in liquids.

2)  Discuss the application of Phase rule to solutions of solids in solids.

129

MODEL ANSWERS TO CHECK YOUR PROGRESS

Eutectic mixture is the mixuture of a fixed composition of two substances whose melting point is
lower over tthe melting points of the individual constituents or any other mixture of them, '

A mixture of two liquids is called a constant boiling liquid mixture if both the liquids undergo
codistiflation at a fixed temperature and the composition of the distillate is the same as the original
liquid mixture.

eg. H,0, ethanol and H,0 + HCL

Author: Prof. N. Venkateswara Rao







13.7 BRAGG'S EQUATION

Bragg suggested that a crystal could be used as a reflection grating. When a beam of X-rays falls
onthe face of 3 crystatata certain an glc they would be refleciod dye 10 scattering by the atoms of the crystal,

_F

)
L]
*
[
¢

——— e

Fig. 13.13 Scattering of X-rays fron paraliefl planegs

If the crystat is cog in such a way that a sct of plancs face the beam, the X-rays would be scattered by the
atoms of the differen; planes in sych a way as to give the im pression that the X-rays have been reflected
from the face of the crystal. '

Let us consider 5 beam of X-rays incident on a crysila making an anglet with the planc of the
crystail. This iscallcdglzlncingangic. Partof the beam i seatlered by the atoms of the first plane as shown
in the figure, partenters ke first planc and is Scattered by the atoms of the seeond planc. Since the Spacings,
between the Planes is of the samcorder as the wave length of the X -rays , the X-rays reflecied f rom the

second plane may reinf, orce or destroy the beam rellecied from the firg planc (a phenomengn called

i'}}\{'4/\/\/\/ N

Fig. 13.14 Reinforcement of wave trains

From the figure above it can be seen tha this can happen if ong of the wave trains is one, two, three or an
integral namber of wavelengths behind the first. Ifitis half g wavelengih behind or an integral number
of half wavclengths behind, the crestof one will meeg with the rough of another a5 seen below and there

will be what is called destructive interference, o _ 167 _




168

Fig. 13.15 Annutling of wave trains

Therefore, the condition for reinforcement Of _coneructi\re interference is that the path difference

between two £ays scattered from adjacent plancs must be an integral multiple of the wavelength. This fact

is used Lo derive the Bragg's cquation.

Let the two rays be AOB and RPQ. Drop perpendicutars 1o QP and PR from 0. Then the path dfference
between the two rays AOB and isRPQ - AOB=CP+PD.From simple geometry it can be shown that the

_ angles COP a~ . POD are also equal o 0.

Then CP=OP Sin 6 and PD =OP Sin )
orCP+PD =20PSin 8

Fig. 13.16 Reflection of X -rays
RuL OP is the distance '’ beLwecs two plancs, so path dillerence can he writien as 2d sn8. We
have scen that for constructive interlerence path diflirence m ust be cyual lon 3 where n i an intcger.

Honce 24 Sinh =1 ES

a A\ can have the valucs of 1,2.3....is als0 calied the order of the spectrum. This is called the bragg’s
cquation.

Hence, when a beam of X-rays is dirccted on any [ace of acrysial, reflection will occur only when
the X-ray beam is incident at an angle 8 which satisties the above equation. 1 the wavelength of the X-
rays is known 'd’ the interplanar spacing can be calclated [rom the above equation. A crystal can be cut
in such a way that the 100-type plancs; 110-type plancs of 111-type planes face the X-rays beam. Then

finding the value of 8 at which ceflection occurs, the value of 'd" for such planes can be calpulated. o




Eo{r the planes prallel to the face d,,, has been found cxpcfimcma'lly. Itis2.81/x 10® cm, Hence for the
planes perpendicular to the face diagonal, d | o =0707 %2817 x 108 cry. - .

13.11 SUMMARY

Orderly arrangement.of ions or atoms or molecuics leads to the formation of crysials, A particular
lype of crystal irrespective of the constituent particles posscsses the same arrangement of particles.
Crystals exhibit different Symmeiry elements. Space lattice is the regular distribution of points (particles)
1 space. Smalleét unit of the crystal lattice whose three dimensional repetition produces a crystal is called
unit cell.In crystals there are some planes which divide them into laycrs called 1attice planes. These plancs
are indicated by Miller indices. The structures of crysials arc delermincd by their diffraction of X-Fays.

13.12 MODEL EXAMINATION QUESTIONS

I Answer the following in 10 lines.

1. Draw ncat diagrams of unit cclis having simple cubic, face centred cubic and body centred cubic
lattices. Why are the plancs parallel 10 the face catied 200 plancs in the face centred cubic cell?

2, Obtain the ratio of the theee emerplanar spacings for the face centred cubic lattice.

3. Derive Bragg's equation. :

4. A metal crysialllises in (he body centred cubic lattice, Calculate e clfective number of atoms per

unit cell,
II _ Aﬁswer the following in 30 fines
. .. Describe in detail Bragg's method of arriving at the crystal structure of sodium chloﬁdg.
HI  Problems |

1. For a cubic crystal having the simpie cubic lattice, the Spaéin g between the 100 planes is 3.42 A,
Find the spacings betwecn 110 planes(2. 418 A). -

2, The first order reflection of a beam of X rays from a crystal occurs at 14.7. At what angles does
the third order reflection take place? . '

3. An elémg:nt _crystailises in the cubic system, Using X rays of wavelen gth 1.54 A the first order
reflections from 100, 110and 111 type planes were found 10 occur at angles 13°,18.4° and 22.8¢
respectively. Find whether the unit cell s simple, face centred or body centered.

4. Tungsten (at Wi = 183.9) forms body centred cubic crysials. From the fact that the density of
tungsten is 19.3 g per cc. Calculate. '

a) the leng.th of the side of the ynitcell and
b)"  dyped,,, andd,, | - . @= 3.63A)

'S, Cesinm chloride has a body centred cubjc kattice. Using X rays of wavelength 0.6 A the first order

reflection from 110 type pancs were found 1o occur at 4,88 A. Calculate the length of the unit cell
(54) ' o

6. Nickel crystallises in the face centred structﬁre_-wilh a = 3.52 A. Calculate the interplanar spacing
for the 100, 110, and 111 type lines. -




13.13 MODEL ANSWERS TO CHECK YOUR PROGRESS.

1. Existance of the same substance in more than one crystaltine form under different conditions is 10
' called ploymorphism eg. ¢ - chromium - and f - chormiurm » :

2. _‘The smallest partion of the crystal. lattice which repeais three dimensionally forming the crytsal
is called unit cell, ' ' S

] . | - " Author: Prof.J. Joga Rao
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14.1 AIMS AND OBJ)ECTIVES

‘To describe the physical and chemical propcrlics of clements and 1o retate them Lo electronic
configuration of the metals :

After the thorough Study and comprehension of the lransition clements you musl be able to know _

lhat:‘

. their géﬁcral outer electronic conliguration is (n-T) d"-19 pgt2

¢ . allthe transition elemetns arc mctals with high melling and boili g poinis,

s they c_xh_ibit variable oxidation staics an_ﬁ form coloured anﬁ paramagnctic sal Is;

*  they form complexes, alldys and cxhibitcatatytic propeity.

14 2 INTRODUCTION

‘The.elements lying between 's' block and pr block elements of the ton g form of the Periodic wble
are collectively known as transition elements. Fhese clements either in their atomic state orin any of their
common oxidaton state have prtiallyfitled (n-1) d orbitals, In the clemental state they posscss the
electronic configuration (n-1)d' ns? 1o (n-1) 410 pg2- It is for this reason they are named as 'd' block
elements. :

Position of 'd" block elements _ _ '
There are four series of d' block elements corresponding 1o the 34, 44, 5d and 6d orbitals.  They are

ist series - 215 1o 302 -- 3d scries
2nd series -~ -- 39 1o 48¢d -- 4d-series
3rd series -- 57 1o : T2 1o Qe .. 5d series
dthseries .. 894c_14%u \ and10s'» .. - 6d series
The elements in the 6d serics arc incomplete and the missing elements are yet to be synthesized. ,' 177
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14.3 SOME PHYSICAL CHARACTERISTICS

Iniransitionelements thedifferentiating electron enters the (n-1}d orbital in presence of ns. These
elements are therefore expecied 10 have many physical and chemical propertics in commorn. The elements
of the group having (n-1) d® ns? electronic configuration show some dilferences {rom the remainder of
clements: All the trasition elements are metals, and the number of glecurons in the outerimost shell is small,
being equal to 1 or 2. They arc hard, malleable and ductile and good conductors of heat and electricity.
They possess all the theee Lypes of structurcs namely face centred cubic (ECC), hexagonal close packing
(HCP), and body centred cubic (BCQ).

The transition elements having partially [illed (n- 1) dorbitals have very high melting and boiling
points as comparcd Lo 1hose ol 's' and 'p' block clements, Zn, Cd and Hg having completely filled orbitals
possess rclatively low melting and boiling points. Although mel ting and boiling show no definite trends
in the three transition scrics, the meials having the highest melting and boiling peints aré towards the”
middle of the cach wansition scties. o

The atomic (covaleny) radii for the clements of the ransition scries arc given in Table 4.1

Covalent radii (A”) of transition elements

| Ca < T VvV C Mn R Co Ni Cu Zn G2
4 a4 132 32 L7 117 127 116 115 147 13 125
St Y zr No Mo Tc . Ru R pd Ag Cd I
Y01 191 162 145 134 - 124 125 128 134 14 15
Ba ta HI Ta W Re Os. Ir P Au Hg - Tp

o8 160 144 134 130 128 126 126 120 134 144 155

It can be seen from the table that these values first decrease from $c 1o V bul later remains close
to onc another from Crio CuThis is duc 1o Lhe Tact that an increase in heelfoctive nue ar charge tends
(o attract the clectron cloud, decreasing the radius from Sc 10 V. Addition of elecons 10 3(n-1) d orbitals

reverses Lhe cffect by scrécning the outer 4s clectrons {rom the nuclcar altraction resulting not much

alicration in the covalent radius from Cr 1o Cu. In the first group the atomic radii show expected increase -
in size Sc-Y-La but in the subsequent groups s zn increase in the radius of 0.1 1o 0.2 A® between the first
and the 2nd transition scrics and remains constant in.the third transition scries. This is known as the
lanthanide contraction. The elfect of the Lanthanide contraction begins 1o die.out towards the right of the
d’ block clements and hence the sadii inereases. ’ .

