conducting material does not undergo any chemical change." For this reason they

are called electronic conductors. Almost all the metals, alloys and graphite are the
best examples of electronic conductors.

9.1.2 Electrolytic conductors:

COMPARISON OF METALLIC AND ELECTROLYTIC CONDUCTORS:
Metallic conductors Electrolytic conductors

(1) The electric. current is carried by
charged ions moving towards the
respective electrodes.

(2) No chemical change takes place

during the conduction of electrical
current, ‘

(2) A chemical change takes place
~ duning the process of electrolytic
conduction. --

(3) The conductance increases with the
rise of temperature.

(32 The increase of temperature -
decreases the conductance., -

9.1.3 Electrical resistance:

The idea of the electrical resistance or the electrical conductance can be
best understood from the Ohm's law. -
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According to this law, the resiscc of a conductor is the ratio of appljeg

voltage (E) to the current strength (I) flowing through the conductor
R = -11;. ...... (1)

The current 'T' is measured in amperes and voltage (E) is mecasured n volts
Units of resistance:

"When one ampere current flows though a conauctor and a voltage f)f One
. . . ! .
volt is applied, then the resistance of the conduclor is taken as 1 ohm." 1t i

Icpresented by 'Q)' -
This law is obeyed by metallic conductors and clcct;rolytic conductors.

9.1.4 Conductance:

Conductance is reciprocal of resistance. Let us denote 1t by 'C'. So, the
resistance 'R' and the conductance 'C' arc just opposite to cach other.

1

C =3 e (2)

Keep it in mind that it is morc common practice to talk about the
conductance of the solution rather than ‘its resistance. |

s "The units of conductance are the reciprocal of resistance.” It 1s denoted

T

- . =

P ey

™ "'i._,'
L
-
-

%457"by ohm™ or mho. It is also expressed in Siemen's (S)

] Siemen = 1 mho
1S = 1Q°
9.1.5 Specific conductance: . .

~ The idea of the specific conductance can be deduced form the Idea of the
resistance of a conductor. The resistance of a conductor is directly proportional to
its length 'I' and inversely proportional to the area of cross section 'a’.

| /

So, R o< _
S 2 e (3)
R=mPa" '

Here 'p' is the constant of proportionality. This is called specific resistance
or resistii'ity of the conductor. The value of the 'p' depends upon the nature of the
conductor. | L, TR o Afead
' According to equation (3), the resistance of a conductor depends upon the
length of the conductor, area of cross section of conductor and its resistivity.

When we take thc reciprocal of resistivity 'p' thCn- it is called specific
conductivity or simple conductivity. Let us denote 1t by 'K’
| -1 ' '

So, P = X
Since, R = C
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- C K" a
- Rearranging this cquation,
J {
K = C s T e (4)

- So, specific conduc':tfmcc K" 1s rclated with the conductance of substancc
C', length of the conductor ‘' and arca of cross scction ‘a'. In order to define 'K'. let

us suppose that |

/| = lcm
a = ]cm’
l
K:C.T.—_—c ...... (5)

" o . : .
S0, specific conductivity 'K’ of a solution is the conductance of a solution
whose length is | cm and area of cross section is | cm."”

y .If the length 1s 1 cm and arca of cross section is 1 cm’, than the solution is
placcd n such a box, which is 1 cm cube. It means that the specific conductivity is
the conductance of 1 cm cube of a solution of an clectrolyte. Following diagram

(1) makes the i1dea clear.

Fig. (1) S;:;eE{ﬁc conducti ﬁty, when current passes through a | cm®.
In order to derive the units of specific conductance, we take the following

equation: |

LA

P N= p-_a
Lo

P, oS

_ p = ohm.cm’/cm-= ohmcm
The specific conductance 'K' is the reciprocal of specific resistance 'p'.

® . | | * _ | . . , -1
| ,. . - 1e.Siemencm .




