— ELECTROCHEMISTRY

9.1 INTRODUCTION

Electrochemj :
Stry 1S
study of all physijeq] nd chzn?-ran(:h of Physical chemistry which deals with the
energy an.d the Processes whicﬁcaioprocess?s which are brought about by electrical
concerns 1itself with the interrelzftio(; of electric i e
versa. Simply one car el‘tskion of electr . 8

o Say that electrochems : i i )
the elgctrlcal €nergy and chemjca] chang:s[,n S el tierelationabit Be e
Much of the Chemisty
and anions al] g

Y involves species that have charge. Electrons, cations
re charged p g y -

from one chemica] hades ¢ articles that interact chemically. Often electrons move
€cies to anoth ;
be spontaneous, or er to form something new. These movements can

they can be forced Th ] |
. They can involve systems as simple as
hydrogen and OXygen atoms, or ag . !

. complex as million-peptide protein chain. The
Presence O,f discrete charges on chemicarl) species introdgcgs a nrc)aw aspect that we
must_ COFlSIder, the fact that like charges repel and opposite charges attract. In
(.30n81de.1'1ng how charged particles interact, we have to understand the work involved
In moving charged particles together and apart, and the energy required to perform
that work. Energy,

work-these are concepts of thermodynamics. Therefore, our
understanding of ch

emistry of electrically charged particles, electrochemistry, is
based on thermodynamics.

Eléctrochemistry 1s concerned with the appearance and disappearance of
electrical energy in the surroundings when the chemical reactions occur in a system,

it is necessary that the system must be electrically conducting. Such a
communication between the system and surrounding can be achieved by using either
a metallic or an electrolyte conductor. It is, in fact, the study of lather, which is
generally assumed to fall under the purview of electrochemistry. For the fact that
electrolytic solutions need a metallic conductor for developing an electrical contact,

the electrochemistry, to be more specific involves the study, or processes at the metal-
electrolyte and electrolyte-electrolyte interfaces.

Few people realize the applications of electrochemistry in modern life. All
batteries and fuel cells can be understood in terms of electrochemistry. Batteries,
which produce, electrical energy by means of chemical reactions, are used to power
toys, flash light, electronic calculators, pacemakers, that maintain the rhythm of
heart, radios, tape recorders and even some automobiles (hybrid cars). Any oxidation-
reduction process can be considered in electrochemical terms. In the laboratory
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electrolytic and clectrosynthetic methods are frequently (_»mplond for the p”fp"mhr';
methods of analysis, e.g., electm|y"'.
i A1 8-

of chemieal products. Klectrochemical
een greatly

conductometry potetniometry polarography, voltametry ete. have h

developed in the recent years,

9.2 CONDUCTORS AND INSULATORS
We know that electrical energy or electricity is a stream of electrong. The
substances which allow the passage of electricity or electric current through them gy,

called conductor, 1t may, however, be pointed out that not all the conductorg conduyey
OW the

electricity to the same current. Depending upon the ease with which they a]]
passage of electricity they are named as good conductors or bad conductors. Althoyg},

it is not possible to sharply distinguish between the good or bad conductors, byt i
asis of relative ease with which the conductorg

rough division is possible on the b
rent. The substances which do not conduct electric

allow the passage of electric cur
current are called insulators or non-conductors, e.g. wood, rubber etc.

Conductors, in general, can be classified into three categories, viz. gaseqyg

metallic and electrolytic.
The gases conduct electric current under high potential differences at low

(i)
pressure, or when exposed to certain radiation.
(i1) In the metallic or electronic conductors, the charge carries are the electrons,
and the passage of electric current i

the atomic nuclei remaining stationary,
not accompanied by any movement of matter. Such a mode of conduction of

electric current is called metallic or electronic conduction. It is exhibited by
pure metals, alloys, carbon and certain solid salts and oxides. Metallic
conductors are the best conductors of electric current. This mode of

conduction decreases with rise in temperature.

(i) The electrolytic conductors (also known as ionic conductors) transport electric
current through the movement of charged particles of atomic or molecular

dimensions called ions. Since ions are heavy, the electrolytic conductor are
less conducting as compared to metallic conductors. The ionic conduction

increases with rise in temperature. Solutions of salts, acids and bases in
water or some other solvents are examples of ionic conductors.
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which take place at electrodes

e.g. oxidation-reduction
(1) It does not invgly

14
|
matter. © the transfer of | (i) TItinvolves the transfer of matter
: in the form of ions.

(iv) It decreases with rige in (iv) It increases with rise in
temperature offered to the tempe;aiu;ff due to increase in
mO?’lng. electrong by the the mobility of 1ons and increase
08C1llat1:ng atoms or ions ' in the dezr;:e of ionization of
composing the conductors. electroly{es.

9.3 OHM’S LAW AND ELECTRICAL UNITS

An electrolytic solution contains free ions in addition to other kinetically
identifiable species. When an electrical potential is applied across the solution. the
macroscopic observations arc; the flow of the current through the solution and the
chemical changes generally resulting in the liberation or dissolation of the electrode
material at the points where the current enters or leaves the solution. Th_xs
phenomenon of decomposition of solution by electric current is termed electrolysts

The relationship between the applied potentia] and the current flowing 1s given by
Ohm’s law.

- According to Ohm’s law the strength of an electric current (1) flowing through

a conductor is directly proportional to the potential difference applied (V) across the

conductor and inversely proportional to the resistance (R) offered by the conductor to
the current, 1.e.,

1=

ol <

9.1)

By making appropriate choice of units, the constant of proport.ionahty 18
made unity. According to International System, the units of current, resistance are
potential are ampere, ohm and volt respectively.

The international ampere is defined as the invariable current of such

strength of that on passing through an aqueous silver nitrate solution will deposit
0.001118 g of silver in one second.
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7 5
I =1 440 ergs = 0,2590 cz)
Finally, the rate a1 which work is heing done by an slecr Sarrea

expressed in watt, A watr is worked performed 26 the rate of b IGGE per emmag a0

I8 a4 unit, of electrical power.

9.4 ELECTROLYTIC CONDUCTANCE

Electrolytic or ionic conductors zre good ennd
electrical conductance of an electrolyte is due 1o the
concentration of the iong, the higher will be the eond e
off electrolytic solutions 18 not that they resist the flow of
allow it to flow. Consequently, the important value is elees

\
’

IE ey e —

= LT

power. The conductance (L) of a system is reciprocal of ; Hstanee B Thme
conductance is defined ag
= .
R -
The SI unit of conductance is Siemen (symbol S). Sinee resistance () =

measured in ohms (symbol Q, omega), its reciprocal, the conductance is defmed L Qe

b . —1 4 * -7 .
the units of reciprocal ohm, ohm™ or mhg and denoted 23 ¢ (omesza mwerss:

Following the SI system of units, we shall yse S to define the conductance.

To compare the conductivity of different solutions, the size of the slermades
and the distance between the electrodes must be standardized_ [t haz & E
the resistance offered by a solution is directly proportional to the distance hetwese
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(9.5)

The specifi
* 8pecific conductance or ¢

. ¢ (UL . :
reciprocal of the specifie e mductivity of any conductor is defined as the

It is represented by LS.
Since Lg= &

(8]
Equation (9.5) becomes

_ A
P=R.7

1_11
P RA

(+ 1od)

(9.6)

Hence Ls= %

La=L.

>l— -

Now if 1=1m, and A = 1m2, then
Ls=L 9.7
Hence the specific conductance is the conductance of a material of unit length
and unit area of cross section.

Alternatively, specific conductance is the conductance of a one meter cube of
the material. For electrolytic solutions, it is the conductance of a meter cube of the
solution. Since the specific resistance is measured in ohm x m, the units of the

specific conductance will be ohm™ - m™ or mhom ™ or Sm™.

Conductance (L) and specific conductance (Ls) are additive properties. If a
number of electrolytes are present together in a dilute solution, the total conductivity

is equal to the sum of Ls values of individual electrolytes.

L8=};Lsi+LSH2O
i

Likewise L =ZLi+Ly 50
1

iy
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8.5 EQUIVALENT AND MOLAR CONDUCTANCE
At any fixed temperature,
number of charges per unit
different amounts of electrolvtic
current carrying ability of a

ccncentrations, it is not much rewarding the consider the conductivity speot.

conductance as a fundamental quantity. In order to compare the conductance of 5.
3 - = 1 o 1. _ — 2

electrolyte with another electrolyte, the fundamental weight of an electrolyte must 3,

dissolved in the same volume of the solution. This weight is either the Squrvaien:
weight or the molecular weight.

The equivalent conductance of an electrolyte is defined as the conductancs ¢
a volume of the solution containing one gram equivalent of dissolved substance =& -
placed between two parallel; electrodes 1m apart. and large encugh o contas-
between them of the solution. It 1s represented by A (lambda) and
determined directly, but is calculated form the specific conductance. It represents the
conductivity power of all the ions produced by dissolving one gram equi
electrolyte at a given dilution and temperature.

1

ot

A =LsxV (9.8)

If C represents the concentration of a solution In gram equivalent per litre.
'y

then the volume containing one equivalent of the electrolyte is < m". If Ls

represents the specific conductance S m™, then the equivalent conductance is given
as

-3
R LSTIO ©.9)

The units of equivalent conductance are S m? eq ", but in common use the
last term is generally dropped out. The SI unit is S m2.

Another quantity which is quite often used is the molar conductance (). it is
defined as the conductance due to ions produced by one mole of the electrolyte at a
given dilution and temperature. It may be defined as the conductance of a volume 0{
a solution containing one mole of the electrolyte when placed between two pamll;‘
electrodes 1m apart and large enough to contain between them the whole of the
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A I

: R e e . v . Ty - it . I !
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(.11

or /\ :-'!/-l- (H.13)

where Z = total positive charge carried by entions or total negative chargo carvied by
anions furnished by a molecule of an electrolyte on dimsocintion. For example,

CaCly —» Ca®' + 201" (%= 2
Aly(S0y —> 2A1* + 3507 = 6

9.6 MEASUREMENT OF CONDUCTANCE

The conductance of a solution of an clectrolyte can be determine by
measuring the resistance offered by the solution contained within the two electrodes
of a conductivity cell. By knowing the resistance, one can determine the conductance
just by reciprocating the resistance. The measurement of the resistance o most
frequently carried out with some form of Whetstone bridge circuit, the prinaple of
which may be explained with the aid of Fig.9.1. Four resiatance Ry, Ry Ry and Ry are
connected in such a way 80 as to form a loop/mesh ABCDA. A battory of emf I 1a
connected between point B and D and a galvanometer ‘(" is connected between A and
C. This circuit is known as whetstone bridge circuit. The bridge s said to bo balanced
if no current from battery E flows through the galvanometer G. When no current
flows through the galvanometer, it means that the potential difference from the one
terminal of the galvanometer to the other terminal of the galvanometer 18 the same.
This is known a balancing condition of the bridge. Galvanometer is a device which
detects small amount of electric current.