The firstion ization cnergies (potenils) of transition clements (Table 14.2) lic between the values

" of those of 's' and 'p' block clements. The addition of the id {lerentiating clectron 10 the (n-1) d levelin-

gransition clements provides a screening offeel schickding the ogter ns clectrons from’ the nuclear
atiraction. Thus the offects of the otfoctive nuelcar charge and schielding due o the expansion of (p-1)d
orbital oppose cach other. On account ol these counter el Tects the inoization encrgics (potentials) increase
rather slowly along a period. The first Jomisation encrgics (potential) ol Zn is considerably high because
of the compietely filled 'd" and ' orbitals which provides extra stability to the atom. The second ionization -
encrgis (potentials) scem {0 increasc withy Increase in alomic nqmbcr'.- These vatues of Crand Cuare

higher than those for their ncighbours. This is due to the fact that the electronic conligurations of Cr*? and
Cu*? ions have extra siability having 3d5 and 3d'° conligurations.




Temperature

Nature of the medium

-Properties of the metal ions
- Properties of the ligand.

Effect of temperature: In general the formation of complex is favoured by negative enthalpy and

the Jigand as well as the central metal ions,

Properties of the metal ions: A num ber of attempts have been made 10 ascertain the eff fectof the
tral metal ion on the stability of the metal complex. On the basis of the observations made it is found
the most stable complexes are formed with cations of comparatively small size and high nuclear or
fichcarge. Ions with these properties will naturally have the grealest attractive power for the electrons
ghe ligand. The Quantity defined 1o measure this attractive power is the ionic poiential ¢.

o= Cation charg;:

Cation radius in AC

¥ values of ¢ for different cations with relative complexing ability are given in the table.

{lons - Iomie potential : Relative complexing ability
- 0.75 _ Forms few complicxes
1.8 Forms many complexes
21 Forms many complexes
2.7 ' Forms many complexes
2.8 ' Forms many complexes
29 Forms many complexes
4.7 Always complexed
47  Always complexcd
4.8 - Always complexcd
6.2 Always complexcd

It is usually true that if ¢ is greater than 2, the possibitity for complex formtion is good. In-
riminate use of the ionic potential to predict stability of complex can lead to discrepancies. The
lability of unfilled 'd" orbitals into which the electrons donated by the ligand can enter, leads 10 the
hation of greater number of complexes with greater stability. On the basis of swudy of the stability
plant’s of the dilferent metals with ligands containing oxygen, hiirogen the metal ions are grouped into
S categories. _ . :

Metal ions that form most stable complexes with oxygen containing ligands

Ba¥  Ca», Mg™, Beh, AP | Ga», In*, TI*, Ti*, Z*, Th*,Ges,
Sn*, WO%, UM, U, Fe*ana

Metal ions hsowing equal affinity for oxygen and nitrogen containing ligands.

Bcz;, Cr3, Fe?, P> and Piv+-

§itive entropy change. The relative importance of these effects is found to be dependent on variations -
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¢) "~ Metal ions that form most stable complexes with nitrogen coniaining ligands.
Cur, Cu?, Aw', Cd», Hg™, Co* and Ni*

The compélx forming abilities of the bivalcnt ransition metal ions are frequently characterised by

‘a stability order. Irving and Wiltiams comparing ionic radii and second ionization potential of the metal

jons rationalised such an order Mn> < Fer* « Co* < Ni*  Cu* > Zn*
which is valid for nitrogen and oxygen donar ligands, irrespective of the nature of the ligand.

4, Properties of the ligand: Although the large numner of ligands are known, the donor atoms that

"undergo combinations with the metal ions arc restricted 10 the strongly non metallic elements like N, O,

5 and halide ions. The radius of the donor atoms and the charge or the dipole momentof the ligand influence
the stability of complexes. Inthe halide series the order of the stability is ¥ > Cl' > Br >T. .Fora charged
ligand it is observed that the greater the charge, the strongest is the boand. .

| PQY >$03 > ClO:

For the neutral molecules the dipolemoment is the important factor. Other factors being equal the
ligands with largest permanent dipele moment will give the most stable complexes. This 15 nicely
itjustrated in the substituted ammomnia series. '

NH;>» RNH2 > Rz NH > RaN

Where R is an alkyl group. '

Complexes formed with poly dentate ligands like ethylenediamine, salicylaldehyde and oxingare -
more stable when compared to the mono dentate tigands forming five and six membered rings. Thiseffect
is ermed as chelate effect, Introduction of the butky group into the ligand molecules decreases the stability
of the chelate because of steric hinderance. :

15.8 USE OF COMPLEX COMPOUNDS IN ANALYTICAL CHEMISTRY

The following comptex formation reactions are well known in analytical chemisiry.
1. In qualitative analysis

a} Formation of niroso complex (brown ring) is used inthe identification or confirmation of nitrate
(NO; ) or nitrite (NG, ) fon :

1)) Formation of (Ag (NH,), )* ion in the confirmation of chloride ions.
c) Formation of [Fe (CNS), 1*ien (red coloured solution) is used in the confirmation of Fe* ion

d) Formation of (Co (o - nitro B- naphthel), * (red coloured solution is used in the identification f
Co™ ' : : '

e) CN- ion is used in the detection of C**d in presence of Cu?" ions.
2. In quantitative analysis

f) . Al**ispreicipitated by 8- OH quinoline (oxinate),! quantitatively as [(Al (oxine),] complex from
the solution a1 4 and is estimated gravimetrically.

) Dimethylglyoxime (DMG) is uscd in the precipitation of Ni from aqueous solutiosn as
[Ni (DMG),] complex at 8. The precipitation is quantitative, hence it is used in the gravimetric
estimation of Ni%, -

h} CNS- ions are used in the spectrophotemetric determination of Fe* ion [Fe (CNS) 1




159 SUMMARY

Double salts and coordination complexes are additive compounds. They differ in the properties of
the constituent ions. Jorgensens theory and Werner's theory are the classical theories of coordination
‘complexes. Sidgwick's electronic interpretation of complexes tries to expalin the tendency of transition
metals to form coordination compounds. Valence bond theory and crystal fiekl theory explain the
structures, magnetic properties and colour phenomenon of complex compounds. A good number of
complexes exhibit different types of isomerism. Complexeadiffer in their stability,. A number of
complexes are formed in qualitiative analysis. These reactions usually involve precipitaiton (white or
coloured) colouration, dissofution of precipitates eic.

15.10 MODEL EXAMINATION QUESTIONS

I Answer the fol!mﬁng in 10 lines

L. What are co-ordination compounds? In what way they are different lrom double salis?
2. What are the post;iialcs of Werner's Co-ordination theory?

3. Mention the advantages of valence Bond theory over EAN rule.

4. {Co (NH,),] Cl3 is diamagnelic where as [CaF )} is paramagnetic, cxp[éin.
11 Answer the following in 30 lines

L Explain the structural isomeris“m in co-ordination compounds.

2. Whatare the defects in the valence bond theory?

3. Whatis Pauling's coniribution to co-ordination compounds?

4, What are the applicaticns of co-ordination compounds in analylical chemistry?

15.11 MODEL ANSWERS TO CHECK YOUR PROGRESS

1. lons present in the coordination sphere do not get precipitated on treatment with a precipitating
agent. '
2 The total number of clecirons present in the ceatral metal atom or ion of the complex mcluding

those donated by the ligands is called ils EAN,

Author:Prof. P, Lingaiph
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UNIT-16 METALLIC BOND
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16.1 AIMS AND OBJECTIVES

To cxplain the meiallic properties like malleability, ductility and high electrical and thermal
conductivity in terms of metallic bond.

After the detailed siudy and understanding of the contents you should be able to:

& - realise that the metals possess three different types of lattices. These are face centered cubic (FCC),
hexagonal close packing (HCP) and body centered cubic (BCC).packing

. find out that allotropes are the differcat modifications of a metal which differ in the lattice
struciures.
. extend valence bond theory and molecular orbital theory to metals which explain the matallic

character satisfactorly, -

16.2 INTRODUCTION

Many metals are quile hard. Therefore they should posscss considerably strong attractive forces
between their atoms, But they cannot have ¢nvéntional ionic or covalent bonds due to the non-availability
of so many electrons to form bonds with eight or twelve surrounding atoms. Therefore it is proposed that
metals possess special attractive forces between their atoms called metallic bond.

16.3 GENERAL CHARACTERISTICS OF METALS

: . Mctals are characterised by the properties like high electrical and thermal conductivity, metallic

luster, malleability (ability to be rolled into sheets) and ductility (ability to be drawn into wires). The
properties are linked to the type of bonding present in the solids. X-ray diffraction studies show ihat metals
form srystals in which the atoms are arranged in one of the threc different latice geometries. These  are
knwon as face ceritered cubic (FCC), the hexagonal close packing (HCP) and body centered cubic (BCC).
In the first two structures each atom is surrounded by twelve atoms. Six atoms in the same plane and three
atoms each above and below as shown :in figures 16.1 and 16.2. '

Check your progress - 1

what are the characteristic propertics of metals?




Inthe body centered cubic structurea single atom is-sand-wiched between two layers of four atoms
as shown in figure 16,3, ' S

e 0 Ny
A S
i o il ,'i'f_?‘:}

j 4-"&' ~ M _. k..%l_:;- '_"‘:_

BCC

- Fig. 16.1 Face centred cubic lattice (FCC) Hexagonal close packing (HCP)
Body centred cubic lattice (BOC) N

‘The crysial structure: types of some of the metalsare given in the table 16.1

" Table 16.1 Cryétal struture types of some metals:

Li Be
BCC HCP

"Na. Mg Al
BCC HCP FCC

K C S Ti V C F CO N Cu Zn
BCC FCC FCC HCP BCC BCC BCC HCP FCC FCC HCP
HCC HCP ‘BCC _ FCC FCC

Rb  Sr V. Zr Nb Mo Ru Rh Pd Ag Cd
BCC FCC HCP HCP BCC BCC HCP FCC FCC FCC HCP
JACP- BCC
BCC '

Cs Ba La Hf Ta W Os Ik P Au
BCC BCC HCP HCP BCC BCC HCP FCC FCC FCC
FCC BCC

_ The metals like iron and hafnium exists in more than enc crystalline forms. Such modifications are
named as ‘allotropes’. ’

Thc deformation properties of metals, such as ductility and malleability arc directly linked to their i
crystal struclure. Thus, when a metal is subjocted to a stress, such as bammering or the rolling operation _
itdeforms by planes of atoms gliding pastcach other. The planes olaioms arcknown as glide or slip planes. 205




Since these atoms are closest together (unlike he lattice diagrams shown carlier) they will have the
greatest cohesive lorces and therfore will cxert the grealest resistance to deformation. The greater the
number of glide planes in a given structure, the more dircctions there will be in which the crystal can yield
under a stress and therefore the more ductile or less britle it will be. The other properties like highelectrical
and thermal conductivity can be explained in terms of bonding in metals (Metallic bondmng’). Two main
theories are gvailable (o explain the bonding in meiats, one being the 'Valence bond theory' and the other
"Molecular orbital approach’.

Check your prugress -2

Why the metals of FCC crystalline structure are more malleable and ductile over other types of metals?