U"} \p)v"({free electrons in the metal structure. The conductivity ©
' 2~ , upon the concentration of the solution along

\-’/

e

«Slution. Concentration of the electrolytes SIVEs us

charged ions present per unit v
diﬁ'e%ent elecg'olytes,pthen we should dissolve definite mass O o equivalent of
same volume of water. For that purpose, We ¢l 5

the electrolyte or ong, mole of the substance.
electrolyte is the conductance of all the ions pro
the electrolyte dissolved in V cm’ of the solution, when [

3

{ .
‘W)i(\'o . - | ~ physical Chemistry

4’9( Introduction:

| ~ on the availability of
The conductivity of a metallic conductor depcngsa;l I:':c::mic solution depends

with the temperature and nature of the

fhe idea apout the number of

the conductivities of
£ the electrolyte 1n

hﬁ_.—_

olume. If we want 1O compare

"Equivalent conductance of an

duced from one gram equivalent of
he distance between the

ode is so large, that whole of the

electrodes is 1 cm and the area of the electr s represented by
solution is contained between them.” The equiv +

alent conductance 1

N\ .

Equivalent conductance is related with the specific conductivity by the
———— e — \ e N A o

following relationship, [ It = | 4 7
n KN, 1 Tt (6)

V = Volume of solution In cm3, containing one gram _

equivalent of the electrolyte .
Now, let us convert this factor of volume V' in terms of concentration of

——— TR S R e e —
~ solution. Suppose that in the solution there are 'C' grams equivalents in 1000 cm™ -

of the solution] then the volume of solution containing 1 gram equivalent will be

1000 - | 1000 . - :
C - It means that V' can be replaced by c I equation (6).
1000 0
A = K_—_"C N “ .'. ..... . (7)

When we dissolve 1 gram' equivalent of a substance in 1000 cm’ of
solution, then 'C' corresponds to normality. So, equation (7) can be written as,

o . Bl -
A = K. Comality s (8)

In order to derive the units of equivalent conductance take above equation

(8), ' .
‘ 1000 ~ 3
‘ . norma‘hty Sy s gram equivalent

or A = ohm™ cm’ (g eq)™ |

or = Scm’ (8 "5‘51)‘l |

or A= Q'om’(geq

T
i
,i,
;
v |
i
|
1
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If the quantity of ‘clectrolyte s cxpressed in terms of molcs of the
substflncc, then the term molar conduciivity cvolves. "It is the conductivity of a
d by the conductance of all the ions from one mole of the
electrolyte dissolved inVem’ of solution. " The clectrodes should'be | cm apdf[ and

thc area of the electrode shoqlq_ be so_largc,: that wholc. of the solution is contained
between them, Let us denote it by Am. © o

It is related to the specific conductivity by t‘hc following rclationship
B  Am= KV L re .
1000 1000 |
G 4 VI — = ~— e
n = RN C K - molarity. "7 ©)
~The units of A_, will be ohm™! ¢m? mol™,
9.2.2 Measurement of electrolytic conductance:

Conductance can bc obtainéd b

_ y the mcasurcment of resistance, . becausc
the conductance is i e

reciprocal of resistance,

The measurement of resistance can be done by wheadstone bridgc method.

This arrangement is shown in the following diagram (2).

b

i - Vaqabl__q resistance. 4 (Unknown resistance)

Galvanomecter

. :, !!!!

L . i, T T ¥ ’ J " '
N '
I - . :
] v " .'-- L " k - j .r |’ 4 ™
< ‘ . . . adiat ¥ na ! ) f
e ok I i d ¥ ] . L] i ¥ ¥ 5 iF
= Gp N ke B = . i | & { = " = [ = ' &
'
F

JB 1
- llh =

" Fig. (2) Principle of wheadstorie bridge method io measire
; {04 .l_’.{ X : ' : o ' , 3 "L TR % SR e X _ e 1

" electrolyte conductance. " - |
The arrangement shows four resistances as 'R, 'R,', 'R, and 'Ry’ | R\"is - 3

the variable resistance. 'R, is unknown resistance at which the solution whosc
resistance is to be detcrmined is connected.. A source.of A.C. currcnt is connccted
across, the points.'a' and 'c'. The current detect or ‘D' is attached between 'b' and 'd'

Let the current in the four arms'be’'l, 'l 'I', 'L, According to'ohm's law, .
‘ E] = I]Rl | ";f.f‘..:-'t-:'.'l , % . - I !
i

S - iy [,R, @) selobs
By = LRy oy 400 THRIN
I

L{

E4-= I4R4 rar AreS X )

I e —— T e el T il o il P S— — = "
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Now, if the resistances are adjusted in such 2 Wa3- al
of the current through the detector 'D', then this bridge. 13 °*

that sﬂ:uatlon following relationship is appllcable ,
R R veeee(10)
e, R o ' resistances of
Equation (10) is used from the sense that, if we know the resl -
three arms i.e. 'R, 'Rs' and 'Ry, then 'R;' can be calculatcd -
EXAMPLE (1)

‘ 1 Cl, whos
Calculate equivalent conductance of . solution of 0.01 ;Tclt{wt; - ies
resistance at 25°C is 200 ohms. The cell constant of the con u

unity.