The solution whose conductance is to be found out in terms of resistance, is
placed in & special type of cell, called conductivity cell. It is placed in one arm of the
bridge and a variable standard resistance (Rs), e.g. a resistance box in the other arm.
AC is a uniform slide wire across which moves a contact point D. The resistance Rs s
such adjusted that when the contact point D is moved along AC, the galvanometer
shows no deflection, i.e. the null point is obtained. One can also use some other

i
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o iIstance measurement
Fig. 9.1 Wheatsonte bridge circuit for resistance meas ent

: s : e pomnt. Whep,
detecting devices like earphone, which gives minimum ;o;:nct{::eﬁ;ru;ﬁ :: :\he ‘:_k'e“
this state of balanced is achieved, the two terminals of t te i bf t};e b;idp !L:&ie
potential. The potential difference/drop across the different parts ~ RUST Qe
suchrthat

(R RY
E‘( =Es
919
and E,=E, SEY

According to Ohm’s law ,the difference of potential E, is equal to the ¢
(I) and the resistance (R)

urrent
Ex =R x IX ES == R’SIS
Ea = RaIa and Eb = RbIb

According to Equ. (9.13) and (9.14)

Ry x Iy =R, ©.13)

R.Ia =Ryl 9.16)
Dividing Eq. (9.15) by Eq. (9.16), we get

Rxly R, —

m = Rb—lb 017

Further Iy = I, and Ig =1y, since the current flowing through two resistance
1n series must be same in each resistance.
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617

(9.18)
The resistance R, and Ry are Proportional to the length of the wire AD and
CD respectively. Thus, we have

_ Length AD
R % = Tongth op * R,

Since Ry, length AD ang ¢

D are known, the resi
be calculated, from which one can determined the conductance, specific conductance
and equivalent/molar conductance. As the conductance is affected by the
temperature, the conductivity cell ig

always placed in the thermostat which is
maintained at constant temperature. (Fig. 9.2)

EMF

Fig. 9.2 A.C. Whetstone bridge for conductance measurement

hough the principle of the whetstone bridge as given abovg i:xx?ceém:{t};

il difications in technique are necessary before resis o
lect SeV_eral e an be measured by this method. Direct method cannot r;,hu. a,s
EIBCtr'Olytlc Y cl trolysis and concentration changes at the electrodes. The ¢ 4
B8 (his “’0“14 coame ezhe resistance at the electrodes. These gases also s.edt t‘;x\pqe
ol lncreiase'szation which opposes the passage of the current. To avoolo 1-12 i;-,
countl‘:,;rilnalfisilgo ::;rent is employed, usually a frequency of 500 — 20
an a
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supplie ey . i .
th(]\ l()ili": d‘lf.\' cither n vibrating tuning fork or a vacuum-tube oscillator, [ AC.
,-‘.ﬂ'uulau'lm-] of the current is reversed about a thousand times Per seconq w“_‘t"ezzt,
: 1at the polarization produced by each pulse of the current is neutrahlzhd a
Sd b

the next pulse. V

plntimmlll:)(; :‘(())llclld\r}‘ctivity cells.are cons_truc.tEd of glass with electrodes of eith,
decrease the‘, ff. o overcomfe 1mperfect10ns in the current and other effects, $0 as“r
R 6 i 'ed.ec.ts of polfarlzatmn of ele.ctxjodes, the electrodes are coated wiy,
chlorophtini% 1_vdlded plfat_mum black. This is done by electrolysis of 3% solutioy of
e o thef‘ acid containing traces of lead acetate. If the finely divideq Plating,
ety fl‘ fls 3 cata!yst for_decomposmon or O?(ldatlon of the solution or as ;:1
oo d\' Or adsorption of ions, the grey platinum surface electrodes may bk

Ployed instead. The latter can be obtained by heating the platinized electrode :,

red heat.

9.7 CELL CON STANT

The specific conductance of an electrolytic conductor is defined as

11
LERA
o1
Li=L.% (9.6)

where I may be taken as the distance between the electrodes in conductivity cell ang
A is the area of cross section of each electrode. Before L an be calculated from the

measured resistance, the ratio (VA) for a particular cell used, is required. For any
given cell, the ratio has a fixed value, called the cell constant K, which can bé
obtained without knowing the actual values of 1 and A. It can also be obtaineq by
direct measurements, but this is rarely done, since it is possible to evaluate it by
means of a solution of known specific 2onductance. Potassium chloride 1s the accepte;{
standard for which accurately determined values of Ly at different concentrations
and temperatures in aqueous solution are available. A given solution of K(] of
specific conductance is placed in the cell and its resistance is measured. The cell

constant is equal to
K=L,xR

K = Specific conductance
~ Observed conductance (9.20)

Hence, cell constant is a factor which when multiplied by the observed
conductance of a solution, gives its specific conductance. KCl is available in pure

state. It is 1 : 1 electrolyte and ionic mobilities of K* and CI” lons are comparable.
The ionic radii of both ions are equal. Its values of specific conductance are available
in the literature at different concentrations and temperatures. The dimensions of cell

constants are
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Table 9.1 shows 1] Electrochemistry 619
- . S '8 Lhe spee; N
KCl at different tompnrnture;m("r“’ tonductance of 0,01 ¢ 1 and 1.0 N solutions of
. 4 J £ . . b
T
ﬂh‘(!h‘) ] q')(\(.lﬁ(, ( ()n(]

(,uucentrutinn

4 ']
eqi\'- (lnl- 3 T — T — ]‘ !S'—]ﬂ‘“rl R
— | 218Kk 291 K L 298 K

1.0 TT““ T e
3.5170 9.7840 11.1900
0.1 0.7140

1.1166 1.2890
0.1221 0.1413

0.01

Example 9.1

A conductivi .
it conugts }t"lty cell was filleq with 0.01 M KCl which was known to have a
911)1 3 ohms. Wher\lrlt}z - %1413 Sm™ at 298 K. Its measured resistance at 298 K was
. . € cell was filled with 0.02 M AgNO,, its resistance was 50.3 ohms
Calculate (i) the cell constant,

(ii) the specific conductance of AgNOj, solution.
Solution

Here LS=0.1413 g m!

R=943 ohms
@) Using the relation

1 1
Lﬁﬁ-(x)
(l) _
A =cell constant =L x R

= (0.1413) (94.3)

=13.32 m™}
(i1) Now R =50.3 chms

1 _ -1
A= 13.32 m
g
L =x-(%)
_13.32
~ 50.3

—2648%x 107 Sm™
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Examgle 0.2 ——
- e / Y
\ii\. resistance of a conductivity coll waa 720 ohma when fillo witl, 01y

-1 1020 ohmp wl '
solution (specific conductance = 0.14807 § m™ ) and 6920 ohms when {11,y W

‘i‘\‘
N 1 ' i onstant and equivalont conductan e, ot yy \ 0y

nc?txc acid solution, Calculate cell cont ™ i,
solution.

Solution

The cell constant is given as
1
(K) =L,-R
=(0.14807) (702)
=103.94 m™!

The specific conductance of acetic acid is given by

1 (1

t <x-(x)
_'103.94
~ 6920

=1.50 x 10_2 S m-1
Now C =0.01N=0.01moldm™>

Therefore,
A= L—CS X 10_3
1.50x 1072
= x 10

=7 0.01
=1.5x 107 8 m? eqiv™!

9.8 VARIATION OF CONDUCTANCE WITH CONCENTRATION

We know that the specific conductance of a solution increases with increasing
concentration. For strong electrolytes, the increase in specific conductance with
increase of concentration is sharp. However, for weak electbolytes, the increase in
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Table 8.2 Equiy nlong (\nnluv!mw

"“"'-r”‘yh'ﬂ in Atueous Solutions at

o ) 298 K (o' v g m? oquiv, ")
| Rquivalent _— N = i ik
Perliter | KOl | Nagy | o ARNO, | CHCOM | CH,CO00NA
10 119 | ggg ams | T — w1
0.1 129.0 106.7 391.3 109.1 5.2 72.8
0.05 1334 | 1114 399.1 115.7 7.4 6.9
0.01 141.3 1185 | 4120 124.8 16.3 83.8
0.005 1435 | 12046 415.8 127.2 22.9 85.7
0.001 1469 | 1237 421.4 130.5 49.2 88.5
0.0005 147.8 5| . . 67.7 it
- 124.5 122.7 131.4 7

The above results are depicted in Fig.9.3 in which the equivalent
conductance, A, of electrolytes at g constant temperature is plotted against \JC. 1t
ma be seen from the figure that two different types of behaviours are exhibited. The
electrolytes which show g linear plot (almost straight lines) are classed 1:\s st{'otr:i
electrolytes. e.g. salts like NaCl, KCl or acids such a H,S0,, HCl ete. The e elctr:)et; q~s
which seem to approach the dilute solution limits almost tanger}tmlly agle ct ngrawc :
weak electrolytes, €.8. ammonia, acetic acid etc. It is however, 1ml1:0t681 cee et kanih
sharp line of demarcation between the two categories as many substan

i led
to exhibit intermediate behavior, e.g., NiSO,. Such electrolytes are sometimes calle
moderately strong electrolytes.

@]
< Hcy
3
8
= €y
@)
8
=
E CH: COOH

JC

lg' b

Scanned with CamScanner




b J
=22 Modem Physical Chomistry

The conductance of a aolution depends on the wanbor o v Vil W
.“'“h which the ons move in solution. tn ease of stvong eloctvoly (o, e mm\\..\l“-\
0N 18 the same at all dilutions (Binee strong electrolytes ave compleg, ¥ oy, \\ {
.n“‘ Variation of cquivalent conductance with didution o thevetoe G Yot M
N the speed of the ions with dilution. In a concenteated solation o WO el \\\.\x:\.\"‘"
Wy

the Mterionic attractions among the oppoattely  clavged wns Wy,

APpreciable. The jong may also form some on-paws of the type A"y NALLLE TN

not contribute o the conductance. These interionie forees Cansida gy, Wiway 1
speed of jong and hence the conductivity of the solution: As the dilutg, |, iare ™
the interionic attractions decrease with the result that the wows Wl o e & T
snd indepondentl\' of their co-ions and thus wereasing the ounivatong |
with dilution. ‘

3! "\\'V‘\
l‘(\-‘.\\\‘ i

In cage of weak electrolytes, the increase in equivalent UL [, Wik

N . . & 4 o ) e g % e a " ;‘\
dtl‘l-um.on '8 mainly due to (a) an increase in the number of b N the sl Wogieg
0- lonization Increases with dilution), and (b) smaller wmter-wone atiy AVLROWS A Wighe.
dilutiong. o

For weak electrolytes, the increase in the number of ions haa Been explaii \
on the basis of Arhenius theory of electrolytic dissociation whevens (o .»qh.\\‘q
ele_!ctrolytes has been explained on the basis of Debye-Huckel Ousagay theay ‘;‘
.bnef’ the increase in the number of ions in case of weak elevtralytes s dye W the
'ncrease in the degree of lonization of the electrolyte on dilution, w heveas w the Dide
of Strong electrolytes, this increase is due to the weakening of the on-on Weractiong
on dilution,

9.9 EFFECT OF TEMPERATURE ON THE CONDUCTANCE

The conductance of all electrolytes increases with temperatuve. The v ariatiog
of equivalent conductance at infinite dilution (A With temperature oay be
Tepresented by the equation

A= Agse [1+B(t - 25)) RN

where A o is the limiting equivalent conductance at 0 Agae that at 25°C, and N a

constant for each electrolyte. The increase in the equivalent conduetance may b

explained in terms of increase in the effective degree of dissociation at highey

temperature or can be rationalized in terms of lowering of reatricting potential fur
migration with rise in temperature (or change in the mobility of the ions), Equivalent
conductance at infinite dilution at ordinary temperatures mnereasea by about 2% per
degree.