16.4 VALENCE BOND THEQRY OF THE METALLIC BOND

The Valente bond approach of metals, duc mainly to Pauling, is simpler than the molecular orbital
approach. This approach uscs the principle of clectron pairing to form covalent bonds between atoins in
the melal similar to simple melecules such as H, , Cl,, O, . However, one important dillcrence lies between

“metals and these molecules. In metals, there are not enough number of clectrons between the nearest
neighbour atoms to form a complete set of clectron pair bonds or in other words the metatlic structure
is said to be electron deficient.

As an example a unit cell of the body-centered cubic crystal of lithium is considered. In this
structure a lithium atom in the body of the unit cell is surrounded by eight ncarest neighbours at the comers
of the cell ana by six more next ncarcst neighbours at the centres of the six survounding cells. Thus, the
central 1 thium atom could form covalent bonds wiith fourleen other lithium atoms in a crystal. Each.
of the lithium atom has only one ‘25’ electron available to form a covalent bond. A totad of 28 electrons are
required for the formation of 14 localised electron pair bonds {covalent bonds). Bul only 15 electrons are

‘available, from this one draws the-conclusion that 14 localised - electron pair bonds are not formed in

metals. [t means ihe bonds in metals are highly delocaiised. This is sinilar 1o the conjugate double bonds
in benzene in which the bonds are resonating. A schemalic represcatation of the resonating structure in
the case of Lithium atoms are shown in figure 16.2.

i;i]- Lo L L Li— L bhe i

- i
3 | I _/“‘"‘-;‘ -J:."_l ;
G-Ln tiouotib i
(1) (2) 3 (2)
(a) o)
" Synchornens resonance resulting in Pivolal resonance resulting

non-ionic resonance forms - tn ionic resonance forms

fig. 16.2 Resonating Sn_'uctureé in Lithium




For simplicity only four atoms are shown, but of-course, this situation can be continued through-
out the three dimensional siructure. The resonance occurs through the shifiing of electrons as shown by
the arrows in structure (1) of figure (a) to give new bonds between atoms, as shown in structure (2). An
important feature of this typc of resonance in metals should be noted. since only onc 2s electron is available
tn cach aiom for bording, n6 one atom can form two bonds simultaneously. Thus when one of the two
bonds in structure (aj shifts the other also must shift at the same time, so that the resonance switch must
besynchronous for all bonds in the crystal. Itisknown that the more the number of the resonance structures,

.the more is number of the resonance structures, the more is the stability of the speices. Resonance leadi ng
to the ionic structure is illustrated in ligare (b} in which the shifling of bonds are not synchronous. .

This leaves the lower left hand atom with a+ | charge and the upper right hand atom - 1 charge (structure?).
Resonance of this typé can be considered 10 ocour by the lower bend in structure - 1 pivoling about the
atom on the lower-right hand side, and henee is-known as pivenal resonance. The additional one electron
on the right hand side of the lithium atom is accommodated n the next higher cnergy cmpty 2 p orbital,
which is named as metallic orbital. The energy required for promotion of an clectron to a 2p orbital in
lithium is only 1.84 e.v. which is equalto the difference in ionization potentials of the 28 and 2P orbitals,
This in-put of energy is more than that available from the resonance stabilization (energy acquired from

the large number of ionic resonating structures). This becomes possible through the use of metallic

orbitals, The presence of these metallic orbitals in metals allow for the enhanced electron mobility as a
result they will have high electrical conductivity. '

The availability of both s and p orbitals in many metals led pauling to conclude that the sp
hybridization is also possible in'metals like Be. These permit greater overlap of orbitals forming stronger
bonds. Because of 1his, the atkaline earth meials are known to be hard having higher metiing points as
compared tothe alkali metals which are soft and have low meiling poinls. This trend in propertics continues
upto the ITI group of the periodic Lable through the fransition metals. This lrend in propertics is due to the:
avaitability of larger number of atemic orbitals of similar encrgy, 10 form hybridized orbitals required for
the formation of strong bonds. Thus, Pauling has assigned a valence, called metallic valence to each
metailic elements. The metalfic valence parailel the propertics of the metal crystal such as density and
hardness. Eventhough the Pauling valence bond treatment is useful in explaining the merallic propertics
through the formation of bonds belween the metal aloms, yet itis gualiiative one.

16.5 MOLECULAR ORBITAL APPROACHORBOND THEORY OF SOLIDS

To explain the metallic propetiics, molecular orbital cencept was used by Elock in 1928, In solids
one deals with inlinite numbcr of atoms instead of smal) numberof aioms as in descrete molecules. In this
theory startin g from'N' number of aiomic orbitals presentin the metals an equivalent number of molecular
orbitals are constructed. The total number of Yuantum stales with a particular quantum number does niot
change. Even when the atoms come together, to form a crystal. Thus in a lithium crystal with 'N' namber
of atoms, each atomic orbital having two possible spin states + 1/2 and -1/2 will have 2N quantum states.
This large number of states leads to very closely spaced energy levels, which constitute an energy band
in the crystal. This is illustrated in Fig, 16.3. :
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Fig. 16.3 Energy bands in metals
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When a second atom is brought up to the first atom, the energy level in each state is split to give
two.molecular orbitals, one higher and one lower in CRCIEY than the original atomic orbital as shown in
the diagram. When a third atomis added three different energy levelsare formed from cach atomic energy
levels by the combination of the atomic orbitals of three atoms. This process continues till it reaches the
value of N, in which a band of N number-ofclosely spaced encrgy levels is formed. Tt should be recalled
that each leve! in the band formed from the s alomic orbitals can accommodate two electrons with spins
paired, and eahc energy level in the band formed from the three p atomic orbitals can accommodate $ix
electrons with spins paired. Thus, a band formed from Ns states will have 2-N cnergy levels. A band
formed from N,p states will hav ¢6-N energy jevels and a band from N, d states wiil have 10-N energy
levels. When the number of atoms in a system becomes equal (o 10, the spacing between the levels in a
band will be the order of 10 e.v. | ' :

The separation between energy bands depends on the energy differcnce between the pure atomic

- orbitals and on the distance between adjacent atoms in the solid. If the individual atomic encigy levels are

widely separated or if the distnace between the individual atoms is large the individual cnergy bands will
be separated without any overlap. In a system in which the diffcrence in energies of atomic orbitals is less
and-the distance between the individual atoms is small, we get an overlap of cnergy bands. This is
illustrated in firure 16.4 in which potential cnrgy is plottted against 'r', the internuclear distance for a
gystem in which four aioms arcused. Attheextreme right of the diagram, the bands formed at the distance
r are shown indicating the bands which arc allowed {orbidden.

Fig. 16.4 0\-'erlab of energy bands

It should be noted that the band widih depends noton ihe number of aloms present buton the amount
of interaction between the atomic obitals with ina band. The width of a forbidden band is greater for fower

~ encrgy orbitals, compared (o the higher energy orbitals. In cllect, the cnergy band diagram for crysials will

appear very much like the cnergy level diagram for atoms with the forbidden energics in crystals
corresponding to the quantum jumps in encrgy from onc quantum level 1o lhe next in atoms. However,

_in crystals the chiergy required of transition is small.

In the cliagrarh Ihe inner bands, those formed ltom s, 2s and 2p alomic orbilals arc compicicly
filled with electoms. They contain.the maximum oumber of clectrons per enorgy level in a band allowed

by the Pauli exclusion principie. The upper bqndé; formed Crom the 3s and 3p alomic orbitals contain a

partially filied band and an cmpty band réspectively. The partially filled band contains the valence
electrons and is called the valenee band. They emply band is called the conduction band. When anelectric
field is appleid, the electrons present in the (ilied lowcer energy {evels cannol move because the band is
completely filled, and the applicd potential is not sufficient to promote the clectrons 1o higher encrgy

bands. In case of the electrons present in the partially filled valence band the situation is different because
the clectrons  can move more freely into the unfilled valence bands and also into the conduction band
resulting in the enhanced electron mobility whichin wm gives rise 10 the greater conduction in the metal.




16.6 SUMMARY

Mctals are differentiated from non-metals by their characteristic properties. They are a) malleabil-

' ity b} ductility ¢} electrical and thermal conductivity d) lustre €) FCC, BCC and HCP type crystal
structures. They posscss special interatomic attractive forces called metallic bond. Valence bond theory
and Molecular orbital theory of megal bonding try to explain the propertics of metals satisfactorily.

" 16.7

MODEL EXAMINTION QUESTIONS

I Answer each of the fullowiﬁg in 19 lines

1. Whal is a 'band’ in tems of M.O. theory or metals? How does it originate?

2. What is the difference between syachronous and pivotal resonances, according to the Pauling

theory of metals?

3. Explain the concept of metallic orbital

4. Expiain the concept of metallic valence.

I Ansewer each n'f the following in. 30 lines

l. How do you cx.pl"nin the elecirical conductivity of a mctal‘?_

2. H()w_ is conductivit, in metals explained on the basis of valence bond theory?

3 Compare Block and Pauling theorics of metallic hoad.

16.8 MODEL ANSWERS TO CHECK YOUR PR()GRESS

1 They arc a) mallcability b) duclibity ¢} clectrical and thermal conductivity d) lustre €) F..C.C,
B.C.Cand H.C.P_lypc crystal structures: =

2. Ductothe casy gliding over of one layer of melal atom over other layer in F.C.C type metals. eg;-

Cu, Ag & Au,
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BLOCK - 8

METALLURGY

Metailurgy is the study of metal cxtraction, their propertics and alloys. Most of the metals accur
in the combined state. Relatively less reactive metals like Au, Ag and Cu occur in the elemental state to
a cerain cxtenl. They are said 1o oceur in the native staec or free state. The compounds ol metals which
occur in nature arc calied minerals. Metals arc extracted fi rom soeme mincrals only, These mincrals are
called ores. All ores are mincrals but all mincrals are not orcs. Iron pyrites is only a mincral of iron and
Bot an ore. Melallurgy was known to man even arcund 3000 B.C. Ashoka Pillar is an example which
supports that ancient indians knew the principles of metallurgy. Alchemists discovered number of metals
and non-metals while they were atiempting to convert cheaper metals into gold and silver,
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17.1 AIMS AND OBJECTIVES

To describe the general principles involved in the processes of extracting or isolating metals from .

their naturalty occuring chemical compounds,

Once you complete the study and comprehension of the contents of thig unit, you must be able to:

. differentiate ores from minerals

. apprecliate the classification of ores into oxides, carbonates, sulphides, sulphates, chlorides and
phosphates. ' '

. give the steps involved in the extraction of a metal from its ores i.e ore dressing, concentration,

roasting or calcination , smelting and refining.