SOLUTION: _ T A ORI
Data: | Régistallce (R) = 200°ohms
Cellconstant = 1cm’
Formula: = | '
Since the specific conductance, (K) = % x cell constant.r
Putting the valués and units e ey T R
h oy i s0s 54 G € 200oh1ﬁxlcm ~
UK = 5x10%ohm™T em
Formula: ' -
| The equivalent conductance has thc followmg expresswn
;. K'x 1000
il B Normallty
Normahty of solution of HCl = 0 Olg eq cm™
Putting the values with its units - -
. o A X 10‘3 ohm™ cm™ x 1000
c “ 00lg eq cm
, AT Ans.
EXAMPLE (2) e [ { RO

One g of BaCl, is dissolved 1 m 200 cm of solutmn The conductivity of

solution comes out to be 0,0058 mho cm Calculate the molar conductivity
and equivalent conductmty of thlS solutlon " . |

- SOLUTION:

Data: ioiioeos oo daut o nemi LS
| Conductmty of solutlon, (K) & 0 0053 mho cm” 7. PN
Molar mass of - BaCl; =137+ 2 X353 = 203 g mol"‘
Volume of sclutlon vy _; :-2(10 cm? = 0.2 dm3 |

Mass 0 o

‘Molari
ty = ‘Molar mass Vol of solution in dm’

1 1

0.0240 mol dm3" .-




i 'f...:::::_ff Pt elcCtrodes

Fig. (3) Types of conductivity cells.
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- madc by dipping the

9.2.4  Problems of conductivity cells: hen the elcctrolysis of the solution

S - | W
One of the major difficultics anscs, ions arise.
takes place. Duc to this reason, two complicatl

. 1zation.
(l) RﬁSiSta.ncc Changcs duc tw p OIanz:;angCS. :
(ii) The concentration of the solution an altcrnating current 1S CMployed,
S,

In order to avoid these comp]ica‘_:ic . circuit 18 replaced by the head
and the galvanometer of wheadstone bridge $c apparatus ‘where 'R' 1s the
phone. Following arrangement Fig. (4) Shows a known resistance

' . - eginning
resistance box 'XY' is, the uniform Wwirc. At the beg

o _ olution is introduced from the
which is approximately of the same order as that "y .corm wire and the point of

resistance box. The sliding contact is moved oD the unt .
minimum sound is detected. " e
- Let this point be 'A". Following equation can be used.

| Resistance of solution y_ggih_él

Resistance R . Length AX

Varable resistance
(standard

resistance box) | m‘? B ﬁrﬁ'ﬂ 1Tﬂﬂm 2 ;

|
N \ y

where resistance

ks 1s needed
7 A " e i 1 / / r'r ,
. Jemiiiios

I
‘source of alternating current

- thermostate

| ‘ - ~ conductivity cell ©
Fig. ‘(4) .flrran%emelnt Jor the measurement of electrolytic éOnaubiénce.
solutionTchﬁi‘ﬁﬁxd eaizgm ﬁ:d af[?h 21::2;1r¢d oln the s_calc, ‘and so the resistance of the
the conductance of solution, pmt_‘:f_._” Of rt~h‘ls- gl ';hc solution givs
9.2.5 Determination of specific conductivity:
The speciﬁc conductivilty K'is related to conductance 'C as follows:

a

electr@e. The 3 Qf a cell Is constant and that is Why it ié@‘le&c&n@sﬁm_sg,
specific conductivity o, He | ”
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9.2.6 Determination of equivalent conductivity:

The relanonshlp between  cquivalent conductivity 'A' and specific
conductlwty 'K' is as follows: | -

Cell constant = L
| - a
Where, . - |
/" = Distance betwecn the electrodes of the cell
@ = Surface area of the electrode.

- So, lf we measure 'l' and 'a the cell constant can be obtamed Anyhow 3

a .