For salts B is about 0.019 to 0.021, so that the equivalent conductance at
infinite dilution at ordinary temperatures incroases by about 1.9 to 2.2% per degree,
Acids and bases have smaller temperature coefficients B valuen) they are
approximately 0.018 respectively. It is an evident that an equation stmilar to @2

. A . H
must hold for individual ion conductances and for nearly all iona, except H and ON
For H” the value of B is 0.0142 and for OH it ia 0,016, As & vough generalisation, it
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may be said that the higher the

ot ionic cor .
coefficient. \ductance, the smaller the temperature

The above res
< B ults apply .
conclusions hold for stromzm l? troptarly to infinite difation; Eut smilar
electrolytes however, show som iy (“mr”l-"t“-“ at  appreciable cnnrontlrﬂtinn . \Vo:lk
mainly dependent on the degr:cn ){!l(.‘r'“"mj"g: the conductance of such “0\"*1"““:“ 18
. ol 10nization. T} 7 ' S8 gremgs

g - This usually decrenses with rise in

temperature, the conductance .
. : , nay .
temperature is raised. Y Increase to maximum and then decrease as the

&

The conductanc
e of a soluti . : .
sdinly dus t the Hings | 1tion varies slightly with pressure, the effect being

alternation in the speed. and e, & iscosity of the medium, and consequently
solution is generally decreased by e conductance, of ions. The viscosity of a dilute
increase of the equivalent N Y an increases of pressure; this is accompanied by an

nt conductance, provided the pressure is not too high. This

effect is more mark i 1
g g fed .v~1t.h a weak than with a strong electrolyte; increase of
P € 10nization in case of weak electrolyte.

9.10 EFFECT OF DIELECTRIC
CONDUCTANGE CONSTANT OF THE SOLVENT ON

The conductance behaviour observed in non-aqueous solvents depends much
?-n the dl_electrlc constant of the medium. The dielectric constant of water is high,
78.6 at 25°C, whereas that of most other solvents is considerably lower. The dielectric
constants at 25°C for methanol, ethanol and dioxane arc, 31.5, 24.3 and 2.2
respectively. As the dielectric constant of the solvent is lowered, the conductance of
the electrolyte in the medium also decreases. Beyond this conductance drop, the
conductance behaviour of these substances is not very different in nonaqueous
solvents from that in water, provided the dielectric constant is above 25.

For examples, the halides and nitrates of alkaline metals, the thiocyanates of
alkali and alkaline earth metals, and the tetraalkyl ammonium salts are strong
electrolytes in methyl and ethyl alcohols and behave pretty much as do strong
electrolytes in water. In solvents of dielectric constant less than 25, the dependence
of equivalent on concentration becomes complex. In these solvents ions exhibit a
tendency to associate into complexes such a A" B, A'B A" and A"A"B™ which
decreases the number of ions available to carry current, and hence the conductance.

9.11 EFFECT OF VISCOSITY ON CONDUCTANCE

It has been observed that the movement of an ion is not influenced by other
jons in an infinitely dilute solution, so the movement may be considered to be
identical with the movement of a spherical particle in a medium of viscosity n. That
is to say that Stokes’s law may be applied to the movement of an ion. It follows that
the product of the speed of the ion and the viscosity of the medium should be
constant. The equivalent conductance of and ion at infinite dilution depends only on
its speed, and so the product of ion conductance an viscosity should be independent of
the nature of the solvent. This relationship known as Walden's rule was put forward

by P. Waldeen (1906) in the form
AN, = constant (9.22)
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A aite peaminent for smaller ions (particular small r::i:l’a‘*'.””"y ‘:‘-: ,: = T Ve
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Wideriga solvation 1o an appreciable extent, and hence = o Sugh
(s remains constant even in different types of solvents.

D48 ARRHENIUS THEORY OF ELECTROLYTIC DISSOCIATION

: 4 TS & = rOLY IS o R T 24 S
In order 1o explain the behavior of solutions of electrolytes. Arrdenius 131
put torward the theory of electrolytic dissociation In agueous SOons. The man
points of this theory in this modern form may be summed up as follows:
(1) The electrolytes in solution are dissociated into electrically charged narasiag

|

called ions, The positively charged particles are called cazmons and .
negatively charged particles are known as anions. A dynamie 2quise .o
exlats in the solution between the undissociated molecules and the ons wir
dissociate from the electrolytes, that is

MA == M" +A”

(o The ions are free to move independently under the influence of am anaiud
electric field. Cations move towards the negative electrode or cathods ams o

anions move towards the positive electrodes or anode.

(1) The number of positively charged cations and negatively charged anions may

)

be different. However, the total charge carried by cations is equal o the W

U

charge carried by anions. The net result is that the solution as & whole 8

electrically neutral in spite of the presence of charged partici;:. ‘
(iv)  The extent of dissociation is differen

t for different electrolytes and depends
. - rolytes and depends
on the concentration of electrolyte, te s

mperature and nature of electrolyte.
n " " .

| Fhe amount of electroly‘te which dissociates into ions varies with s
concentration, .l t may then be anticipated from the law of chemical equilibrium t2al
the extent of dissociation increases with the decrease in concent:ati;g %u:::': .
: {41 3 4 . [ & ; G e ""‘\ -
limiting value at very high dilution. At extreme dilutions, all the electrolytes &%
> SCLIVAY W ¥°
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completely dissociateq ir

dissociated, is called the L

1to 1ong, The

degree of disageints

Numbep of mole

e culeg (;
m leg d .
lotal Numby of rnolrmmmgd

. c
Calculation of ¢ ules

he de y
solutions show th; . UBree of (j ;
solu that Practically g 4 1on for various electrol

in water. These gz alts, and 4 ; ytes in aqueous
o re known as str trong acids and bass are highly ionized
electrolytes are theref, ong electroly ¥ ionized
= rolytes. Aqueous solutions of theae

r good cond

) uctor ici
many substances Wh,o 8 of electncnty. On the other hand, there are

Limitations of the Arrhenius Theory

Arrhenius theg

1s sati .
to strong electrolyt Ty 1s satisfactory for weak electrolytes. However, when applied

es m : ; : :
any anomalies have been observed which seriously question

@ Thg degree of dissgciation obtained from conductivity measurement and form
colligative properties are in good agreement for weak electrolytes. But for the
strong electrolyte the agreement is very poor.

(11) The Ostwald’s dilution law is obeyed by weak electrolytes but not all by
strong electrolytes.

(ii1) Arrhenius theory assumes the existence of ions but does not take into account
the electrostatic attraction between ions. The effect of interionic attractions is
quite small in solutions of weak electrolytes, but in case of strong electrolytes,

this effect is quite pronounced.

These points conclude that Arrhenius theory is essentially valid for weak
electrolytes but does not describe the behavior of strong electrolytes.

9.13 THE OSTWALD’S DILUTION LAW

Arrhenius theory of electrolytic dissociation assumes a dynamic equilib_rium
ns and unionized molecules. The law of mass action can also be apphgd to
n the same manner as was done in chemical equilibrium.
£ mass action to the weak electrolytes was first attempted
tion deduced by him is known as Ostwald’s dilution

between io
equilibrium involving ions i
The application of the law o
by Ostwald (1888) and the equa

law.
. 3 At
Consider a binary electrolyte AB which dissociates into charged ions A" an
B~ according to the equation

AB==A"+B"
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CHCOON + 100 s==e CH,CO0" % H40
Cu*
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(1) 606) (0.0067)°
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D T ORY O HITRONG ELECTROLYTES

" .
' e conductance of solution of given electrolyte depends on ¢y,
{ y A
“'."”“'V» the number of ions and their speeds, If the electrolyte ig com
esocinted, W os called strong electrolyte and if it dissociates partially, i is

farm

e
o
Pleta)

l? <

Y AP T P f“:il -
N;Hl/t electrolyte. With regard to the conductances of both weak an4 S: -
i ' : ’ - Wron
Nectrolytes, it was observed that the equivalentmolar conductances decreageg “_;:‘g
erease in concentration, Why? oo

The decrense in equivalent conductance with increase in concentrs
lectrolytes can be explained as due essentially to a decrease in the
on. Degres of ionization decreases with increase in concentration. Wi
decronse in the degree of ionization, the number of ions per unit volume decre 1“
nnd this results in the decrease in the equivalent conductance. However, gughaﬂ
t:gplmrmt.inn cannot apply o strong electrolytes, since these are almost complawai
«lmulmsmlx:d in all dilute solutions. Consequently, to account for the Va!‘iatig;l-:f
equivalent. conductanee with concentration  in strong electrolytes, some oth:-

oxplannntion must be sought, and this is found in the Debye-Hickel-Onsager Theory of
conductince,

tiOn fgv
de gree of

wanle g
loniznti

In 1923, P. Debye and E. Hickecl put forward a theory of interionic attraction
for dilute solutions of strong electrolytes. This theory occupies a dominant place in all
consideration involving electrolytes and their kinetic and thermodynamic behaviour.
Debye and Huckel suggest that strong electrolytes exist in solutions as ions. They
believe that strong electrolytes at least in dilute solutions are completely ionized and
the effect observed is due to unequal distribution of ions resulting from interior
attraction. Debye and Huckel showed that, because of the electrostatic attraction
between charged ions, each positive ion in the solution must be surrounded on an
average with more negative ions than ions of like charge; and conversely, each

negative ion must be surrounded on an average with more positive than negative
ions. In other words, each ion solution is surrounded by ionic atmosphere whose net
charge is opposite to that of the EMWMLM-WMS
“of an electrolyte are determined by the interaction of the central ion with its
atmosphere. Since the nature of the atmosphere is determined by the valencies of the

e _”4—“‘34

Scanned with CamScanner



0 rg
0 I‘v
leq I

ngy
th

Flectrachiamistry 629

prd dielectre conatant of
fuctors contralling  the
3

o e the solation, thy OO o Hhie Lo o
the e st fallow 1 e e HI‘I"»"l:l"r’illp“’l".”\
||.|Nl‘|\||n|_\Ilvunlrn Prapertios ol the aloctyolyte AL gny givien temporature and in
piven solvent, tha empovatore wed oo b commtant mro lxed, henee the properties
ol Al elovtrolyte depend only O he chivrgon of Che ionm nd Ehicar concentrationst not
at ol on the natuee ol wnely oloctrolytos, These conelusion mre only valid for dilute
anlutionn