17.2 INTRODUCTION

Metals occur in combined form as chemical compounds in nature. These are generally referred to

as minerals. These chemical compounds may be oxides. carbonates sulphides, sulphates, chiorides or
phosphates. ' :

However, it may not be economical or beneficial 1o use each and every mincrat for the isolation
of the metal from it, For example iron occurs in nature as itsoxide. (Haematile Fe, O, or Magnetite
(Fe; O,) and sulphide (Iron pyrites Fe, S,). However haematite is generally employed to obtain the metal
from it. The mineral which is widely employed for the extraction of the metal 1s commonly known as
"Ore".

The extraction or isolation of metals from their ores (naturally occuring chemical compounds) is
knwon to man even from Metal Ages. Meials such as copper, iron, gold, sitver and alloys like bronze are
familiar o men even in 3000 B.C, The process of obtianing metal from the ore is called "metallurgy”. In
olden days mctallurgy was considered as an art rather than scierice,
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Table 17.1 Im portant ores of metals.

Chemical nature Name " Chemical formula Important mineral
Oxides _ Baddelyte ZrQ, Zirconium
Bauxite AL O, nH, O Aluminium
Cassiterite $n0, Tin
- Chromite - FeQ,Cr, 0, "1 Chromium
Haematite Fe, O, Iron
Mumenitc Fe Ti O, Titanium
Piich Blende U, 0, Uranium
Pyrolusite Mn O, Manganese
Thorianile ThOQ, Thorium
Zincite Zn 0 Zinc
Carbonates . Dolomiteg CaCO, MgCO, Magnesium
: Lime Sionc CaCoO, Calcium
Magnesiic MgCQO, _ Magnesium
Sulphidcs Argentite Ag, S ' Sitver
Cinnabar HgSs Mercury
Galcna Pb§ Lead
Pentlandite {Ni,Fe)s _ Nickel
Zinc Blende Zn§ Zinc
Sulphates Anglesite Pb SO, - Lead
: Barytes BuSQO, Barium
Gypsum CaSO, 2H,0 + Calcium
Chlorides - Camalite - KCi, MgCl, Magnesium
6H,0 :
Hora Silver AgCl Silver
Phosphates MOnite Ca (PO,), HO Culcium
Silicates Thorile Th SiO, Thorium
Zircon Zn Si0, _ Zirconium

Check your pregress - 1

What is an ore?

'17.3 THE ORES OF METALS

Metals as described eatlier, occur in nawre mostly in combined form as chemical compounds of
different types. Thesce are oxides, carbonates, sutphides, sulphates, chlorides or phosphates. The important
ores of diffcrent metals are listed in Table 17.1. '




However sume metals occur in elemental form (metallic state) too in nature. Such metals are said
to occur native. These metals include silver, gold, palladium and osmium.

‘Ores, are always associated with sand and impurities. These impurities are called gaunge. The
perceniage of the impurities varies from ore (o ore.

17.4 PURIFICATION OF ORES

A ore is required to be purified before it is subjected to the metallurgical processes for the isolation
of the metal. This purification process mainly involves the separation of gaunge from the ore. Thig
operation of scparating gaunge from the ore is called 'concentration of the ore’ or ‘ore dressing’, The
purification is effecied by different methods. These are bricfly described in the foregoing paragraphs.

a)  Hand picking

-+ The ore which occurs as big rocks is powdered and then the impurilics associated with it are
separated by hand picking. In this method these small bits of ore arc passed over rollers and the impurities
are picked out with hand while these ore bits are moving over the rollers. For example, the stone impurities.
associated with haematite are separated in this way by hand picking,

b) Gravity concentration method
This method employs the density difference between the ore and the impuritics.
i) Washing with water

The ore is powdered in Bail Milis and washed with waier flowing over it with high speeds. The
lighter impuritics are washed off in this water {low leaving behind the heavy ore particles, For example
when Cassiteritc ore is wahed with water flowing with high speeds, sand and clay are washed away leaving
behind the ere. :

i) . Using Wiifle table

The table is provided with wooden rifflcs. The ore is mixed with water and the slurry oblained is
passed over these riffles, whilethe wble is shaken vi gorously. In this process, the heavy ore particles are
collected (in a collector) at one side of Lhe table. o

[
BERREE




216

iii)  Jig's method

When the ore is available aslarge lumps, this melhod is generally used. In this method Jig' is used

~ and the method is therefore called Jig's method. In thisJig, Fig 17.2 a perforated screen immersed in water

is present. The ore is placed on this screen and water is forced from below. The mixture of ore and gaunge
then gets suspended in water. By repreating this process of forcing water a number of times, the gaunge
being Jighter in density floats on waler and the ore accumulates at the bottom. The gaunge is then separated.

¢)  Flotation process

This method 15 specially useful when it is required 1o separate small patticles of ore from the
gaunge. This method of separation finds application in the purification of sulphide ores.

The ore is pulvarized and is made into pulp with water. The pulp is placed in water taken in a tank

-along with some pine oil. A chemical called sodium ethy! xanthate is then added and air-is blown into the

mixture with the help of tubes containing smatl holes. The tubces are then rotated vigorously, when froth

full of bubles s formed. The partictes of ore float on this froth. The gaunge particles reach the bottom of
the tank and scutle down. The pure ore particles are then separated from the froth.

General', the frolh tormed duc to air bubblcs when air is bubbicd through the mixture, will not be
stable and the bubbles break down, T hcrcforc to keep the fi rolh in the stable form, some chemicals are

added. These are called frothers.

In a similar way, chemicals such as sodium ¢thyl xanthase used 10 make the ore particles adhere
firmly to the froth are catled Collectors. The chemicals such as sodium cyanide used to improve froth
flotation are called activators. Substances such as lime and sodium carbonate are added 10 the floatation
tank 10 kecp the pH of the mixlure constant. These are called Condilioners.

T
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Fig. 17.2 Jig's method :
1. ore oullet 2. Water level 3. screen 4, water 5. piston

iv)  Magnetic separation

This method is employed if cither the ore or the impuritics assoctated with it (but not both) is
magnetic in nature. For example, tin orc (lin stonc), is associated with the magnelic impurity called
wolfram. It is therefore easy to separale tinstonc from the associated i impurity. In a similar way the method

can be used in the purification of pyrolusite (mangancsc ore} from the associated mag,neuc impurities of
magnetite.




magnetite,
In this method the ore is pulverized and Ppassed overaconveyer belt, passing over amagnetic roller.
The magnetic and non-magnetic components of the ore arc separated., '

V) Eleciro magnetic separation

This method is applicable when the oie particles are better electrical conductors compared to the
ithpurity particles. So they are aitracted effectively and therefore move along with the roller without
getting repelled by the roller. The gaunge particles are separated with the help of a brush attached to the
roller. ' '

_ Fig. 17.3 Electro magnetic separation
1. Ore 2. Induced magnetic rollers, 3. Electro magnetic poles
- 4. Magnetised ore. 5, Non magnetised ore, :
vi)  Electro static separation

This method is gencral ly applicable 10 separate metals which eccur native or in the form of highly
~ conducting sulphide ores from the impuritics, ' : o

In this process a charged roller will be moving as shown in the figure 17.4
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Fig. 17.4 Electro static separation
L. Brush 2. Roller 3. Elcctrode.

The roller is earthed through a wire and an aclectrode at high negative potential is placed near the
roller. Finely powdered dry ore is then put on the roller 10 form a thin layer, These ore particles get
negatively charged duc to the clectrode and will be accumulated or the roller, The accumulated particles
being good conductors transfer the negative charge o the rofler and gradually become positively charged.
The particles arc also positively charged, The low conducting gaunge pdmcles will not be able 1o transfer
their charge.

vii)  Liquation process

This method is used in cases where the ore is relatively casily mehed than the impurities. _

Forexample, the impuritics associated with theantimony ore, stitnite undergo melting at relatively
higher temperaturcs than the ore itsetl, At 548°C, the ore undergoes melting and the liguid comes out
through the pores, when the ore is subjected 10 high wmperatures in a porous pot made f rom refractory
materiat, The impuritics remain in the vessel.

17.5 FLUXES AND SLAGS

It is not always possible to separate the solid impurities (gaunge) completelylrom the ore by the

‘mthods described carlicr. Itds also not possible 1o mell the gaunge at ordinary furnace temperatures and

separatc it in the liquid form, However; by adding some forcign substance which can chemically react with
the gaunge, it is possible to meitthe gaunge at lower temperatures. The [oreiga substance added is called
flux and the substance formed by the chemical reaction between Hlux and gaunge iscalled slag. The melting
point of slag is generally less than the meliing point of either the Hux or the gaunge.

Gauﬁge + Flux = Slag

The fluxes are of two types a)  Acid flux and " b) Basic flux
Silica (810 is used as acid flux. This oceurs in nature in diffcrent forms such as sand, quartz and
rock. If the gaunge possesses alkaline propertics, the acid flux is uscd. For example the gaunge FeO
(Feerrous oxide) associated  with copper pyrites is scparated through the addition of silica.
FeO + Si0, -+ Fe Si0,
gaunge  [lux stag

If the gaunge posscsses acid propertics, the basic Mux is used. For example the gaunge, SiQ, (sund)
associated with hacmatite is separated through  the addition of Lime stone (CaCQ,). Calcium carbonate
decomposcs first 1o give calcium oxide the laier combines with Si0, 1o form the slag.




-2, ithe mode of burning of the fucl

Ca CO, ~ Ca0 +CO,
Ca0 + Si0, CaSio,
flux  gaunge slag

Types of slags —

Itis made clear earlier in the unit 17.3 that the chemical substance is formed when a flux is added
to an ore to remove the gaunge from it. For a chemical thus formed toactasa slag, it isrequired to possess
the following charcieristics:

) Itshould be easﬂy-uquiﬁabie“éﬁa -uie‘ liquid thus formed should flow freely.
i)  Itshall have lower Spec1flc grawty lhan Lhe mcta} This makes the slag ﬂoat on Ihe mctal
iiiy Itshall have lower heat capacny ThlS prevents the hculmg of mctals to high lcmpcrdmrc

iv) It should be able to dissolve the i 1mpur1ucs casily.

The skags are classified as acidic and basic depending on whether the acidic oxide is in excess or
basic oxide is in excess in the slag. '

For example (CaO)4 $i0, is called hasm slag where as (Ca0), (Si0,), is called acidic slag On
the othe rhand CaO SlO is callcd neutral slag since both acidic and delC omdes are cqual in proporuon

The slags are good bye-products._They are used in the laying of (a) roads and () in the
manufacturer of cement, fertilizers and building materials.

Check your progress - 2

What do you mean by flux?
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17.6 FURNACES

In the metallurgical processes i.e. in the processes of extraction of metals form their ores, there is
aneed to heat a mixture of orc and another chemical subsiance to very high tem peratures. For example
in the extraction of iron form its ore hacmalite, the ore is heated with lime to high temperatoers. The room
or the device where the mixture of ore and the chemical substance is heated to higher temperatures is
referred 10 as Furnace. The size shape and the building maicrial of the furnace depend on the nature of
chemical reactions that takes place inthe farnace.