- sty

R ="px =

P a !
| SR R A
_l_ > oot l(_ ..~ specific conductance T T S
iRt G observed conductance B Yo ool spmi . ) F
-The measurement of these two conductances can glve us the value of cell

92,9 Factors determmmg the conductance of an electrolyte- AN
- The conductance of electrolytes depends upon the followmg factors:
(l) Nature ofelectrolyte el 3o neiiglogd it
(11) Temperature 2a abely S Al
~ (i) Concentration of electrolytes.

We are going to discuss the relanonshlp of concentration of electrolytes

Yith the specific conductance and equivalent conducta \CC.

b

e e =
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Dilution factor:

Specific conductance decreases with dilution The rcason 1s that, the
number of the current carrying particles i.c. 1008 em~> of solution become less at
low concentration duc to dilution. Now doubt the degree of dissocidtion Increases
with dilution but the number of ions cm™ is decreased to such an extent that even a

re present befo
complete dissociation docs not producc as many ions cm * as are p re
dilution.

The cquivalent conductance increascs with dilution and finally attamls ‘a
maximum value at infinitc dilution. The reason is that, equivalent conductance is
the product of specific conductance and the volume 'V' of the solutlon, contammg
onc gram equivalent of thg electrolyte’ ' ' |

1000

/\=K."_C"" = K.V.

The decreasing value of specific conductance duc to dilution 1s more than

compensated by increasing value of 'V' and so, the value of A increases with
dilution.

9.3.0 VARIATION OF CONDUCTANCE WITH
CONCENTRATION OF STRONG AND WEAK
ELECTROLYTES '

As we have discussed above that equivalent conductivity of an electrolyte
. incrcascs on diluting the solution, Following diagram (5) -shows the graphs

B qr’(x}&’ \Mbctween equivalent conductances of some of t.hc clcctrclytcs agamst the square
| \}N | 51851 |

We can study two types of graphs, i.e. for strong electrolytes and wcak
clectrolytes. Let us discuss them one by one.

P

root of concentration.

(1) In the graphs of strong electrolytes like HCl and KCl, the equivalent
conductance, approaches a certain limiting value at which the

solution i1s so dilute __that the concentration approaches zero. This is
the value of cquivalent conductance at infinite dilution. In is denoted
by 'Aq'. We get this value of 'A,' by the extrapolation of the 'gfaph

In the case of weak clcctrolytcs like CH;COOH there 1s no limiting

‘value, even when the concentration approaches Zero. 'So, cquwalent
~i'conductance of a ‘weak- electruiyte 4t zero’ concentration  can not be

equivalence conductance mcreases |
Houa. SF 9Y.

. " & L
i ‘-_ R i = ' r“‘ltl '._‘._I_|F.
I."'.‘, i j ;. i i
y w =i [

obtained by extrapolation of the curve. The ¢onductance of a'solution

depends upon the degree of ionization of the, clcctrolyte 'With the L
increasing degree of ionization with dllutlon the, value of

T

i‘

1 " i



200 S
glso s KCl ‘ °
- ‘ ‘
. & 100 y:
'V - Al
2 -
-
g 0 - CH,COOH

X/ o] S , v A
T . ,c;onccntmt_bn —>
I : L v/ . | "

. h Fig.-(5) Variation of equ
.. --When the limiting value of equivalence condup
degréc of dissociation is unity. At this_stage, therc 1s
electrolyte. This 1s true for strong electrolytes. 0 aihsianed it
. . In the case of weak electrolytes, the degrec of dissociation 'a' is not

. comblcted*eircn at great dilution. The degree of dissociation ‘o' bears the following

mnnuja: | WL N | ' D P i : .
| Equivalent conductance at given concentration
»ero concentration (or infinite dilution)

oC = . |
Equivalent conductance at

th concentration.
tance is rcached, then the
complete dissociation of

ivalent conductance Wi

ML

A
IR |
‘ The value of ‘A, can be found'out by Kohlrausch .law of independent
N o f- - | . | _ ° - m |
migration OI 10NS ‘/\ -y W b

9.3.1, Kohlrausch law of indqpe,gdgni migration o.f.id'!s: TP Candamtioma
" Kohlrausch law can be nderstood from the studies which were carried out @ 9 e
by measuring the equivalent conductances of some strong electrolytes at infinite C
, .

dilution. In other words, he measurcd t];e'__vl'alu\,es of 'A.'. Following table (1) shows
the electrolytes in pairs. ALY I G IR0 90T Ry

ifferences due to ions




T Na ijon 1n any
It is clear from the table that when we replacc K jon by
f’fercnce of

of the °1°°U01)’tc having a common anion, then the di
ohm™ cm‘,

attached wnh Na and K®

| n
t docs not depend on the nature of amo and Ethis: 2. 06 So,

In the same way, the dlffercnce of 'no for Br,
Rohlausch gave the following law. |