Avcording to Dohye: el theary of interionie atteaction, coch ionin wilution
i rueronndod by an lande ntmonphere of opposita jons whose et charge s on the
average opponite o tht of the contrnl 1on. Thin ionie atmosphere s spherical and
u‘\'ull\ll‘(l'h‘ul monanture o the nhsence of nny distarbing fetor swuch as the appheation
of potentinl nevonn the two electrodon tmmerned .m the solution during  the
conductance moanuremont, Howover, when potentind in npphed, the jons start mMOoving
towardn the renpoctive oloctroden nod o renult the onic ptinosphere s dintorted
whieh renulto i o docronne in the npeod of the 1ons Dehye nnd Hucke) showed that
these alfectinre due to two factors, namely, () Anymmetric or Relaxation effect and

(1 161t |‘n|)|\nl'|‘l e olfoet,

(1) Asymmetrie or Rolaxation Effoct
the solution of an

According 1o Dobyo-and Huckel theory each ion in
clectrolyto a nurrounded by an ionic nl.numph.(-rv of opponitely charged 1ons. For
exnmple, a positively chargoed on s surrounded by atmonphere of negatively charged
tho iona have no external foree applied on them, this
atmosphore in spherieally and symmetrieally dintributed about the ion. However,
when an external force s imposed, ns when n potentinl 18 applied across the two
electrodes, the ions present in the solution move forward their respective electrodes.
The contral +ve ion will tond to move towards cathode, while its negatively charged
ion atmosphere will more towards anode. As o result, he symmetry of the lonic
atmosphere about contral fon is destroyed. As long as the ionic atmosphere 1s
symmetrical: it will exert uniform force of altraction on the central ion from all

possible directions and the net effect will be nil, (I1g.9.4(a))

jone and vice veran, When

9 = Anode Cathode
K= = N + =
'/' N\
A W | I | e, o,
r ¢ @}
\\O ---------- o - e ---------- e______._.e".

() Symmetrical ionic atmosphere  (b) Asymmetric ionic atmosphere

" (No field)

Fig.9.4 Asymmetric effect showing distribution of ionic atmosphere in the pressure
of an applied field

(Electric field)
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aane “""’_‘—‘-‘—-_———-—“\\

a shown in Fig. 9.4a,, the f o
the moving central o ’l'h‘-nh""’}'
- :\,

]

ominent or {
gs prom o« pull or a retarding foree. Tts meTe
y baekwan Ty,
-7

Wance of the golution decrogg,,. O
& slowed dow | honee, the effective conductan wiric effect as it is the dl‘.‘ his
Sostowed down ..HH ol : known as aaymn oy anhere i i 78 th,
backward pull of the central ion i here. Once the ionic atmosphere s deg, :
ack of e s vionice ntmosphed Snmetric ion-atmosphere Ty
lack of sVYmmetry an the oni | (her symmetric ion f - This tim
flnte time s required for vebulding anot ' '

axati is considered to oy sla
all ' ' This time of relaxation 1 e o plap
caldled relaxation time, us L 4 ng 1on by € 10nc At

, A " the contral movi
elardation i the motion of the cents . relaxation effect,
theretore asymmetric effect is also known as re

Py aphere
\ y e aLmot
But in case of distorted 1o

atteaction from the rarer bocom
N NI I
the contenl MOVINE 10N experienees

v "’I.""i "

-‘,' 1 o
SPheyg,,

() lﬁlm't.l‘uphm*vt.iu Effect )
g another factor with retardg 4

- v effect, there 1
[0 addition to the asymmetry Sege, ffect arises from the fact thay
mobility of ion, the clectrophoretic effect. This e 1ion

~ - ) v rough a stationary medjyy, , -
'™ moving through the solution, does not tYfJVC] t?hatif the fon. Ton are - but
through one that moves in a direction opposite to solvenit. Atly +ve ion 1;119 “rally
solvated, and when these move, they carry with thm i ' through th STaling

then, to thread (pass into 1its way g € medyy,

towards the cathode, has ' ) A
: % ) ® (s g ns have to migrate
moving with negative ions towards anode. Similarly —ve io srate throygy,

the molecules of solvent carried by +ve ions in th}?_Opp051te d1rect110 . T}%%s‘e COunter
ovements have a retarding influence on the mobll%ty of thg centr? ion. 'h‘ls effect i
Known as electrophoretic effect. This causes an additional viscous force which furthe,
slows down the speed of the ions and hence the conductance.

It is called electrophoretic effect because it is sor_newhat analogous to that
opposing the movement of colloidal particles in the electric field. It §hows_ down the
speed of the ions in the same way as swimming against the current In a river woyld
slow down a swimmer. For any dilute solution, the ionic atmosphere is almost non-
existent. so asymmetric effect is zero. Similarly at infinite  dilution the
electrophoertic effect is also negligible, but both effects have definite values in
concentrated solutions. Debye and Huckel showed that both of these retarding effect
°n an  1on produce a decrease in the equivalent conductance. These are the
theoretical explanation for the decrease of equivalent conductance in case of solutions

of strong electrolytes.

9.15 DEBYE-HUCKEL THEORY: THE IONIC ATMOSPHERE

e
e

{ The possibility that the attractive forces between ions might have some
influence on the electrolytic conductance, especially with strong electrolytes, was
considered by Noyes (1904), Sutherland (1906) Bijerum (1909) and Miller (1912)
among others. But the modern quantitative treatment of this concept 1s due mainly

to the work of Debye and kel—and_its extension chiefly by Onsager - and

Falkenhagen.

When an electrolyte is dissolved in a polar solvent, it gets dissociated into
tons and the solutions may contain a large number of kinetically identifiable species
in addition to the solvent molecules which are always in equilibrium with each other.
A completely random distribution of ions around each other can not be physically
possible. A positive ion will have a negative ion in its immediate vicinity, thereby,
resulting in an ordered arrangement, which is offset by thermal motions. Thus the

R
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Al Al N '
Ifig. 9.5 The jonic atmosphere and time avernge disteihution of jones nround «
reference on
Let us congider a positive jon situated at AN 9.0), Suppose there s amall
volume element dv at the end of radius vector r; the distancer n aupposed to bhe of the
order of less than about 100 times, an the dinmeter of the on Due to thermal
movement of ons sometimes there oceurs nn excons of posthive 1ona and sometimes
an excess of negative ions in the volume dv, If o time average s tinken, however 1
will be found to have, as a (‘nniwqumwé of electrostatic attractionns by the positive
charge at A, a negative charge density. In this way every 1on may be aasumed to have
an ionic atmosphere of opposite sign. The net charge of the wnie atmosphere 1 egual
in magnitude and opposite i sign to that of the central 1on, 1t s possible to define
the effective thickness of the ionic atmosphere,

Debye and Huckel took the interionic attraction into conmderation and
calculated the ratio of activity to the concentration of an 1won i dilute solutions
Suppose the time average of the electrical potential in the center of the volume
element dv in Fig.9.6 is . [t s defined as the work done i bringing a umt charge
from infinity to a particular point. The work done in bringing a positive 1on of valenes
7, and carrying a charge € to that point is given by 7, 't Sumilarly the work done in
bringing a negative ion is Z_¢'V. Z, and 7 are numerncal values only, and do not
include the sign. If the concentrations of the ions at a considerable distance form the

g ol = J
given ion, where ‘' may be taken as zero, are n, and n- per unit volume, then by the

Boltmann distribution law for particles in a filed of varying potential, the
__concentration of the positive and negative lons, Le, n, and n-, at the point under
consideration, are given by

(2 cVIKT)
n, =0, e (9.26)
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{ VAR AN
v‘\lo 17T (()27)

and n

Where & is the Boltmann constant. Since 7, and 7 are the numericy| Valy,
'y 0
'](\‘

Y,
4 t]v ¥ .t
wil| }u» try "’nl
¢ Tl
an ”“""“iuv""
(1

18 clear that niw grenter than Ny, nml ag there are on the average moy,

than positive ions in the vicinity of any I"""“V" ion, the reverse
negative jon. It ig seen, therefore, that every ion s surrounded by ,

charged ionice atmosphere,
In the vicitinity of A', the density of electricity or electrical chargg ey
4 ‘ ’ ]. |
at any point js equs il to the excess positive or negative electricity pe Sit
that point, that, 18,

n,7Z,e-n_1%_c¢€

e—(Z;.(»'l’//."]') -n 7

)

p
~ ) (L WIRT)

p=e[n,Z, e | (9.28)
For uni-univalent electrolyte, Z, and Z_ are unity dnd ny

equal because of electrical neutrality hence, Eq.(9.28) reduces to

b= e(ne=S VKT _ o VikT)
or p= en(e—e‘l‘/k'l‘ . eE\I’//{']‘) (9.29)
(9.30)

or p=en(e - e
where n is the number of either kind of ion in unit volume Expanding the ty
0

€Xponential series and writing x in plane of eW/kT, one gets,

i L 8
X X ¥ /
), S
RS TR TS

-X
1 1,+2! 3|+\

X _ ﬁX_z x3

Pl Tl TR 3

x x._, X x* x8 X X* x°

C e T e e

X3 2X 2x3 oxb

R R

X x _-2X £ X

{ ‘”-T(“? Gl

v ( 2qu) X2 xé

LS /T [1+§!— AR }
2 2 4
Y X X

or pz—k——Zn(li-ii-y%-m) (9.31)
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) 0.(9.32) may be written as
. ( ”\ll .
n IO Y
: n_7, '
i VA ‘ (9.33)
In the genorn) cane

whoere 74 : ;
val | _“r‘l(? /:1 and Z- are not necessarily unity and if the
“inds of the jong, 190.(9.33) may take the following form.
)]
(_“\l!

|\ e Se———

Y
\ ry<
l\"l‘ Tn|/‘l

solution may contain geve

(9.34)
\Vh(‘l'(} n and 7. » .
‘ Mith kind "l‘l d Z; vepresent the number per unit volume and valence of the
ions of 1ith kind.,The ¢ e _ . A '
N (O ¢ .f ¢ summation is taken over all kinds of ions present in the solution
and Eq.(9.34) is applicable

irrespective of the number of different kinds of ions.
In order to solve for \p

e i it is necessary to have another relationship between p
x‘nld ¥ and this may be obtained by intorducing Poisson’s equation and this equation
in rectangular coordinates is e
‘) D ‘
v Py y dnp
ox Oy oz

Where x, y and z are the coordinates of the point in the given volume element
_and D is the dielectric constant of the medium. Converting to polar coordinates, and

making use of the fact that the terms containing 8¥/26 and 8¥/d$ will be zero, since
the distribution of the potential about any point in the electrolyte must be spherically.
symmetrical and consequently, independent of the angles 6 and ¢, Eq.(9.35) becomes

1 d 292)_. 4np
1.2'dr(r dr/”" D (9.36)

Substituting the value of p from Eq.(9.34) in Eq.(9.36) we get
\ |
1 d( 9d¥)_ 4n( ¥ 2)
p-a(r a?)--“n(‘—k m
2
1 d zd\l‘)_fme ¥ 2
;i‘ar(r ar )= DRT M4

l,%(ﬁ%):ﬁ v (9.37)
by

N
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. dfie conduction) is de
\\'h\wn\ ”h‘ q“:“”“\. h(“n' i |,“ ('Unl‘n-"("l “."]‘ apet I'N. comt Lfllh‘(l h}

) 2
dne "X 7
] |

SR TN

gX 2
) At "i n./,i 12
oy k* e TR

. ; int where W i4
Whore p denotes the distance from the central ion to the poit 1s de

(9).38)

t(’rminf.d
1 , shye-Huckel reciprocal Jo |
And 1= has the dimensions of length. 1t is called Debye-Hucke ; “ngth. Iy ;,

. ‘ N an ion extends with appe..
the distance over which electrostatic field of an 1on ’ll’Pl(Clnh]e

strengeh. ks w mensure of the thickness of the ionic atmosphere.