The furnances are generally constructed with heal resistance bricks and their outer sides are lined
with sieel plates. The furnance is gencrally heated witha fucl (gas, liquid or sotid) orclectrically. The l‘ucls
frequently uscd are coal, pelrolcum oil, natural gas, producer gas and water-gas,

Furnances are basically classified into {our types depending on.

I the chemical nature of the metatturgical process
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3 the mode of movement of the charge in the furnace and
4. the mode of transfer of heat to the charge.
The furnaces are also usually classified on the basis of structure as
a) Shaft Furnaces |
b) Reverboratory Furnaces
c} Muffle Furnaces
d) Electrical Furnaces
a) Shaft Furnaces

Thistype of furnace is usually cylindrical orrectangular in shape. Coke is generally used as the fuel.
The charge added ffrom the top of the furnace moves down due 1o gravity. Hot air is blown upwards from
the bottom through tuyers. These furnaces are employed in metullurgical processesinvolving smelting and
roasting. The Blast fumace used in the manufacture of iron and the furnace used to prepare copper matte
from copper pyrites are examples of such furnaces.

b)  Reverbaratory furnaces

These furnaces have specific shpae as shown in figure 17. 7. These are constructed with furnace
bricks. These contain large hearths. The roof of the fumace is curved and made of silica bricks. solid and
liquid charges are used in these furnaces. The charge is added though hopper fixed to the roof. Fire boxes
or burners arranged at the lower part of the fumnace are used 10 burn the fuel. The roof of the furnace helps
to reflect and radiate the heat towards the charge.

Open hearth furnace used in the manufacture of steel belongs to this type.

PR AR 234

:

L

!

Fig. 17.5 Reverberatory Furnaces
1. fire Box 2, Hearth 3. hopper 4. chimney

¢)  Muffle furnaces

In this type of furnaces, the charge and the fucl do not have direct contact. They are placed in two
different rooms scparated by heat conducting wall (Fig. 17.6)




Fig. 17.6 Muffle furnace
1. fuel room 2. charge room

- These furnaces are generally employed to burn furnace bricks.

d; Electrical furnaces .

These furnaces are important at places where electrical power is cheap. In these furnaces, the -
electrical energy is used to produce heat energy. These arc basically of two types i) Arc furnaces ii)
Electrical resistance furnaces. These are shown in figures 17. 7 and 17.8

L4

Fig. 17.7 Arc furnace
1. Melicd metal 2. elcctric are 3. metal 4. efectrode 5. charge inlet.

Inthe firsttype of furnaces, an clbctric arc is used (o produce the necessary heat. Carbon electrodes
arc used for the purpose. In the second type of furnaces, clectricity is passed through the resistances and
the heat produced is used in the furnaces. '
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1. Charge 2. Resistor

Fig. 17.8 Electrica) Resistance Furnace.

17.7 GENERAL METHODS OF EXTRACTION OF METALS FROM ORES

The method chosen depends on the chemical nature of the ore. You have already leamnt thatmetals
occur in nature as their oxides, or carbonates, or sulphides, or sulphates, or chlorides, or phosphates or
silicates. Therefore specific processes or reactions are generally employed to convert the compound into
the metallic state, These processes are mainly a) reduction b) roasting ¢) calicination d) smelting
e} leaching .

- a) Reduction

9

The reduction process is usually required in the extraction of metals from oxide and chloride ores.
In the reduction of oxide ores, coke (a form of carbon) is popularly used as reducing agent. However, it
offers difficulties in the case of oxides of aluminium, manganese and magnesium. But it is highly uscful
in the case of oxides of iron and zinc . Therefore other reducing agents such as hydrogen gas carbon
monoxide, waler gas, aluminium, calcium’and even clectricity are used in the metallurgical processes.
Some exaples to illustrate the use of each of these reducing agenis are given below. -

Carbon

950°
Zn0+C = Zn +_Co_

1300 .
S$nO, + 2C - Sn + 2CO

Carbon monoxide

7000
Fe, O, + 3CO — 2F¢ + 3CO,
Walter gas
300 _
2NiO+(CO+H,) — 2Ni+ CO, +H, O
waler gas




Hydrogen
MoO,+3H, Mo +3 HO
WO, +3H, —» W_+3I-[2b
WCL,+3H, W+ 6HCl
Aluminium emtal
~The metal combines with oxygen in a highly elxothcnnic process. This fact is used to reduce the
oxides of chromium and manganese to their metals. An initial temperature of 600°C is generally required
for the purpose. The process is generally know as Alumino-thermite process. . - ' '
Cro, +2A1 — ALO, +2Cr
3Mn, O, + BAl — 4ALO, + 9Mn
' Magnesium, Caki;ﬁ metal
Rubidium oxide is reduced with magnesium to get the metal.
Rb,0, +3 Mg o 3MgO + 2Rb
The halides of titanium and uranium are reduced with magnesium and caleinm respectively.

700°
TiCl, + 2Mg — 2 MgCL + Ti

UCL, + 2Ca — U+ 2CaCL
b)  Roasting

In the process of roasting, the ore in the non-molten state is heated alone or along with other
substances to high temperatures in presence of air. The process of roasting involves oxidation of the metal.
However the metal may be converted to its oxide, sulphate orchloride depending on the nature of the ore
and the composition of the charge. Based on this fact, the roasting process is classified as oxidizing
roasting, sulphatising roasting and chloridsing roasung. These are illustrated by the following chemical
reactions. B ) o

Oxidising roasting

2 ZaS + 30, — 2_Zno+2SO2
2 Nis + 302—+2‘ Nio + 280,

Sulphatising roasting “
ZnS+  20,— ZnSO,
2ZaS + 30, — 2700 + 250,
ZnO + H,S0,— ZnSO, + HO
Chloridising roasting

 AgS+2NaCl+20,~ Na, SO, +2 AgCl S |
_g . 2 2 4 / . 2723
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c) Calcinatior_l

In this process, the ore in the non-molten state is heated to high temperatures to expel the volatile -
subsiances in the ore. This process is widely used in the case of carbonate ores,

ZnCO, — Zn0 +CO,
CaCO, — Ca0 + CO,

d) Smelting

In this process, the metal, or its sulphide is separated in the liquid form from its ore. This is a
pyrochemical process, ie. a process where a chemical reaction is effected at high temperatures. The
conversion of haematite into iron in the liquid state and production of a mixture of coppersulphide and iron
sulphide (matte) from copper iron pyrites are good exmaples for processes involving smelting.

€) Leaching

In this process, the ore is treated with acid, alkali or even with water a number of times under
suitable conditions to convert them into the metallic compounds of higher purity than the ores. Few
examples are given below. ' :

Acid leaching

2Cu,S+ 50,— 2 CuO + 2 CusSO,

2 CuO +H,80, —2 CuSO,

uUoQ, + HS0, — UO,S0,+H,0
Alkali leaching

AL O, + 2NaOH — 2NaAlQ, + H,0

UO, + 3Na,CO, » HO “+ Na, U0, (CO,), +2NaOH
Cyanide leaching
2 Ag, S+ 8 NaCN + O, —+ 4 Na [Ag(CN), ] + 2Na, SO,

17. 8 PURIFICATION OF EXTRACTED METALS

The metals extracted from ores by the methods mentioned earlier are not generally of very high
purity, Hence, it is essential that these extracted metls are further purified. The general methods of
purification are. :

a) Liquation' b) Distillation c¢) Poling d) Cupellation
e) clectrolysis and f)  Zone refining

a) Liguation

The method is useful in th epurification of low melting metals. In this purification process, the

- impure metal is heated slowly on the roof of the inclined hearth, The metal melts and flows down. The

unmolten impurities remain on the hearth. Tin is purified in this way.

b)  Distillation

The process is gehemlly used to purify volatile metals. The impure metal is taken in the retort and

_heated. The metal volatalizes and escapes out as the vapour leaving behind the impurities. The vapours
- of the metal are condensed to get the pure metal. Zinc, cadmium and mercury are purified by this method.




c) Pdling

This method is generally applicable metals containing oxides of the same metal as impurifics. The
moiten metal is stirred with green logs of wood in presence of carbon powder. The gases evolved in the
pracess would help to reduce the oxide impurities back to metals. '

. d) Cupellation

Cupelis a crucible made from bone-ash, The impure metal is placed in the cupel and melted. Hot
air is blown over the cupel. In this process, the metallic impurity geis preferentially oxidised. A part of
the metal oxide thas formed is carried away by the air and the remaining part is absorbed by the material
of the cupel. Impure silver containing lead is purified by this methed, lead is converted as lead monoxide
and is removed. : '

e) Electrolysis

Impure metals such as copper, silver, gold arc purificd by this method. In this process the impure
metal is takne generally as the anode pure form of the metal is taken generally as the cathode. A solution
of the metal salt is taken together with other clectrolytes as the elecirolytic bath. For example, in the
purification of silver, silver nitratc and potassiumcyanide are taken as the electrolytes in the bath. The
metal from the anode in the pure form is depesited on the cathode, while the impurities in the anode collect
at the bottom of the electrolytic cell. This coliection is called anode mud.

f Zonerefining

This method is specially applicable to obtain metals of highest purity. For exmaple germanium of

high purity used in transisitors is prepared by this method. The impure metal is made into a fong rod and

- placed in asilica boat (Fig. 17.9). The whole sct up is unclosed in quartz tube. Aninduction coil surrounds

the tube. The coil is first placed at one end of the boat and its position changed gradually. When the current

flows through the coil, heat is genrated. The heat thus gencerated melts the part of the impure metal in the

boat under the coil. The position of the coil is now changed. In the new position, the part under the coil
“is mekted, but in the mean time, the earlier molicn mewal solidifies.

r

Fig. 17.11 Zone melting
1) Quartztube 2) Metal rod 3) Induction coil 4) silica boat

By this process the pure solid metal is formed at one end and the impurities are collected at the other end.

17.9 SUMMARY

Ores and minerals may not be same. Minerals from which metals can be extracted profitably are
ores. Some of the metals occur in the native state. Extraction of a metal from its oreconsists of the following
steps- a) ore dressing b) ore concentration ¢) roasting or caicination d) smelting and e) metal refining.

“Inthis unil all the.above arc prescnicd in detail. ' . ' :
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17.10MODEL EXAMINATION QUESTIONS

T

No ok W

[ aadl
o

2
3.
4

Answer the following in 10 lines each.

Expiain in detail the gravity coﬁcehualioﬁ ﬁnclhod and ﬂoatatién method used in ore dressiﬁg. :
Describe the magnetic and-clctro-static methods of ore dressing. I |
Describe briefly the reverboratory and .muk‘flc furnaces.

Discuss br_iéﬂy the @'uction methods used in the extraction of metals.

Expl.ain the Ler:ﬁs roasting; calcination and sm.elting. '

Describe liquation and distillation methods of purification of metals,

Driscuss the principles underlying the metal parificatoin methods, cupellation, clectrolysis and
poling.