"Af infinite dilution each ion make
equivalent conductance of the electrolyte irrespective of

With which it is associated.” Moreover, the value of equival
Infinite dilution for any elcctrolytc is given by the sum of contn

|/

sa deﬁmte contrxbutzon towards the
the nature of other ions

ent conductance at
butlon of the two

lons ' . . ! | | : ; f,'n'.'-' . 1 o
, Mathematically, - v,

‘‘‘‘‘‘

. \l\- d})‘) 7’ No- = ?"Dc T lﬁa _ - '
\W/f :\1 """ A = Equivalent conductance of electrolyte as a whole
N A°. = “Equivalent ¢onductance of cations at infinite dilution

Ay = Equwalent conductance of the anion at infinite dilution
A’c and A2 are also called ionic conductances Thls law 1s valid

“at any dilution, but it is mostly applled at infinit¢" dilution.” Moreover, the ionic
conductance of an ion is fixed at a given temperature whatever mlght be the nature
* of other ion association withit. 5o 0 e e il A BRERT Lot
" Let us“take'a’ general’ compound‘ ‘Ax BY Wthh dlssomates rever31bly,
i \I\M ' accordmg to the following | cquatldn ARILRINRL G R AR R IV * SRl vl 173
1 | | _ T SRR s b
4 | \ (>( B AXBY g XA® +yB® .
“f"’l \-/(\ S0 T Ao = xl“ +y7\° ok Ak A TR R =
h'\l e -.‘ e} da ..ﬂ-l .+-| 2 b S IRAR K & S o 'j"-.".a:' _~ :
I - ThlS equatlon 1S valld for the followmg substanccs %
| A'Nacl = AMna® + A8 oy  ia=w
- taplagolini 40 W Ve @ R GG Tl
! ‘T A Alc13'" lﬂm@ + 37L°c1@ 'i’ §
R 1 ba o e i o D daty _ : |
et 3 AN Slmllarly, 1n terms of molar conduct ' 4
RS} , 1v1t1es the Kohlrausch la
e\ g T ,,,*_.; r.“"' ..'til w l
O as follows J | S LA b i et tiog S deﬁned
ik f 1‘?',-* - b " * 2 3 1...’-
- * L eaic DR he molar conductzwty of electrolyte at mf mte dxlutwn is the Sum 6fmo
il values one depending upon the cation and other on the amo G
E da o /\m i .-;f-k" +}.° s R i gakrirsipale o
:!l - 11 3 LA h "-":ﬂ‘-‘:- g ?{-* gt g oy r 2% =kd o
i 9 3 2 Apphcatlons of Kohlrausch law- Ctemee o JOLLSHIANY L4 9i0g
L~ ‘. ‘Kohlraush law ‘has’ humerous apphcatlo it fold of dhk Tl i3 1
- nsmtheﬁeldo- FEMASA der Tt ol
- of them are. dlscussed as follows:’ .~ tryiec | 3! ChequStW"* Some: ;
) Calculatwn of equivalent conductance at infinite dilution far wank’ j
$ i S As WE havc mentloned earllcr that the cquwalent Conductan f eak
, s clcctrolyte at mﬁmte dllutlon can not be obtamed gl‘aphlcally : ce. 0 w

L} = TN il 11151_‘
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Kohlraush law cnablcs us to have indir

CCt mcasurements. For example, acctic acid
has equivalent conductance as follows:

A (CHCOOH) = Acycoo- + A% R 0

This equation can be obtained, if we know the equivalent conductivitics at
infinite dilution for the strong electrolytes as KCl, CH3;COOK, and HCI.