The differential equation 1£q.(9.37) can be solved, and the solution hag the
reneval form »

~kr kr
W = Ae N Be (9.39)
r P
Where A and B are integration constants, whose values are dEter‘mmed by
applying the boundary conditions. Since W must approach zero as r INCreaseg,

because the potential at infinite distance from the given point in the solution must he
2010

o’ Al .
O_Ac Be TR
o0 [0 0] e——w=0
e
0=0+B= L
o0 e—°°=0

o

This can be only true if B = 0, since % # 0, hence Eq.(9.39) becomes

A e"kl'
P (9.40)

V=

The value of A can be calculated by the fact that for very dilute solution EniZ;“)
1

18 almost zero and hence k is also zero, The value of potential ‘¥'; at the point under
consideration will be

A

\J, = —
'l

- (9.41)

[n case of dilutc‘ solutions the potential in the neighbourhood of an ion will be
due to that ion alone, since other ions are too far away to have any influence. If the
ion 1s being regarded as being a point charge, the potential at small distance will be

Zie

l{fi o —

Dr (9.42)
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Eliminating Vi between Bq.9 41) and |
- R and Bq.9.42), we
A Zie ), we
r - Dy
Z.¢c

or A= -

D
Substitutmg the v

Electrochemis try E}.S

getl

(9.43)
alue of A iy, Eq. (

lie

W=—" -kr
Dr €

- (9.44)
e value of ¥ yepy
point r produced by ¢t eple§e11ted by Eq.(9.

9.10), we got

44) is the mean value of the potential at

_ and the central ion. Real solutions are

Y potentl . . ' . - )nl fJ >

difference between W g - al of the ignic atmosphere which is found as the
1

l{Ji?l=l'P _\Pi

e e Zie e =1_ke
a~]pPre -m=
D Dr 1-ekr= [1-kr]=kr
Z-le -k =

Wiﬂ:ﬁ(e_kr_l) e r—lzl—kr"l-_kr

Zie
V= Dr (=kr)

Zie k
Fia =~ Dr

(9.45)

The Eq.(9.45) is independent of r and hence it may be assumed to hold even
when r is zero, so that the potential on the ion itself, due to ionic atmosphere is given
by above equation. The net charge of the ionic atmosphere is -Z;€, because it is equal

in magnitude and opposite in sign to that of the central ion itself, If this charge were
placed at a distance 1/k from the ion, the potential produced at it, would be -Z;ek/D,
which is identical with the value given by equation (9.45). The quantity 1/k can thus
be regarded as a measure of the thickness of the ionic atmosphere in a given solution.
According to the definition of k, the thickness of the ionic atmosphere will depend on
the number of ions of each kind present in unit volume and on their valence. If C; is
the concentration of the ions of the ith kind expressed in moles (gram-ions) per liter,
then |
N

n; = Ci 7000

where N is the Avogadro number, hence from Eq.(9.38)

1 ( DT 1000 % T/Z

k{ 5022 ne’N
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In the first derivation of 1}

e rolaxntion foree |
count the natura FOW NS wee Dobyve and Fluckel did not take
acco I Browninn movement of the ions but Onaager nlso ,,,‘“H“h:“,d

into v i
his movement for the derivation of relaxation foree, According to Oneanger
\
Re laxation foree = L1, wV '
5 (6. A7)

Where D is the I S ‘

| e delectric conatant of the medium, 2 is Boltzmann conatant, 'V
s ¢ s te o £ ¥z a .

ia ﬂ“, ..11)90 utc 1('“]])(!!.\1.\!!‘(.‘ K i8 same as in previous equation, Z in the value of the
jon, V18 the applied potential and wis defined as

2,7 Ay +h_ (9.41)

When q =

z, vz oz, A_+z. )\,
A, and A_ are the ionic conductance’s of +Ve and ~Ve iona

Let us suppose that an ion of it" kind is moving through
steady velocity Ui. The driving force acting an the ion of it kind due wo app
electrical field is

Driving force = € Z,V
It is now possible to equate the forces acting on
moving through a solution with a steady velocity; the

electrical field is opposed by the frictional force of the solvent (K;Uy), together
the electrophoretic and relaxation forces hence.

3.
e ZV =K,U, +ETKR v EEE Ly
61 6 DKT

dividing throughout by KiV and rearranging, we get

ez U ezk e3zik_w_
K, V 6nn 6DKT K
Ui ez ezk e 32k W
or Y 7K, 6nn 6DKT K|

Multiply the above equation throughout by V

U _ezV _fezk elzk w
VoK 6mn 6DKT K|

2
Ui=eziv-Vek _?J_+e Z, W

67n 6DKT K,

If the potential gradient i8 taken as one volt per cm
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638 Modern Physical Chemistry \
Ivolt/ = ! esu |
/ 300

sScm

1 { 8 f lttrnctmn are C]CLL Tr
t‘lllL‘(‘ th(‘? f(]l'CL s801¢ .

X . e [, w
EZ| ~...G—l\ zI + . ——-J
U =300k, 300[6nn 6 DKT K,

bove equation reduceg to
. . . . Ll ero. S0 tl]e a 7
At infinite dilution k 18 z

i & € Z;
(I 300 Kl (,‘j .)21
20
I
But  UPF=2? so Ui°=—F-
N e
Hen 1 il =— 1 -
“ F T 300K 05,

Since ions behave independently . at infinite di.lution,
conductance at infinite dilution can be written as according to
A2 =FU° and 2° = p)°

therefore .
‘\“/'

KohlraushQS L o
Ay

Again we know that U, =
aF

When « is the degree of dissociation. Sub
into Eq. (9.51), we get

L_ﬁ_ek z; +52;i w
6 7

stituting the valye of Uj apg e
|

«F F 300 6 DKT K, (9.54
When the electrolyte is fully ionized, j.e. ¢ =1, then
2 =20k ZF e’2F w
" 300{ 6mn T 6DKT K 3.5
1]
we know that M o
F 300K,
}LIO 300 KI =ez F
Substituti i
ng this value jp above equation we get
ri=20-Skf2F 30050
300 mm " i .
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\

But Ra|dne Ny s -‘\t ;

L DR — " (cf 1£q.9.38)
\e '

Where . e § »
\h‘ e s the mumber of ions present for unit volume. Substituting this
value in l'.q. QA0 we qot.

A =20 s i 43}_2 M ' n
L. BOOLDA’T -'—,-"

GF ,S00e 0 o
LG‘II] 6DKT

2 “ " - bl O
A, =47 - ,‘i‘. dre’N Nz -} R4 + 300€ A'w W
300 | DkT~1000 =7 | |6nn 6DKT )

Hence ni= —Cﬁ

1000

The value of universal constant an as follows: K is 1.38x 1016 erg per degree
€ 18 4802 10 ¢csu and N is 6.025 x 1023, hence.

R 29, 3 el ,!:
l, =:\; ]\7! ZLIZ ) 9\(]0 }\( (ZClZl-)
_(DT) n (DT)
20.152i 2\
X =P - -9.1.:21 +99x|0 A°w (ZCiZi”) 2 _g57
[(DT)2n (DT)?

For 1:1 electrolyte, Ci=C+ + C-, Zi = Z+ + Z.

=

29.15(Z, +2.) 9.9x10° o

1

0 2 2v/>
LI (C,22 +C_72Y"

/

1/ /
(DT) *n (DT)"2

The quantities C+ and C. represent the concentrations of the ions in moles
per liter, then may be replaced by the corresponding concentrations C in equivalent

for liter, when C is the same for both ionsi.e. C+ =C.=C

29152, +2.) | 9.9x10° o fe@ .
(DT)” (DT)/°

1 Zy

The equivalent conductance of an electrolyte is equal to the sum of the
conductance’s of the constitute ions, and so to follows from above equation.

5
29.15(Z, +Z ) 99x%x10°A b 5 yz
7 3/, \/E(Z+ +Z_ )
(DT)’ (DT)"2

A=A _
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—63-“. _Modern Phys:lr.jnl‘ _,‘,E’,,"}!!L’,,-‘?.‘.Q.L e
=1 and w = 2~ \/2. S0

T
IFor 1:1 electrolyte, a

20057, + 2., (’,:(_’ff.!i”, A, 2 -2 | V2C

A=A | Ty 2
(Ty2n (O
, §2x10° :
\ = ‘\u "‘g;l'—wv 1 i————;—; Ao \/’6 (9=,
(DT)"2n  (DT)~ ™
A :‘\(\—[A" B A(’] JE (() ?\"’
50,

When A and B are constants dependent upon the nature of Solvep,

temperature.

824

A= 7
(DT) 2n
and 8.2x10°
an B = ‘——T/—
(DT)”2

Equation (9.58) and (9.59) represents the forms of the Debye HUCkel'OnSacE
y

conductance equation, these relationship are based on the assumptiop that ;’h
¢

dissociation of the electrolyte is complete. This equation accounts for the falling off of

equivalent conductance at appreciable concentrations in terms of decreage in 1onie
velocity resulting from inter ionic forces. The decrease of conductance duye to theg

forces is represented by the quantities in the square brackets. The first term giyes
the effect due to electrophoretic force and the second term represents the influenee Obf
asymmetric force. It is apparent from the equation that for a given solyeq at a
definite temperature, the magnitude of the interionic forces increases with increasing
valences of the ions and with increasing concentration of the electrolyte.

Validity of Debye-Huckel Onsager Equation:

Assuming complete dissociation of
1:1 electrolyte the D.H.O equation may be k
written in the form. cl

A=A, -(A+BA,) VC

AS’NO
Where A and B are constants A -
dependent only on the nature of the solvent °
and temperature. The above equation is an
equation of straight line. In order to test the
Nacy

validity of above equation, the experimental
value of A of very dilute solution of a strong
electrolyte are plotted against C. A
straight line is obtained with slope equal to
A + BA, and intercept A, as shown in Fig-9.6. This equation is obeyed.

Fig. 9.6. Test of Debye- Huckel:
Onsager equation

I — e ———
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at the concentration of about 2x 10 e
also applicable to non-aqueous solvents.

quivalent per liter. This equation 1s
electrolytes like NaCl, AgNO,,

: This equation hold good for certain
lutes, and fi luti KCl, HCI ete. Marked deviations are observed for 2:2
solutes, ¢ or solutions prepared in solvents having lower dielectric constants.

N.egﬂt-‘l\ G_devlatmns from theoretical values of conductance may be due to incomplete
dissociation. ’

It h_as.be(_fu observed that smaller ions, possessing higher valence, show
marked deviation in a medium of low dielectric constant.