. - ‘Answer t'he'following in 30 lines each.

Disct.s the gereral principles underlying the methods of isolation f metals from ores. :
Describe the different methods purified?

How are impure metals purified?

Describe the different types of furnaces employed inthe metallurgical processess.

17.11 MODEL ANSWERSTO CHECK YOUR PROGRESS

L

Any compound of a metal present in nature from which the metal can be extracted profitably is

- called an ore,

" Substance that is added in the smeliing step of extrqaction of a metal from the concensrated ore

0 remove gaunge is called flox.

flux + ganuge — slag

Author: Dr. V. Seshagiri
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18.1 AIMS AND OBJECTIVES

The main aim of this unit is to discuss about the metalirgy of silver, gold, chromium, nickel,
uranigm, :

Oncc you compielely study and understand the contents of this unit you must be able to:

give the composition of the ores of Ag, Au, Cr, Niand U

describe the steps involved in the extraction of the above, metals from ores

explain thc mcthods of refining of the above metals

differentiate flux, gaunge and slag

give the uses of these metals

describe in brief the important processcs of isolation of metals

mention briefly the important alloys of these metals

discuss the important uses of the metals. 227
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18.2 ISOLATION OF SILVER

18.2.1 Introduction

Silver is known to man even in olden days (3000 B.C). The metal was nsed in the pxéparation of
coins by Indians and egyptjans. India used the metal in the preparation of medicines.

1822  Occurrence

Silver occurs natjwe as well as in the combined form. It occurs in the native state tdget_her with goid,
copper, mercury and platinum. In the combined state it oceures mostly in the sulphide form. The important
ores of silver are. '

Argentite or Silver glance, Ag,S

1,

2. Horn Silver or Cerargyrite AgCl'

3. Pyrargyrite 3Ag, S Sh, §,or (Ag,SbS,)
4. Proustiie ' 3Ag,S,As, S,

Galena (PbS) is generally associated with silver ores. Therefore lead obtained from galgna usually
contains silver. This lead is therefore called argentiferrous lead. Mostof the silver in the world is isofated
in Mexico, United Staes and Canada. .

18.2.3 Isplation processes

Silver is isolated fropm its ores by three important processes. These are:

1) Amalgamatign process
i)  Cyanide Process
iti}  Desilverization of lead process-

These methods are briefly described here.

Amalgamation process

This is an old method and itis not in wide use these days. The sulphide ore is crushed into powder
an dmixed with water to prepare pulp. Then salt, roasted sulphide ore and mercury are added. The whole
mass is then crushed with the help of animals such as horses for about four weeks. The sulphide ore
generally contains copper sulphate too. Thus the mixture contains copper ions, chloride ions and silver
sulphide. These ions and mercury help to separate Ag from the ore. The reactions involved can be

represented as "
AgsS+Cu" +2 Cr — 2 AgCl + CuS

2 AgCl + Hg - 2 Ag+Hg, Clhy

Ag+Hg — Ag (Hg)

The silver thus formed reacts with mercury and forms the amalgam. Mercury can be separated from
the amalgam by distillation. But silver contains traces of gold and platinum. The nietal is therefore further

purified by electrolytic process.

Cyanide process

Siiver is isolated from sulphidc ore as well as chloride ore by this method. The method is based
on twb important reactions of silver. These arc 1) the solubility of silver salts in alkali cyanides to form

" cyano complex of silver.




NaAg (CN); + NaX
Complex

AgX + 2 NaCN o

2) Silver is displaced in the metatlic state from the complex on reaction with metals such as zinc and
algminium in presence of an alkali.

Zn + 2 Na Ag (CN), + 4 Na OH _
.~ 5 NapZnO2+4NaCN +2Hy 0 +2 Ag

The sulphide ore (AgS) or the chloride ore (AgCl) is pulverized and mixed with dilute solution of
sodium cyanide (0.5%). The solution is agitated vigorously and air is blown intckit. In this process, sodium
argento cyanide, a complex salt of silver is forimed.. :

AgsS +4NaCN —2Na[Ag (CNy+Nap §
AgCl+2NaCN > Na[Ag{CNo ]+ NaCl

The air bubbled into the solution helps 1o push forward the reactions to completion.

The argentocyanide solution is then scparated from the impurities and finely divided zinc or
aluminium is added w it. To facilitae, preicpitation of melallic silver, alkali is added 1o the solution.

Zn + 2 Na [Ag (CN), + 4 NaOH—>Nay ZnO + 4 NaCN + 2Hp 0 +2 Ag
Al+3Na[ Ag(CN)y+3NaOH —3 Ag +6 NaCN + Al [OH] 4

The silver formed is scparated and cxcess of zinc is removed by weatment with H,50,. Ag is
purificd by fusion with Borax.

Desilverization of Lead process

Silveris gencrally associated as an impurily withiicad ore, gaicna (PbS). Thus the lead isolated from
such galena is also associated with silver as impurity. Such lead is called argentiferrous lead. The
associaled silver of such lead is isolated by cupcllation. However for this process to be effective, the
percentage of silver in lcad should be greater than one percent.-Hence the first step in the process of
isolation is to raise the percentage of silver inargentiferrous 1cad. Thisis achieved by two processes namely
Parkes process and Patlinson's process. These processes are described briefly,

Parkes process

The process invovles the meling of argentiferrous lead at about 4200 C and addition of zinc, At
the temperature of the experiment, zinc also melts and molten silver dissolves in zine to form solid solution.
This alloy of zinc-silver dissolves in zinc 10 form solid solution. This alloy of zinc-silver floats on the
surface of the molten lcad. When the molien mass is cooled, zinc-silver alloy solidifies first, This solid is
scparated and distilled in a relort in presence of carben. In the process, zine goes oul as vapour leaving
behind mostly silver together with some lead. Thus the percemage of siiver in lead is increased. This
argetiferrous tead is cuppelled to get pure silver. '

The process is made possible hecause of the loHowing facts.

aj Silver dissolves Lo a greater extent in molien zing than in molten lcad.
1)} The melting point of zinc-stlver alloy 1s higher than that of pure lead.
c) The density of zinc-silver alloy i less than that of lead.

Pattinson process

This process is based on the principle of fractional crysiallisation of lead from molten argentifer-
rous lead. Argentiferrous lead is taken in iron vessels and melted and gradually cooled. During cooling
icad scparates oul first, lcaving the mother liquor rich in sitver. Lead is separated froim the mother and the
lzter is subjected to further cooling. By, this cycle of operations, mother liquor richer in silver will be
obtained. This is separated, coeled and subjected 6 cupcllation.
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Purification of silver

Silver is purified electrolyucally. Impure silver is made anode, silver nitrate solution is made the
eletrolyte and iron is taken as cathode. During eletrolysis, silver separatcs as pure metal at the cathode,

18.2.4 Uses of silver

1) Sivler is mainly uscd as coinage metal and in the preparation of ornaments.
2) Silver salts are used in pholography and medicine

18.3 ISOLATION OF GOLD

18.3.1 Introduction

One of the first metals which attracted man's atiention even in Metal ages is gold. We arc all familiar
with alchemical efforts to convert base metals into gold. Gold is produced to large extent in South Africa,
Canada, United States of America, Russia_Of.course Karnataka in India is known for gold production.

18.3.2 Qccurrence

Gold occurs as Vein gold in Auriferrous quatz. Gold also occurs native (i.e. in the elemental state)
as small particles in alluvial gravel and sand. Many a Lime gold oceurs together with platinum, palladium,
mercury, capper, lead and even iron. In small amounts gold is present in iron pyrites. Inthe combined state
it occurs rarely as telluride. For example sylvanite (Ag Au), Tc) is an exmaple for such compound.

18.3.3 Isolation of gold

Gold is isolated from allurial sands and auriferrous quarlz by separating the associated impurities.
Basically two methods are employed for the purpose of this separation. These are ‘washing methods’ and
'dissolution methods’.

A, Washing methods

These methods can be broadly staled as (a) Panning, (b) sluicing (c) Hydraulic mining and (d)
dredging. These will be described in bricfl in the following lines.
a) Panning

This process involves taking of the alluvial sand in trays and washing with watcr. This method is

a very old one and is usually applicable when the sands contain considerable amounts of gold.

The alluvial sand is taken in large circular trays (about 30 cm in diameter) and mixed with walter.
Later the tray is rolated rapidly with hands. The lighter impurities (sand, clay etc) gei mixed with water
and are thrown out of the tray during this rotation along side the rim of the tray. The heavier gold particles
settle at the bottom of the tray. By repeating the process of this rotation of the tray, aimost all the i 1mpur1u&s
are removed and pure gold settles down.

b) Shiicing

This process involves the washing of alluvial sands with water in long wooden sluices (A sluice
is similar to a small drain pipe). The sluice  containg some wooden riffles, When the alluvial sand is taken

- atone end and water is forced with pressure, the lighter sand and clay go along with water fcaving heavier

gold particles at the riffles. Thus after several rcpclitlonq gold scutfes behind the riffles and the imuritics
get washed out with water,




c) Hydraulic mining

This process is similar in principle to the one described eaclier. (b) However the washing is done
in this process directly in the mines Water is forced under pressure inio the mines containing the alluvial
sands and auriferous quartz. The unpunuu are washed out as done in the earlier process. Gold gets

: oollecl.ed at the bottom.

3 S

_ Fig. 18.1 slucing _
1. Water inlet 2, Alluvial sand inlet 3.Gold panticles 4. Sluice 5. Riffle

d) Dredging

This process is useful to isolate gold present in sands under river beds. A boat with a provision
0 bail out sands present at the river boitoms is called a dredge. This contains a wheel to which buckets
are attached. As the wheel moves, these buckets one by one bail out the sands from the river beds. These
sands together with water is allowed to flow over screcns. The bigger particles stay back on the screen and
the smaller particles pass through the screen. The material passed through the screen is collected and
placed on Wiffle table and washed with water, The gold particles collect near the riffles and the i 1mpunues
pass over the table.

Check your progress - 1

What is the common concentration method of heavy meial oxide ores?

B)  Dissolution methods
There are basically three important processess. These are a) amalgamation b) cyanidation and ¢)
chlorination,

All the three methods are based on the solubility of gold to form different chemical compounds.
For example in process a) gold dissovles in mercury to form the amalgam, in process b).goldform sodium
argentocyanide and in process ¢) gold forms gold chioride.