A”(KC]) = A%® + A (2)
A(CHICOOK) = Aoneoo® +A%@ .. (3)
NHC) = aerage @)

It we added equation (3) and (4) and subtract cquation (2) from them, then
We can get equation (5)

50,  Alcrco009+A%® = (A’ciyc000+A% ®) + (A% @ + A'c1©) - (A'k® + 1°¢0)
M(CH;,COOH) = A°(CH;COOK) + A°(HCI) - A°(KCl) e (5)
All the electrolytes on the R.H.S of equation (5) are strong electrolytes and

determined by dividing equivalent conductivity of the clectrolyte at a given

concentration by the equivalent conductivity of the same electrolyte at infinite
dilution. The formulais as follows: |

e et Wt T |
-Degree of dissociation (@) = W - 9 W
. RGN p | o . el |

We can calculate the "o value for CH;COOQH, NH40H,' oxalic aéid etc. \}W

4

Similarly the degrec of dissociation ‘<’ can be calculated from molar
conductivities i

soluble salts. For example the salts like AgCl, BaSO, and PbSO, are ' /
soluble. This solubility of such salts -cannot be determined by any of the known

chemical methods. Anyhow, conductivity measurement can help t
calculations, -~ . ° g '

~ Since, these salts dissolve to o very small extent,  their solutions “are | E
Considered as Infinitely dilute ‘Similarly; as their solution are saturated, then their 0{ t
1 concentn:atlons are equal to their solubilities. Hence by detcrmining their specific’ -

conductivities and equivalent conductivities, We can calculate their solubilities inVKL/Q/

terms of gram equivalence or mojar . '
cq L B VQW » M
' R | - 7, ne 1
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O
A2 = K. gram . equivalement
. 1000
A= K olarity
' 1000
( or Solubility = K. R

A° can be obtained by using Kohlaursch law.

(v)  Determination of solubility product £
The solubility product of the sparingly soluble salts lsfthae]tpll;()dltllfé Zb(?::

concentration of soluble ions. When we know the solubility O Sed ea}s,ﬂ Hence,

method, then the concentration of the soluble ions can be calculat . y.

the solubility product can be evaluated. T g

EXAMPLE (3)

The molar conductivity at mﬁmte
'CH;COONa are 126.4, 426.1 and 91.0 ohm™" cm 2 mol ', respec
molar conductivity of CH;COOH at mﬂmte dilution. 5
SOLUTION:

Thls problem is solved by applying Kohlrauch law
A (CH;COOH) = ?*-OCH3C00H9 + A’y

dllllthll of . NaCl, HCI and
tively. Calculate

Data:
Accordmg to the information in the problem
1. Am(NaCl) = Ana® + A0 .  = 126.4 ohm'] cm’ mol" (1)
” A’ HCl) = 2%® + %0 = 426.1 ohm™ cm® 2 mol™ (i)

=
"-! -' =t -

/\Om(CH3COONa) = 7LOCH3COOG+A.ON,® = 91.0 Oh.l'n-= CIn mol-l (lll)
We have to calculate A (CH;COOH) ie. = }.OCH cooe + A%

The equations (1), (i) and (iii) are handled in such.a way, tllat we get the
required equatlon

Formula: L may nzzh 10 woigab wiy skl
We add equation (ji) and (iii) and subtract (i) from them -
o - AE® +1%0 +3-OCH3cooe + A ® — AN, ® — oy WS
Putting values |
= 426.1 +91.0 - 126.4 ohm™" cm? mol‘
A’ CH3cooGJ + 2940 = 390.7 ohm! em mor' '

¥

-'-:"..'.-

———— e ety N e, B — = - ——

[} ]
M =I|

-----

4 temperature for H® and CHaCOO ions are 349.8 and 40
| : ‘ ,-espectlvely Calculate the H® concentration i In the solutlon-
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SOLUTION: - "8 ==~ o T T
Data: _
Specific conduction (K)= 1.63 x 10 mhos cm™
A4® = 349.8 mhos cm? eq”!
Mencoo® = 40.9 mhos cm? eq”

The valuc of A, for CH;COOH = 349.8 + 40.9= 390.7 mhos cm® eq”!

In order to calculate the equivalent conductance at any concentration (AC)
proceed as follows.

As the solution js 0.01 N, volume of solution in cm’ containing one 1 gram
1000

€quivalent of acetic; acid = 001 = 10° cm’.