. D.H.O. equation also show deviation of higher concentration of solutes.
Bjerrum was the first man who tried to explain this observation. He said that when
electrolyte concentration is increased, the ions become close to each other and the
forces of attraction between opposite charges are increased. At higher concentration,

individual ions, associate into electroneutral ion pairs (B*A") which an unable to

conduct electricity. As a result of the combination of charge particles, e
conductance decreases.

9.17. WIEN AND DEBYE-FALKENHAGEN EFFECTS

The conductance of completely dissociated electrolytes is independent of the
electric field strength in the range of moderate field strengths. At highe"_ field
strengths of the order 107 Vm-!, however, Wien (1922) observed an increase in Sug
conductance with increasing field strength. The increase is more intense for more
concentrated solutions and for polyvalent ions the conductance always approaches a
limiting value with increasing field strength. This effect of field strength on the
conductance is called Wien effect. This effect can easily be interpreted by making use
of the ion-ionic atmosphere interaction model. Under condition of high field strength,
the ionic mobility is so large that the ionic atmosphere is unable to rearrange itself
fully around the moving central ion. Consequently, both the electrophoretic and twie-

relaxation effects exert no influence on the moving ion, and the observed conductance
rises above the value found for low field strength.

A second phenomenon, also observed by Wien under conditions of high field
strength deals with the influence of the electrical field on the dissociation constant of
the weak electrolytes. A high field strength affects the dissociation positively and.
consequently, affects the equilibrium dissociation constant (dissociation equilibrium
constant) of such an electrolyte. The theoretical interpretation of this very important
observation, as given by Onsager (1934) and Bass (1968) is based an the fact that at

high electrical field strengths the probability of ion-pair and triple-ion formation 1s
much lower than at low field strengths.

If a high frequency alternating current is applied to an electrolyte, and the
time of oscillation is equal to or less than the relaxation time of the ionic atmosphere,
the asymmetrical charge distribution usually associated with an ion in motion cannot
form completely. The retardation of the ionic velocity due to asymmetric effect is thus
reduced, and the conductance of the solution should be greater than the normal value
P. Debye and H.Falkenhagen (1928) deduced theoretically the existence of high
frequency effect on the conductivity of the ion. In 1928 Sach proved experimentally
that this is really so at frequencies exceeding 5 MHz, where the equivalent conduct
approaches a value some what lower than A . The value must be lower than A,
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642  Modern Phy laxation effect only. .
1y \

! s time re
field eliminates the tin
ffect. | N
that the influence of high frequenﬁ;
’ - e Y o
ients 1n favor of the view that Undaru’r(n
2 R . hp]()\\' th 3 n,{)‘;.
B 0 yctances are p = o
Ghtion becae of the o pie h("m‘(,‘ wmz)‘*l’l‘“’l‘(‘ which increases ~.--1thfffr Inf,.
dilution because of the effect of the ionic atmo "
concentration.

because the high frequency 1t vd
influence on the electrophoretic €
% 8120
It is important to empha ity
; R 7§
and high voltages provides strong

When we dissolve an electrolyte 1nto Z?queofut\hek electroiv‘tp i h-;%ia*’%
positive and negative ions. When the concentration O Y& Increge,,.

e

)

-AJ'- ¢

solution, there occurs an interactiolsl?fet‘:flill; pf(;iﬁ‘ ihil)rslg rilrig?i;;iem::m%%“"
this i racti ions behave difter . . QUong "
beha\lr?ot: ;Z}'Cité?ll; itlhzollution is influenced by a sgmber at %Fgfxrzyf C'hlex acm.r’.‘“ 2 whi.
are the natural attraction of ions unlike charge _anq reI()goblltzmanrl)Ogiol"hke chap,,
(Coulomb’s law) and the influence of thermal agl.tatloTr‘lh N ;:tnb._m,“ .
to counteract the electrical attraction and rePUJ_Slon_- B8 EC; irvecege“d“‘t 2
the total ionic composition of the solution,'whlch 18 eXPI’e==eh oy = Lewis
concept called ionic strength of the solution. Ionic ‘strengt 18 a usefy] COnges,
because it allows us to consider same general expressions that depend only op
strength and not on the identities of the ions themselves. This quantity is 5 Measy,
of electrical environment in the solution.

Tonic strength is given the symbol p and is defined as half the sym ¢ fhe

terms obtained by multiplying the molality (or concentration) of each ionic Specie
present in the solution by the square of its valence; thus

1 2 . ——
H= 5 Z:mlzI ) (.9.‘:)*_,‘;
When mj is the molality of the ion and Z;j is its ionic change. The product mz:

1s summed for all the ions in the solution then divided by two to give the iom
strength.

If a solution contains a number of ionic species indicated by the subsrrze:

Yl LD

1,2,3, etc. so that their respective molalities are m), m2, m3, etc. in gram 1
1000 gram of solvent, and Zi Z2 an Z3 etc. are the corresponding valencies, i}
lonic strength is given by
I q
= 2 2 2

H Y Mz +myz; +myz3 +..... ) A ’ {9.61)
For a single electrolyte such as sodium chloride or potassium sulfate. =

above equation reduces to two terms, one for Positive and one for negative ion, viz

1 i 2 5
li=.:)‘(m+z++m_z:) 962
W}.wn m+ and m- are the molalities and 7. and Z_ are the valences of posit™
and negative ions. Iohic strength is an empirical relationship and is expressed =
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orms of molal concentration of the . " .
t e ons rather than in 81 unit of 1ons per cubie

meter.
For uni-univalent electrol
vte such as Na(! )
strength is equal to its molality, o \I ST ERCN ”W‘“m"
p ’
i l(m»«l ms lz) /Y\ (} }’ l L
bl W . - ) ) - ‘ g
> c A A
5 H ) r( T i L= -
{ & A
oL N \ gt )

F4 \ - L =
/ "/[/ ¢~ ! \ )
Thus . . 5 A
Thus for 1:1 electrolyte u is equal t 1its m. One should reminder that e 2 V'

strength 18 a property of the solution and not of any particular ion

Example 9.4

Calculate the ionic strength of (i) 0.1 molal NaCl (1) 0.2 molal K50 Gio s
solution containing 0.1 m KClI and 0.2 m K2SO; (iv) 0.2 m BaCls solution

Solution: -
(1) m-=m-=0.1,Z+=7Z2.=1, so |
%(lelz+01xl ) .
n=0.1
(11) K2S0: produces two K* ions and one SO":' ion
m-=2x0.2=0.4, Z-=1
m-=0.2 Z-=2

u =%(o.4><|2 +02x2%)

=0.6

(111) In a mixture of solution containing 0.1m KCl and 0.2m K:SO, total molality
of K"ion=m1=0.1+0.4=0.5

molality of CI"1on =m2 = 0.1

molality of SO%™ ion =m3=0.2

(mizl +m22-; + m3Z3)

wl—-

é(05x|‘+OIXl"+07x72)

=0.7

i
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(1v . - sihd , “{s !
s 1 Cly produces one Ba?* ion and two Cl" ions

m, =02, Z, =2

m =2x02=04,7_=I|

H=—(02x224+04x1%)

19 [ —

=0.6

9.19. z‘:CTIVITIES AND ACTIVITY COEFFICIENTS OF SrrRONG
LLECTROLYTES:

o b The thermodynamic and other properties of the solutions of non.g|
2 . - g 5 " “Elee
¢ adequately expressed in terms their concentrations, evep 5 Ctroly,
r X |

:’;‘g:l:]r:ﬂtlxons But the .solutio'ns of' elgctro]ytgs exhibit marked deviatignm ey,
even le; : AC:“ concentrations. Dilute ionic SOlutl‘ODS havg concentration of (, OZ‘M %
3ttract;;)1;‘; cl;:c)rd-mg to Del?ye-H}Jckel theory _of interionic attraction, the EIE-ctr o
influemos ~O et\}: een th_e‘ ions in the solut‘10n_ of an electx"olyte have ; Ostyy,
"-‘IC"Ctrol3-t,esxjt, t e mobility of ions. T h_e 1onic _cor_lcentratlons in cage nj
in Solutiom; efmg low do not show appr?cu.able dev1at10q from the ideg] behayi
forces Cannot% strong electrolyte the 1on1c'concentr:at10ns are large, g i tf;r.. u
S st the negllec'ted. Dug to electrostatic attraction bgtween fractions of cn?ni"‘
Spparent c'o ncee tso ution exhibits the properties of one in which the effectétxons
Depending o thn raixor_ls pf the ions less than the f‘,heoretical Con%ntral:e
solvent interacti (;3 re a}:we importance of fact'ors, such as ion-ion attractiong andlgns.
appear to be | ns, the effective concentration of the solute dissolved ip i 10.
ess than, equal to or greater than the molal concentration Thi:r ?flay

) €llect

bf-come ~ - .
-~ 8 mo o . N 3
re significant at higher concentrations and Increasing valence of the ;
€ long,

Th .
10ns in sollts_ltieiiesaolf)ecto o GI.N. LfWIS suggested due to restricted mobility of ),
. strong electrolytes the ions d . the
showi : ' 0 not exert their f
molarint% th;]ui bﬁ?awfor_ He proposed the term activity in place of COncellltlia:_ffect for
Y. molahty, formality, mole fraction) ] 1on terp
el = ) : ’ » SO0 as to explain
ectrolyte solution from ideal behavior. To distinguish bet\I:'een Ifl};‘iafepartulre of
or mola] o

e

g, =71;m;
(9.63)

in whi i1 b e
ch aj is the activity of the substance I, ¥;, in the activity coefficient of

the substance . 2
subs t and mj is the molal concentration of the substance i. Activity

aqueous solutions, both activit
. y and concentratio i '
iy - s . 1 are expressed in the same units,
ot r}:z ;c;t;;gﬁvcoefﬁm?nt 1s dimension less. [For dilute solutions, the bmolﬂl‘ity I
Prope:rties (because thzglu?he b 1 molality, whiCh is preferred unit for colligative
solution properties do not depend on the identity of the
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a‘) :\:‘d m.t.

and Q=Y ‘W

1 \,I.HOG‘ zt ‘s n\\t mqmb}e .t\;’ tet \;’“‘\ “\\m“\‘n ’ﬁ\‘ \\f-‘-&ﬁ\\’x‘ i\“,\‘l \“\ &‘\\‘N ap“\; Ahey \‘
an electrdlyte, there is e CNPETIIENTAL trethod Avaiiable to dererming e activiby ae
activity coefficient of §

¢ DAvIdua] Jone Whecies, The e v that the salubione ave
elactrically neutrsl and we 08

N VAL TRCTeASe the Mamber of wartane withone an squat
INCTEASe M the humbder of anions. Qe we CARBRE By separately the affeed of
CaUIoNS Or anions in the TIosthoe o aneh orher ¥ 4 wenkal salitian, (s ereiae
not passible 0 measure the dnaias) TOR SRS Pariuivatelv Far ek pivpyens
1t is sufficient t know the TRORN TORTE AANALY () AR wean avtivaly weaitieent
(?}‘) .