These compounds ar elater subjected 1o different chemical reaction to obtain gold in fairly pure
form,
a) Amalgamation Process

Argentificrrous quartz is to be mined and broken down into picces. These are then pulverized in
a special mill in presence of watcr. This process results in the formaijon of pulp. This pulp is then passed
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through screens to scparate the impurities from the pulp. The pulp then passes over amalgamated copper
rods fixed in wooden trays. The gold particles present in the pulp react withamalgamated copper and form
amalgamated gold. The impurites are collected at the bottom of the trays, where as amalgamated gold
adheres to the rods.. This amalgam is later scrapped and subjected to distilfation in retorts. Mercury is '
voltalized and gets collected in erathen pots, while gold remains back in the retort. Gold oblained by this
method is 60-70% pure. .

b} Cyanidation

The pulverized orc is taken in tanks provided at the bottom with sieves. 0.05 to 0.1% sodium
cyandic solution in 0.01100.5% sodiumhydroxide is added to the powdered ore taken in the tanks. The
ore is completely covered with the alkaline cyanide Solution and air is blown into the solution. In this
process, gold present in the ore dissofves in cyanide solution and forms sodium aure cyanide complex
solution.

4 Au+8NaCN +2H;0 + 0;— 4 NaOH+ . .4 Na [Au(CN),1 .  This complex gold solu-
tion is drained through the sicves available at the bottom of the tanks and passed thiough boxes containing
zinc metal powder. The complex reacts chemically with zinc  and gold is precipitatcd.

4 Na [Au(CN) } + 2Zn =4 Nag [Zn(CN)y ] +4 Au

The excess zinc metal is destroyed by adding sulphuric aicd. Precipitated gold is separated and made into
rods. :

In Kolar gold fields, gold isisolated by the process involving amalgamation as well ag cyanidation.
<) Chiorination

This process is used to isolate gold from sulphide and arsenide ores. The ore is pulverized and
roasted to give the oxide. '

The roasted ore is placed in rotating cylindrical vessels and chlorine is passed into it. The ore iskept
in contact with chlorine for about 36 haurs, Gold reacts with chlorine 10 form AuCl,.
ZAu+3Ch -» 2 AuCl,

Gold chloride solution thus formed is taken in tanks and ferrous sulphate solution is added Lo precipitate
gold. _
AuCL+3FeSO, -  Fe (80),+Au L+ FeCl,

The precipitated gold is separated and made ialo sods.
18.3.4 Purification of gold

Gold obtained it any one of the methods mentianced above ts gencrally 70% - 80-% purce only. Hencc there
is'a need to further purify the metal. Electrolytic as well as chemical methods are used for the purpose.

1. Electrolytic meihod

1i- pure gold is made anode and pure gold is taken as cathode. Gold cyanide solution is laken as the
electrolyi:. Aflter electrolysis, pure gold separales from impure anode and gets deposited on the cathode.

2. Chemical methods

a) Fusion process: Impure gold is fused with a mixture of borax and potassium nitraie inacrucible.

~ The base metal such ascepper, bismulh, lead preseni in goid are converted into theiroxides leaving behind

pure gold.

b} Parting process: Inthisprocess impure gold istreated with sulphuric acid, nitric acid and chlorine
pas. During this treatment, metals such as silver are converled into their compounds leaving behind
metatiic gobs




18.3.5 Uses of gold

i Gold is used as a capital metal in banks. .
. Gold is used as covering metal on basc metais in ornaments.
3. Colloidal suspensions of gold (purple of cassinms) is uscd as coloring material for glass and
CEramics.
4. - (Gold is used in medicines.

184 ISOLATION OF CHROMIUM

18.4.1 Introduction

Chromium occurs in nature in the form of its compounds. The metal forms coloured salts and hence
the name "Chromium” was given 1o the meial, "Chroma” in Greek means "colour”. A french scientist
Vayquelin discovered the metal in 1797. In 1857 Devilli prepared the metal in a state of approximate
purity. Moissan in 1894 obtaincd chemically purc chromium.
18.4.2 Qccurence

chromium widcly occurs as its oxide. Important ores are

a) Chromitc or chrom iron storne - (FeCr, O,, FeO, Cr, 0,)

b Chromochre - Cr, O, .
) Chromilc - . Fe,0,2Cr0,
d)  Crocoistc - PbCrO,

Turkey, Rhodisia, South Alfrica, Cuba, India and Russia are rich in chromium ores. In India Andhra
Pradesh, Bihar, Karnataka, Maharashtra, Tamilnadw and Orissa are rich in chromium ores.

18.4.3 Isolation
Chroemium is mainly extracted from chromite ore (FeQ, Cr,Q,).
The or~ is concentrated by gravitational methods using Wilfley table. The concentrated ore is mixed with -

sodium carbonate, quick lime and roasted in_a reverboratory furnace. Sodium chromate will be formed
in the process.

4 FoO, Cr,0,+ 8 Na,CO, + 70, —> Fe,0,+Cr,0, + 8 Na,CrO,+ 8CO,

Sodium chromate thus formed is dissolved in water and treated with sulphuric acid when sodium
dichromaie is lormed.

2Na,CrO, + H80, — Na,(r,0,+Na, SO, + H,0
Sodium sulphate is separated by fractional crystallisation. Sodium dichromale solution is fawer
cvaporated 10 give solid dichromate. The solid dichromate is mixed with saw dust or coke and heated o

high tcmperatures. Sodium dichromate is converted into chromium triexide in the process.

Na,Cr,0, +2C —> Cr,0,+Na, 0+ CO F

Chromium trioxide thas formed is reduced to the meltaliic state by finely divided carbon or by aluminium
metal (Gold Schmidt's Alumino Thermite process).
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. ’ v o
a Reduction wiht carbon: Chromivmirioxide is heaicd in presence of figely  divided carbon
at1400°C in refractory furnace.

Cr,0,+ 3C - 2Cr + 3C0.

b) Reduction with aluminium: A crucible made from [ire clay is used in the process. It is filled with
fluorspar which acts thermal insulator. A cavity is made at the centre in this fluorspar and chromium
irioxide, and aluminium powder arc added. A mixuure of barium peroxide (or potassium chlorate) and
magensium wire placed on the mixiore serves as the ignitor. The crucible is heated and magnesium wire
is lighted. The heat generated in Lhe process makes aluminium react with chromium oxide. The chemical
reaction being exothermic lot of heat is generdied. The temperature risc to 2500°C 1o 3000°C.

1. Magnesium wire
2. Barium Peroxide
3. Chromiom trixide
4, Fluorspar

5. Fireclay crucible

Fig. 18.2 Goid Schmidts process
Cr,0,+2 Al - ALO,+ 2Cr + 130 K. Cals.

At this high temperatures, chromium melis and alumina (A1,0,) floats on it. On cooling the metal
solidifies.

18.4.4 Purification of Chromiam

The chromium solution (Chromic acid) together with sulphate solution is taken as the clectrolyle,
and pure lead is used as anode and copper is used as cathode. On clectrolysis at 85°C, purc chromium is
deposited on the cathode.

18.4.5 Uses of Chromium

Chiromium is used as an alloying elernent in steels.

Its capacity-10 resist high temperatures is used in the construcLion of hearths in furnaces.
Chromiam salts are used as coloring matcrials in paints,

Chromium salts are used cxtensivelky in tanning industry,

in ghass and porcelain industry chromium salts arc uscd as coloring matcrials.

o b e

18.5 ISOLATION OF NICKEL

18.5.1 Introduction

Kronsicd in Germany isolated nickel for lihe first ime 10 1751 and naimed itas nickel. However,
Bergmann in 1774 studicd the propertics ol the mctal in detail. Australia and Canadu are importniamongst
countries which produce nickel, Finland, Russia and Greeee have large deposits of nickel ores. In Tndia,
Rajasthan has large deposits of copper conlaining mickel.




18.5.2 Occurrence

Nickel occurs in combined form together with sulphur, arsenic, antimony, cobalt, copper and iron.
The important ores are:

1710

a) Nickel glance _ NiAsS
b) Millerite (Nickel Blende)} - - Ni§
c) Kiip fer Nickel or Nickelite - Ni As
d) Pentlandite - (NiFc}. S

Nickel also occurs in native state in.small quantilics in mcicorites.
18.5.3 Isolation

The metal is generatty extracted from sulpbide ore, pentiandite or any other sulphide ore. The ore
is powdered and concentrated by floatation process. The concentrated ore is pul’into heaps and burnt
continuously for some wecks. In this roasting process iron in the ore is converted into iron oxide, while
nickel and copper remain as sulphides,

We$,+50, - 2Fe0+480,

The roasted ore is then mixed with coke and fluxcs (Lime slonc quarlz) and subjected 1o smelting process
in the blast furnace. FeO Fformed in the roasting process combines with silica (S10,) and forms ferrous
siticate. Limestone decomposed into calcium oxide (CaO) and the later combines with excess silica (SIO )
to form calcium silicate. These ferrous and caleium silicates form the slag.

FeO+ Si0, — Fe §i0,
CaD + 510, — Ca SiQ,

The product remaining behind on removal of these impurities (Fe Si0,, Ca $i0,} is called "Maue”. This
matie contains copper salphide and nicke! sulphide 10 large extent and iron sulphide 10 fess extent.

The matte is fused and taken in alkali lined Besemer Converior Logether with sifica (flux). Air
is blown into the mixture. In this process sulphur is converted into SO,. All the ferrous sulphide is
converted ino ferrous oxide (FeO). This FeQ combings with silica 1o form iron silicate. This is finally
removed as the impurity. The residuc ol the maltc contains mostly coppcr sulphldc and nickel sulphide
with nickel ranging from 55-60% and copper 25 - 30%.,

Recovery of nickel fram matte
Nickel is obtained from maite by two processes:

a Orford's Process
b) Mond's Process

a) Orford’'s Process:  This is based on the {oliowing facls.

1 Copper sulphide dissolves in molen sodium sulphide while nickel sulphide does not

. dissolve,

) The density of nickel sulphide is greater than the density of copper sulphide dissolved in
sodium sulphide.

3) The nickel sulphide is oxidised in presence of oxygen 1o give nicke oxide

F:y] Nickel oxide when mixed with carbon and hcated wo high temperatures in graphiic crucible,
gives nickel.
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ZNiS+30, - 2Ni0+2850,
2Ni0 +2C — 2Ni+2CO

T Moags o Nigh ol omast) fioolated fooms the matie by this process.

n Nickel combines with carbon monoxide at 80°C to give Ni (CO) .. Copper and iron do not
form carbonyls under similar conditions.

2) Nickel carbonyl decomposes at 180°C o form nickel. The matte is roasied in special
furnaces. Copper sul;phide and nickel sulphide are converted into their oxides in this process.

CuS+20, —  2Cu0+SO,
2NiS+30, - 2NiO+250,

The oxide mixture is dissolved in hot dilute sulphuric acid. Copper oxide dissolves in the acid to give
copper sulphate, while nickel oxide remains intact. '

Cu0+H,S0,~»  CuSO+ H,0

Nickel oxide is filtered and intoroduced into high tower (reducing tower) from the top. The top portion
of the tower is maintained at 300°C and the bottom portion is cooled. Water gas (CO+H,) is sent into the
tower from the bottom. This gas reduces nickel oxide 1o nickel at the top portion of the tower.