A 18°C, the equivalent conductance at infinite .dilutions of NH,CI,
NaOH and NaCl are 129.8, 217.4 and 108.9 ohm™ cm? respectively. The

equivalent conductivity of 0.01 N solution of NH,OH is 9.33 ohm™ c¢m2. What

SOLUTION:
Data; .
Nofor NH,Cl = 129.8 ohm™ cm?
Nofor NaOH = 217.9 ohm™ cm?
No for NaCl = 108.9 ohm™ ¢m?
Formula:
By Kohlrausch's Law -
Ao for NHWOH = Ay, ® + Aoy0

= Ao (NHLCI) + Ao (NaOH) - A, (NaCl)
Finyy -. 1, =.,129.8 + 217.4."—.108.9 !
, | ' .= 2300.3 ohm™ cm? G S
. Eq. conductance of 0.01 N NH,OH (A) = 933 o cm?
A 9.33

Degree of dissociation () = = 2333 = 0.0392

"% Dissociation = 100 = 100 x 0.0392 = .Ans,h




B 4 £

- e
- -
w2
s s A, < A . e e
-

Faraday's first law of electrolysis:

| ' bsta
"According to this law, the mass of any su . Tectri
any electrode is directly proportional to the quantity of the e

- ing 'q’ coulombs of
Let 'w' grams of the substancc is deposited on passing 9
clectricity, then

nce deposited or liberated at
city passed.”

W o q
=Za @ seeees 1)
w = Zq (' ' .o
This 'Z' is the constant of proportionality and it 1s called clectrochemi

cquivalent of the substance deposited. It depends upon the nature of the substancc.

The quantity of clectricity in coulombs is the product of the current in

ampheres and time in seconds.

q = Cxt ceveee (2)
Putting equation (2) in (1),

w=2ZxCxt ... (3)
In equation (3), 'C', is current in ampcres.

W
| 7 = e N - (4)

When C=1 ampercs, and t=1 sec

L = w

'S0, the electrochemical equivalent '7" of a substance is the mass of that
substance deposited when a current of one ampere is passed for one second.” This

1s passed through the substance.
Faraday as quantity of electricity:
Coulomb is a unit of clectricity and

- Stance is deposited
Mass deposited by 1 Faraday = L gram equivalent
Mass deposited by 1 coulomp = l—w‘m
' | | 96,500 -
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When one Faraday of elcctricity is passed through AgNO; solution, then
108 grams of Ag 1s deposited. 108 grams of Ag is the equivalent weight of the

silver.
So, clectrochemical equivalent of silver (Ag)
108
= = (0.0011181
96,500

(i1) Faraday's second law of elgctr.olysis:

This law 1s defined as follows:

"When the same quantity of electricity is passed through the solutions of
different electrolytes connected in series, then the weights of the substances
produced at the electrodes are directly proportional to their equivalent weights."

In order to understand it, pass the same quantity of clectricity through
CuSO, and AgNO; solutions, which are connected 1n series, then

Weight of Cu deposited ~ Equivalent weight of Cu
Weight of Ag deposited . Equivalent weight of Ag

9.4.1 Applications of Faraday's laws of electrolysis:

(1)  We can calculate the amount of the substance deposited, when certain
amount of electzicity for certain time is passed through the solutions. Simularly, 1f
the amount oi the substance deposited is calculated, then it is possible to calculate
the electrochemical equivalent of the substance. . |
(2) By using Faraday's second law, we can determine the quantity of
electricity passed through a circuit. The circuit is connected in series with silver
voltmeter or coulometer having platinum anode.

The following arrangement (6).can help us to understand the process.

~ Agelectrode

AgNO, ===
solution ==

i il

silver coulometer - unknown circuit
Fig. (6) Use of silver coulometer to study the Faraday's laws.
Solutiqn of AgNQ; is taken in the coulometer and is connected in series to
the unlfnown circuit. Current is passed and Ag is deposited at silver cathode. After
Some times, the passage of electricity is stopped and the silver electrode of: silver
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EXAMPLE (6) | '

R reduction of :
How many coulomb's of electricity are reqmred for the

(1)  0.02 moles of AI'® to Al’
(i) 0.3 moles of Cu*? to Cu’

(iii) 0.1 moles of MnO;
SOLUTION: d then 96500

~When the Avogadro's number of electrons are transferr €
coulombs of charge is dissipated. |

To solve these problems write the equations.
() 1 mole of AI® requires 3 moles of electrons or three Faraday's of charge
A® 430 — N B |
1 mole of Al@.requires charge = 3'x 96500 C .
0.02 moles of Al® required charge 3 % 96500 x 0.02 C .

el

|

(11) Cu@ +2e@ —Mm7m a—> Cl_l"‘jl _ _
1 mole of Cu® requires charge 2 X 965500 C

2x96500Cx03C_
"= [57900C] Anms.