Since it is not POSEIDIE T SUDENIRS COROORITATRE Ror ACBIYTIINE W i
solutions, it is essential to QONEIAT MO THE FORR COCeRETR LR W ax B penveried
the activities and how suek SOEVITIRE oen 2o evaluatad TR aidier fe iiiedisee seme
definitions commaonly emplaved i Joaling WAk e stiviiiee of shavng eleviiolyies
Consider on electrolte AxcBy whioh tonizes T2 e sehution anading

{ \BS :‘\b‘ '1}' -

When Z- and 7. am D Shanpes o e aatien and auken respeoiively. The
activity of the electralte as & whok, &y, B A

e M e of the aetivities of the

TWO 10mS. 8- and 4. &3
an =~Q§C:

Re
If V is the ol numder of e PR S

el b o wolecwle of the
electrolyte. 16, V=x + v, this mesn R R aad &

> .,
& =@ =@ aH

-

||
The acticities of the 1om one wolavad 2 Dol coBveniratione Wheongh the
Telation.
3~ = % eme Q)
G&-=Y¥.m. &gh
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molalities © o
oefficients. There activity coefficiengy

| by the molalities of the respectiy,

d (9.67) into Eq (9.64), we e j

When ms and m. are the

Y- are th(‘. cm'rcnpnn(ling llCtiV“‘y C
bt' ] J“ﬁ
'Jln fr)l. ¢ )

Appropriate factors which when multipliec
yield their activities, Introducing Eq (9.66) 20

ay =(m,y,)* (m_y_)
ay =(m¥m?)* (v} y¥) (9.68

and for mean activity from Eq. (9.65)
I
i’ (9.89)

a, = (@) = mm? Y v r))

The factor (m} mZ)% is defined as the mean molality of the electrolyte

m, = (m} m!)%'

Similarly (y}y? )% is known as mean activity coefficient

{
Y+ =1y )/V '
ty and mean activity coefficient, Eq (9.68) an (9.69)

In terms of mean molali
may be written as
a =ay =myy, ' (9.70)
0.7

ay = az% =(myys)”
Finally since for any electrolyte of molality m, we have

m+ = xm

m-=ym
Eqgs. (9.70) and (9.71) then take the form

1
a; =(m} m!)/v Y+

_ ooy
‘g(x y ) m vy :
—
e S R T ——
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and @ = (a,y

(,*,' jm" !
Equation (972} and 7
activities to molalities, or vice

1

gem  tha

veTEn

Thas for
m,wehavex =1,y =1V =2 and therefore

a, =(1=iyim Ts

-

-
-

gy =d; =m’Y

e b

Again for an electrolyte of the 2°1

and V = 3.

5

type, suc

Example 9.5.

Calculate the mean and total activity of the
(ii) Nas POq (111) Cas (PO4):2

Solution:
1) CuSOsx=1,y=1l,andV=1+1=2

L/
a, =(I1x1y?m y,

(i) Na3sPOs x=3,y=1,V=x+y=4

A L
a. =(33 xl‘)"*m Y. =27 ‘my.
a = (a)' = 27my}

(iii)

Cas(PO4)2x=3,y=2,V=x+y=3+2=35
|74 u
a, =(327Y3my, =(108) *my,

a = 108m>y}

S FT T MR

11 electraiyt

-

e
n as Dat

iy Mo e Ly £a7

) o
following electroiyles
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Example 9.6. Caleulnte (he menn activity of the iona and activity of the clo

: :trf)l'
mo Im Na() solution. The Y, i80.778,

It
Solutiun:

m=0.1and y, =0,778
- P 116 Y

=0.1x0.778 = 0.0778
ay =(a, )?

=(0.0778)2 = 6,05 x 103

9.20. DEBYE. HUCKEL LIMITING LAW:

One of the most significant contributions to our understanding of the
behavior of electrolyte solutions is the Debye-Huckel limiting law. Debye and HUCkeI
(1923) deriveq an equation which offers quantitative calculation of mean actiyjg,
coefficients of strong electrolytes. The values obtained theoretically were in good
agreement with the experimental values as long as the concentrations are kept low.

he equation Which they derived is known as Limiting Law equation. The Name
Signifies that jtg application is limited to dilute solutions of strong electrolytes only,
This limiting Jaw is based on the following assumptions:

@) Electrolytes are completely dissociated into ions in solution.
(ii) The solutions are dilute, with a concentration of 0.01m or lower.

(iii)  The interactions between ions of solute are electrostatic in character.
Electrostatic forces are strictly long rang interactions.

(iv)  The ions in the solution are subject to random thermal motion which disruptg

the orientation of oppositely charged species caused by the interionjc
attractions.

v) Each ion is regarded as point charge and is surrounded by ions of opposite
charge, forming an ionic atmosphere.

(vi) The dielectric constant of an electrolyte solution is uniform and independent
of the actual concentration of the dissolved solute.

The energy of a charged body, that is the work expanded in the process of
charging, is half the product of its charge and potential. Hence for an ion of charge +

Zie the energy it possesses by virtue of itg lonic atmosphere is given as

E, = —21- (charge) (potential)
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2D

The correspongin

g en
Avogadro number,

ergy f _—— ,
N, 80 that BY lor a 1 ¢ ion is obtained on multiplying by the
E - _NZ7 ek
i =
2D

g tq the definition of chemical potential the chemical potential of a
an ideal solution is given by

(9.74)
Accordin

particular ion in

Hi = +RTInx, -
. Wrighen Xi 18 mole fraction in the given solution. For a non-ideal solution one

i =] +RTIng

Wi =} +RTina X;+RTIny; (g =7%) (9.76)

Where ai is the activity and y; the activity coefficient of ionic species. The
difference between Eqs (9.75) and (9.76) is RTIny; which is equal to the difference in

free energy change accompanying the addition or removal of 1g ion of the given
species from a large volume of real and ideal solution respectively. This difference of
free energy may be regarded an, equivalent to the electrical energy of the ion due to

its atmosphere; that is to say, the departure from ideal behavior is ascribed entirely
to interionic forces. Hence Eq. (9.74) became as.

: 3,2
RTIny, = N4 &K
2D
3_2
2DRT
From Eq. (9.38), we know

K 4r 62 ZniZiz )yz

B DT

Iny; =

- 4e (1r)y2(2ni2i2)}é

or T
(DkT)y2
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ml, L may he roplnced by N“"‘U()(, e
r . \
litor, ko the Boltzmang Cony, ‘W\t.r
N\ |

l\l' )

¢y

o 118

Where ny in the number of fonm | o

N , or
Uit the numbor of geam jons dianolved |

N

R

b
| “ N(‘I ’ )]' |

" ()2 /7

2e(n) (L 100 y‘

DRT )}’2
G

V .
t Y2 ,v2(SCZ 2)
. N)/ A4
2r(moo) (_3 » .

ke MO0O)
pl{'r)/'/z
N

V2 ..Jiz}é
k 2c() N(ZC./)

— (9.68)

%

i (l)l{’l’)yz

we get

2)/2

Substituting this value of into Eq. (9.77),

!
(T 1VIN(Y CZ;
Nz e 2':(1000) (Ze

2 DRT (DRT)2

Iny, =

Multiplying both sides by negative and on rearranging we get
(5a) (zc2)’
N?z.2 € (1000 o
T TR J
(DRT)"2

A
T
N*e (mﬁa) Z2(Y Ciz2Y?

2.303 R% | (DT)%

—log y; = (9.79)

The term in the large parentheses consists of several constants, only and may

be replaced by A’.
A Z2Y izl
3 (9.80)
(1Y?

—log y; =

Further, we know that

1
h=g > Ciz?
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Hubatituting the value of Z;l‘.,l,' frem Vg, (9.81) int Feg. (1), 505) s 4ot

e _Afyr;l\/:),]!
Efy ”%
(1 )//
1Jan 1 [
o, o = A /‘{‘ 7/l"
(l)‘l')/'f
"yl
gy, a 7’ (9.42)
W y
(ry?

For n given solvent and temperature, D and T have defimte yalues which
may be insorted into Eoq. (9.62) to give

log f; = ~A Z‘Z,/ﬁ (9.83)

By inserting the values of N, E, =, B, D, and T, the value of A is found t0 be
0.609 at 26°C, hance

~Jog 1, = 0.509 2,2 Ju (9.84)

Kas, (9.%3) and (9.84) represent the Debye-Huckal limiting law. This
expresses the variation of the activity eodficient of an ion with the ionic strength of
the solution. It i expected to hold for dilute solutions of electrolytes as 18 clear from
the fact that the expression for the potential on an ion due to ionic atmosphere was
derived assuming dilution being approached. Moreover, from Eq (9.24). It follows
that activity coefficient, of an ion ghould decreass with increasing ionic strength of the
solution.

Since the individual activity or activity coefficent, of an ion cannot be
determined experimentally, it is not poszible to make direct test of Eg. (9.83)
However, it is possible to relate the individual ion activities to the measurable mean
activities of the ions, If one molecule of a binary electrolyte dissociates into V ions of

which Vs are cations and V. anions, then the mean activity coefficient is related to
individual jonic activity coefficient 1, and v_by

q4e W~ ',
‘=G 1. /

» __1 2P bl
‘0911*“;‘09({4- 1)

s

! . -
:-ky‘i"‘u—l{ o
v[é! g 1- |

-

=lv [V, log 1. +V.log 1] (9.58)
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Movern Physisal Chanieiry
. follown that,

Toe
(¥
. \ w ¥ nd ¥
T the vilenvon of the fone ave Hen VI

1 Y 4, | LT v ] :'
bDetween the valve and the number of o

\ 1
\> "w
L\\; Yy * l’ l"ﬂ T \ ';’,‘ |up, Y l

? v, 2
l\\p Vo 8w ‘ 1 7 ( \‘,';‘ \/n) I} /,’( .‘\'/f \/“ |

SR,

AZ, 2 Jn (2, +2)
3\‘3_: Va &= oo 5 ,,‘}.' -
(9.86)

g ¥, =-A 2,2 _yn
0) also vepresents the Debye-Huckal limiting law for dilugg

Equation (9.8 i b 10T i
$ 9.8 g s ehavior in
solutions. According to this law the department fi e e 1(1(({.1331011% of theaiogwen
solvent is gourmed by the ionic strength of the medium an ns of

electrolyte,

Verification of the Deby
The mean activity coefficients of
various electrolytes can be determined
experimentally by a number of methods,

€.§. measurement of vapour pressure,
1-3

freezing point, solubility or electromotive I
I, it is found that the mean  —109 Y+ -

force. In geners
activity  coefficient of an electrolyte
decrease with Increasing concentration,

but at higher concentration range it is 1-1
found that the mean activity

but is independent of their chemical nature.
e-Huckel Limiting Law:

frequently
coefficient  increase  with increasing
concentration, thus passing though ga
minimum. \/;
The law can be tested by plotting a Fig. 9.7. Test of Debye-Huckel limiting
law for diffent electrolytes.

graph between —Jog Y- and Ju, at room

temperature. All electrolytes
straight line passing through the origin. The slope of the line depends on z+ and z.

values of the given electrolytes. For electrolyteg this slope should be A, for 1-2 or 2-1
type electrolytes 24 for 1-3 or 3.1 electrolytes 3A etc. ,

ulate the mean activity coefficient of (i) a 1-1 electrolyte, e.g.,
€.8- NazS04 at a molality of 0.001

should give 3

Example 9.7. Calc
NaCl at a molility of 0.01 and of (1) 1-2 electrolyte

In aqueous solution of 25°C.
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Solution:

Q) For 11 ‘\l""“(\l\‘h‘ the i
=001 2 7 \ " 0me atvength s cgunl o ita molality, hence
. "y

log vy, 0.509 < 1 1 /0 0
log vy, 0.0500
Y+ = ~0.880

an For 0.001 moly) 12 eloctrolvte

I = ;(().()()),vl“ +0.001«27%)
H=10.003

l0g v, =-0.509x1x 20003
log y, = -0.0558

Y+ =0.879

9.21. DETERMINATION OF
ACTIV!T 13 ¢ & Y )
ELECTROLYTES Y COEFFICIENTS OF

Th . . o .
experim Elllnean activity coefficients of various electrolyte can be determined
p ntally by a number of methods. Some of them one:

6)) Solubility method

(i) Vapour pressure method

(iii) Freezing point method

(iv) Electromotive force method
) Equilibrium constant method.