2NiO+(CO+H) — 2Ni+HO+CO,

The nickel thus formed will be in the finely divided state. This finely divided nickel is sent into a second
wwer (Volatalizer tower) taintained at about 80°C. Carbon monoxide is sent into the tower from Lhe
bottom. Nickel combines with carbon monoxide to give nickel carbonyl.

Ni+4CO - Ni(CO),

Nickel carbonyl is thert sent into the third tower (decomposing tower) Maintained at 180°C. The
toweris packed with grannulated nickel,. Nickel carbonyl undergoes decomposition on contact with these
grannules and metallic nickel is deposited on the grannules. The nickel obtained in this process is nearly
99.9% pure, '

Ni
Ni (CO),t emvnmssrn.—) Ni+ 479

18.5.4 Purification of Nickel

Nickel is purificd clectrolytically. Impure nickel is taken as anode and pure nickel as cathode.
Nikclel ammonium sulphate is used as the electrolyle, Electrolysis is carried outat 30°C when pure nickel
is deposited on the cathode. A

Check your Progress - 2
What happens if carbon monoxide is passed over nickel powder kept at 80°C?




18.5.5 Alloys of ‘Nickel

Nickel forms many alloys such as german silver, nichrome, platinite, monel metal and cupro
nickel.

German Silver Contains 50.50% Copper, 10-30% Nickel and 20-30% Zinc. This is used to make
utensils,

Nichrome Contains 0% Nickel, 25% Iron, 15% chromium. This is used in the manufacture of
resistance wires.

Platinite contains 60% Iron, 40% Nlckcl This has the same cocfficient of expansion as glass. 1t
is therefore used in the manufacture of [ ilaments in clcetric bulbs.

Monel metal contains 70% Nickel-,—30% Copper. This resists the action by alkalis. It is therefore
used in the manufacture of vesscls for chemical reactions.

Cupro Nickel contains 75% copper and 25% nickel. This is used in the preparation-of coins.
18.5.6 Uses of Nickel

1. Nickel is used 10 coat metals such as Iron to prevent rusting as well as o give it the base
mcial bright apperance.

2. Finely divided nickel is used as a catalyst in the reduction process. This is specially used
in the hydrogenation of oils. :

3. Nickel is used in the manfactuer of atioys.

18.6 ISOLATION OF URANIUM

18.6.1 Introduction

Uranium was discovered by Klaprouh in 1789 in the mineral pitch blende. The metal is named after
the planct Uranus discovered in 1781, Uraniumis now a very important metal since atomic energy is being
widely used these days, Monozite sands.occuring in Travancore contains Uranium. Bihar and Rajasthan
also have mincrals containing Uraniam to loss extent.

18.6.2 Occurrence
The Important ¢res of Uranium are

1) Pitche Blende: U, 0. This conains thoria (ThQ,), lead, iron and rare earths as other
constiteents. This is obtained in Canada, Belgium and South Africa.

2)  Carotite, K,0,200,, V,0, nH,0
This is obtained in Canada,

3) Autanite, Ca0,2 U0, PO, nH.O
18.6.3 Isolation

The isolation process involves mainly

a) The concentration of the ore and separation of U,0, in the pure form and (b) reduction of
U,0, to the metallic state. The concentrated ore is subject to (i) chemical precipitation or (ii) ion-exchange
process or (i) solvent extraction 1o obtain pure U0, 237




238

The method adopted toconcentrale the ore depends on the compositionof the ore. Thecomposition
of the ore varies from place Lo place.

The ore is first crushed into powder and magnetic separation methods. Sulphide impuritics are
removed by floatation process.

The ore is roasted 1o decomposc the carbonates and sulphides and expel CO, and SO, formed in
the process. The volatile substances such as arsenic and antimony arc also removed in the process. The
roasied orc is then subjected 10 acid leacning or alkali leaching. :

Acid Leaching

The roasted ore is taken in store vessels and is Jeached with sulphuric acid or nitric acid or
hydrochloric cid. Generally an oxidising agenl such as mangancse dioxide is added to convert lower
oxides into UOQ,. The oxide dissolves in acid to give uranyl sulphate.

Uo, + H,50, - U0,80,+H,0
The PH of the solution is generally kept at 2.8 and BaCl, is added 1o remove Radium as RaSQ, along wih
BaSO,. The contents are filtered to scparaic soluble urany! sulphale together with copper and iron
sulphates. To this filtrate sodium carbonaic is added, when copper, iron and manganese are precipitated
as hydroxides. But uranium forms a carbongio complex. On filtration soluble carbonate complex of
Uranium is separated. This is then treated with sodium hydroxide sotution to precipitate sodium diuranate.
2Na, (UO, (CO,),} + 6 NaOH — Na, U,0, + 6Na, CO, +3H,0
Alkali Leaching

In this process sodium carbonate is added when U0, reacts with it 1o form complex Uranyl
Carbonatc.

U0, +3 Na,CO, + H,O S Na, {UOL(COy 1 + 2 NaOH
The Complex carbonate reacts with NaOH to torm sodium diuranate.
Preparation 6f U,0, from Sodium Divranate
Sodium diurante precipitate is dissolved in HCl to form Uranyl Chloride. H,S is bubbled into the
solution to precipitaie copper and arsenic. These precipitates are removed and excess H,S is expelled.

Later ammionium hydroxide is added and ammonium diuranate is precipitated. This divranateis separated
and heated to 700°C to give U,0,.

Ion exchange process

Uranyl sulphate sofution obtained in cid leaching process, is passcd through anion cxchange resin.
The complex Uranium ions arc retained on the resin. The impurities do not form complexcs and as such
are not retained. Compelx Uranyl sutphae ions arc laler cluted from the resin. Ammonium nitrale is
gencrally used as elutant. U,0O, is finally precipitated from the complex uranyl sulphate.

Solvent extraction process

When the aqueous solution conlaining uranium salis is cxtracted with cther or methyl ketone, the
uranjum salts arc extracted into the organic layer. Theorganic liquid isagainircaled with aqucous solution
10 extract uranium salts back into water, Urany! nitratc is thus obtaincd into the agucous solution which
is later evaporated to gct the cryslals. The are heated to get U, O, :




Isolation of Uranium metal from U,0,.
U,0, is heated in preschcc of cabon in an arc fumace to 'gct the metal.
U,0,+4C —» 30+4C0,
Uranium required for nuclear reactors, is obtained by reducing UQ, by hydrogen.
UO,+H, — UQ,+ HO |
UO, reacts with HF at 400°C to give UF,
UO,+4HF —  UF,+2H,0
UF, is then reduced with calcium and uranium metal is obtained.
UF,+2Ca — U+2CaF,+ 134 K Cals, |
18.6.4 Uses of Uranium .

1. Urantum is used in the prodaction of nuclear cnorgy.
2. Sodinm uranate is used as a coloring substance in glass land ceramic industry.
3. It is also used as calalyst in the manufaciure of ammeonia by Baber's process,

18.7 SUMMARY

The composition of differenet ores of Ag, Au, Cr, Ni and U is given in this Unit diffrent methods
of extraction of the above metals are described. The methods of refining of the above metals and their uses
are mentioned.

18.8 MODEL EXAMINATHON QUESTIONS

L Answer each of the following in 10 lines.
1. Discuss the principle underlying the process of desilverization of lead.
2. How is gold isolated in the amalgamation process?
3. Describe Gold Schmidt's Alumino Thermic Process.
4, Describe the steps involved in the prepasation of matte in the isolation of Inickel from the

sulphide ores,
Discuss the principle of Orford's process.
6. How is uranium ore converted inio UO,?

N

II.  Answer each of the following in 30 lines

Describe the metalturgy of sitver or gold in delail.

2, Mention the important ores of chromium and describe how chromium is obtained from any
of these ores.

How is nickel isotated from iis ore by Mond's process?

Describe how urarium is isolated from ity ore pitch blend.
Compare and conirast the metatfuyrgical process of silver and gold.

[y

¥

Al

18.9 MODEL ANSWERS TO CHECK YOUR PROGRESS

1.  Heavy metal oxide ores are usually concentrated by gravity process,

2. Nickel combines with carbon menoxide and forms a complex Ni(CO),.

Author: Dr. V. Seshagiri'
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SECTION - A
Answer the following in 30 lines
1. Define Hess's law. Prove that this faw is in agreement with the first law of thermedynamics,
2. How is the specific conductivity of an electrolyte varies with dilution?
3 Describe aboat the difterent methods of determination of order of a reaction?
SECTION - B
Answer the following in 10 lines
L. What is Kohlrasch law? Give its main application.

2. Describe about the protective action of Colloids,

3. Give an account of Arrhenius theory of electrolytic dissociation.




"N.B:-

" Dr. BR. AMBEDKAR OPEN UNIVERSITY
Faculty of Science
(Under Graduation Programme)

~ IHYEAR
CHEMISTRY COURSE - III
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Do not copy the answer directly from any of the books

As far as possible try to answer the questions independently in your own words.

If it is necessary to guote from any source give the correct referencc

. Use your own fullscape pagcs for writing the assignment.

Leave sufficient margins for the comments of dthe evaluator. :

. Completion of this assignment normally should not take more than two hours time.

ORI

SECTION -

Answer the following in 30 lines
Describe in defail about Werner's coordination theory.

Explain the variable oxidation states and magnetic properues of transition metals on the basis of
electronic conliguration.

Discuss the composition of two'ir_nponam ores of Nickel, Describe the method of extraction of

Nickel from one of the ores.

SECTION-B

Answer the following in 10 lines
What arc Chelates? Give an example,
What arc fluxes and slags? Give cxamples.

What arc ligands? Give (heir classification,
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SECTION - A
Answer any three of the following in 30 lines 3x15=45

10,
1.
12.
13,
14.
15,

16,

Explain the terms 'Rate Constant', order and molecularity of a reaction. Derive an expression for
the rate constant of a first order reaction.-

Describe the structural isomerism in co-ordination compounds.

Give the composition of two important ores of Silver. Describe the method of extraction of Silver
from one of the ores.

Discuss Debye-Huckel theory of strong electrolytes,
Discuss the merits and demerits of Bayer's strain theory.

Discuss the cyclic structure of D-glucose.

SECTION -

Answer any five of the following in 10 lines 5x6=30 -

- Give the different forms in which the first law of thermodynamics can be expressed.

Discuss the magneﬁc properties of ransition metals,

Expiain the effective atomic number concept proposed by Sidgwick.
Explain the valence bond theory of metallic bond.

Explain the wrms Roasting, Calcination and Smelting,

Write the phenomenon of Keto-Enol tautomerism with a suitable exmaple.
What are amino acids? Dcscﬁbe any three methods of thc]r synthesxs
Write 2 note on gold number.

Write the resonance structures of Furan,

What are ligands? Give their classification.