.It is impqrtant to note that activity coefficient of a single ion cannot be
determined experlme_ntfally, because it is impossible to isolate an ion in free state.
Hence only mean activity coefficient of various electrolytes, are usually determined.

We shall discuss here some of these methods.

(i) Solubility Method:
This method is particularly used for sparingly soluble salts. When a solution

is saturated with a salt there is an equilibrium between the excess solid and the ions
in the solution. To consider a simple case, such as that of sparingly soluble salt silver—
chloride in contact with its saturate solution, the equilibrium may be represented by
AgCl(s) ‘—_—-‘Ag+ +CI” A~
Where Ag*and Cl ions refer to the hydrated ions in the solution. The

corresponding equilibrium constant is given as
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Kg =(a (q J §
¢ Ay’ » % RN
1 = am . o0 e N \-u“ ' 2y AN
Where the constant, Ks 18 known (0e soouiand 3 S oA of 1, =Y
LRE RS %

i

chlorids.

“\

D | -‘-,‘,,‘i "o
maya FEDETR] TNWRNIA \31_,\. .

.
TRay

In general for any electroiyte banong
SRS 9.\‘inl|.-.-1

b,
) , - -.-. ad AW
with its saturated solution, the equilitrvam herween 1D 3 &
is

3‘7,, INT

AIS‘.!, .:‘A' - B~
and the solubility product constans 1 Evem 2
K’ = (a y) (GB_ }" \‘f\ R‘}\

This expression is the basis of the sebadidu product drnaple wWhich sage,
that when a solution is saturated with a gven sali, the pradwct of the attivities
concentrations) of its constituent o, raised 5o D2 ADDIVRTIA DOWANR, mWus he
constant, irrespective of the nature of other electzolyias Proseni the salatian,

roduct of its convcantration in

If the activity of each ion iz wniien as T
-335:::::\:*. han the axpreasion for

gram ions per liter and the corresponding acviiy
the solubility product of AB; becomes.

Ks=71.[AT]y_[B7]
Ks=71,7-[AT1[B7]
Ks =73[A"][B]
Taking logarithms an both sides we g=t (on rearranging
log Ks =log v +log [A7][B]
log K =2log v +log [A"] [B7]
log [A*] (B”]= log Ks =2leg v,

., The solubility ‘S’ of such a salt is equal to the moles per liter of the salt t
dissolves, if no species of electrolyte AB other than A” and B~ oxist in solution.

[A*]=[B"]=S
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Thus  log 88 - log Kg - 21op Y.

bl
log 8° = log Kg - 2log Y+

2o 8 = log K¢ -2 log \r

y |
log 8 = 3 log Kg ~log v, (9.90)

Since Ks is solubility product, and is constant at a given temperaturs, 56
variation of mean activity coefficient i.e, Y+, can be related with the solubility of that

compound at a given temperature. In order to find the utility of last equation, now
consider the data that are obtained when a sparingly soluble salt is disaclved in
solutions that contain various amounts of neutral or non-reacting clectrolyte, that do

not contain the ions A* or B™ Debye-Huckel theory again suggests that at low ionic
strength. \

~log y4 =0.5091 Ziz\/ﬁ—

-log ytoc\/ﬁ

Hence we write the previous equation.

!_o_%msj-li log Kg +0.5091 Z2 Ju (9.91)
® NaCl OKNO3 aBaSO4 AAgSO4
326 T
3281 o
330 T
332 T

slope = 0.5091

———

logS -3.34 T

-3.36 1T
-3.38 - I "%"10ng= -3.377
—e —o- — o
0 0.05 0.10 0.15

&

Fig. 9.8 calculation of Kg by extra-polation method
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o 1 e plotted apninal \/H hiy vl i mmlllt.“"ﬂ""l hut -"’fI';"'i“'l"""-"”."r’
comveiient anlt [0 NI Ut Y IIRE (NI, (N b,. )y ¢ )‘vh I’I n ul.m;u nl: . "In'u“ m‘
abtained, which supports Dby Hochel prodictions of linenr relntion nnd straight line
haa Beeny dhaw i with predicted mlope ol 06001 )

Phe e 08 showa the effect of adided ‘mnlln on the T“h,‘h”:'?’ ‘4‘:l .“, ,:i(l;l'll-
[( ONHY), 0y “l O (NH )y (NOg ), (40, ' containing a alngly charge .(.n ,ljll 1 l
atiely vhavged anfon, For this prortioulae aot of duta thal Lhe linenr rnlnl.,myil i r"‘,l,t-il,‘;r
winh and that anpport for Debya-Huckel l‘luwr,'v i pgiven 'vf'l i not W".Y‘ ""'"IV' ‘l‘ W
heve, It in pant anch difficaltion that the theory frequently encounters particularly in
solitions othor than thoae of extremely low jonie atrength,

A extrapolntion ean be mad in IMigg 0.0 with/ without l).ll.'l" n’ml’ one “",mi;"j
for the L H 1 of eqguation (D.D1) b 2aro0 fonic abrength, the vnlun. ;.L‘.l’lli. /\gnlq 16
Bt of goro fonde strength correaponds (o the complete absence of ionic interactions.
Therefore,

y, = landlogy, =0

At thia lHmit equation 90,01 given
’ & oy
3 log Ka = 0077

log Ka = 0,764
Ka = Antilog (-0,764)
l\.n '.7”)‘ ,”7

With thin value one is ngnin able to learn equation 9.91 around to give an
oxpreasion for the activity coefficient of the singly soluble salt at any concentration.

[1og v, ~1m f_i ’lf{{;’f‘;"’ (9.92)
The solubility data, use to conntruct Fig-(9.8) can therefore be made to give
v, for the dissolved walt in all the solutions studied, Although, the D.H.T was used to

aid in the extrapolation to obtain “Ky" in Fig 9.8, it should be recognized that these

results do not depend on this theory and are valid for any aqueous solution at this
temperature, for which the nolubility of the salt can be measured.

(ii) Activity Coefficionts from the Dissociation of a weak electrolyte

Other atudies of chemical equilibrin besides those that make use of oxidation-
reduction reactiona in electro chemical cells, can be used to deduce in electro
thermodynamic propertios of non-ideal aystems. Acid-base equilibria provide many

illustrations. The traditional example in the equilibrium set up by the dissociation of
acetic acid, CHaCOOH, here abbroviated HAc,

CHyCOOH === CH,CO0" +H'

or HAc===H" + A¢c”
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“Onatant, rll'.rluhjr] by K is given
\‘—-——‘-—\A;r.'.kz . .

K = L—Y;[_”;JLAC" |

Thac [HAC)
‘ Thls €Xpression g
Interactiong ar 1

?lmpllﬁr:d when it g realized that the
rLSponsnhlc for the non-ide

ality whie

(9.93)

,.J;gf;?_rr,:nlt::?.lfl

Ull(.llﬂl ‘J,‘L,‘l [l}\

y
¢ molecule should therefore
et THae =
K, = J2[H'][Ac
[HAc] (9.94)
T
aking log of the above expression and an rearranging we get
2 -
log Ky, =log | Yz (H'][Ac]
[HAc]

H"] [AcT]
lo K =2 |0 +1 [—‘_
g K g Y+ +log [HAC]
[H"] [AcT]
lo —_— -] K -21 -
= [HAc] %8 Bm=2log vy

(9.95)
Since HAc is partially dissociated, so the co
dissocia

ted acetic acid may be substituted in the a

neentration of dissociated and un-
degree of dissociation (). Let

bove expression by considering the

HAc—=H" + Ac~
1 mole 0+0 t=0
(1-a) mole a+o  after t—sec

Where a=no of moles converted to ions and it is also known is degree of
dissociation. Let the concentration of CH3CO

OH is taken as “C” moles liter. Then at
equilibrium stage.
C(l-a)=—Ca+Ca

Substitute then values of concentration in Eq. (9.95) we get
Ca.Ca -
0g ——=log K;; -2 log y
g Cl-a) g K +
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log Ca’ . log K 2o ¥

(1-a) he
N £ LB TETAl . -
e in jona. One cnn il wy Lhe \”“"tn.h

For solutiona that are very dilut ym the conductivity measurameay,

. : ot ion fl"
expression to obtain the degree of disaocintic .
iven cancentr
A equivalent conduc tan ce a° gt :
AT uivalent conduct
FAWS cq ‘

3q. (9.96) i de '
N ;; (‘(znntﬂnt. term log K and a tarm Whick,

trations, be proportional to the aq,,
n . -y "

ance atinf inite dilution
.

termined for various acetic o,
In this way, the left side of T
concentrationa. The right side consists 0
the D.H. theory suggests will, at low conce
root of the ionic strength.

—log vy \[‘—‘

If the solution contains only the H*
HAc, one has

and Ac™ ions from the dissociatioy of

=1 [(Cax? + o0 ']

p=Ca

and Jﬁ=ﬁ

2
so  log .fi ~ log Ky, +2(0.5091 Z,Z_)
-Q

2 ~
log f’i ~log K, +1.018 Z,Z_VCa 9.97)
-

Equation (9.97) is an equation of straight-line,

2 .
log Ca” _ log K, +1.018VCa . electrolyte is 1:1 type Z+ = 7. =1
l-a

Co? J— ioht-li btai ,
If a graph is plotted between log - v/s JCa a straight-live obtained with

slope 1.018 and intercept log Kin.

Extrapolation to zero ionic strength, when y, =1 and log vy, =0, gives
log Ky, = —4.7565
and Ky, =antilog (—4.756%5)

Ky, =1.752x107

Kin =,1.752x10'5 (theoretical)

Ktnh = 1.8x 108 (experimental)
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-4.73 + °© o
0
-4.74
2
log| €@ ] slope +1,018
l-q
-4.75
T -4.7565 = logK, = intercept
-4.76 _

0 001 002 003 ona

| (9.98)
l-a
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