Gii) MnOS +8H® +5¢© ——— Mn'+4H,0

N

0.3 moles of Cu® require charge

1 mole Mn04@ require charge el S IX 96500 C |

0.1 moles of MnO‘,,lED récjuire charge 53 x96500 x 0.1 C

- = [#ss0c]

i II

EXAMPLE (7)

How many coulombs are required to produce"
(i) 4gofNa from molten NaCl. ‘

. () 10gof aluminum from molten Al;O, | |
SOLUTION ’ POOIETEY pame ol peinad)
(i) Na® +1¢° ———->Na 2 Yiands

1 mole of Na is 23 gof sodmm |

23 g of Na® require charge = 96500 €

® : ~ 96500
4 g of Na* require charge = 23 4
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' | "-——-\—_——_——-
3 lmoleofAlls27gofA1
" 27 g of AI® requires charge = 3 x 96500 C
1 g of Al require Charge = .1_’5_3%5_0_9_ x 10 C
= |L10722.22 C | Ans.
EXAMPLE (8)

(1) 1kg of FeO to Fe;O:,
SOLUTION:

First of all write down the equation for conversion of H,0 to O,
(1) 2H,.0 —— O, + 4H® + 436

1 ®, .0 2
) O.+2H™ + 2¢ (For 1 mole of H,0)

So, IL,O —»

No. of moles of water 11989 = 5.55

One mole of H,0 releases 2 moles of electrons
Charge required for = 2 Faradays
1 moles of H,O *2 x 96500
55" mom 193000 x 5.55

193000 C
1071150 C

1.07 x 10" C | Ans.

In FeO, the oxldatlon number of iron 1s +2 and m Fe,0,, the oxldatlon
number of 1ron 1s +3.

-~

0l

@ ©

(i) Fe® ——— Fe®.+e *_
One mole of Fe' releascs one mole of electrons

| 42 - 1000
No. ‘Q.f_moles-.qf FeO = Ty 13.88

" ik i e 000
Helice ' no ofmoles ofFe = 13.88

Charge requlred for one mole of FeO

; ‘1 Faraday = 96500 C
| Charge requlred for 13. 88 moles of FeO |

96500 x 13,88
13402773

(38107 ] Ans.

|

i # | i " L W
| ; J » ':-'. i *“- : j b; '.ﬂ | 1 Y
i L1
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F— — —— -

(i) Cu®+2e° — -~ ¢y
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XAMPLE (9)

O, respectively gre
Three solutions of ZnSQ,, AgNOs and rgug p;ssed through them
Cted in series. A steady current of 4.50 ﬂ“épf;culatc the time for the flow
until 4.35 g of Ag are deposited at the cathode. Ca

: sited?
of current? What weight of copper and of zinc are depo
SOLUTION: '

Ic of Ag
As Ag® ion will take up onc ¢® and so 1 molg oI A
number of electrons

(1) Ag@J +e® — Ag (1 mole of 108 g)
Thus, 108 g of Ag is deposited by = 96500 C

conne

O will require N,

96500 C
4.35 g of Ag is deposited by - = 108 x 4]3.5. _
= 3886.3 C
Formula: o | cell
It means that 3886.8 C of charge has passed through every o
Charge = Current x time insecond - - |
- _ Charge
Time ~ Current
Putting values e
- ~ 3386.8C
me 4.5 amp. B
| L5 C 7 '
Time = 863.73 amp 863.7335 sec.

Zn® +2¢° — Z_Fl?(s) (1 mole or 65 g) ) '
1 molc of Zn” needs 2 Faradays of charge e

2 x 96500 C can deposit =" 65 gof Zn
| 65 x 3886.8

2 x 96500

= |131g]  Ans.

[ o
' 5

3886.8 C can deposit Zn°

o (1 mole or 635g) -~
1 mole of Cug needs 2 Faradays of charge - o

- 2% 96500 C candeposit Cu = 6355

3886.8 C can deposit Cu° =
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Arrhcpiu§ thcory. This thcory suggests that the conductance incrcases becausc the
dissociation of wecak clectrolytes increases with dilution. Strong clectrolytes arc
completely dissociated cven at modcrate concentrations, The increase in cquivalent
conductances for such clectrolytes with dilution may be duc to some other factors.

In this theory, we have to explore those factors which increase the
conductance of strong clectrolytcs on dilution. Thesc two major factors are:

(1)  Relaxation cffect or asymmetry effect
(1) Electrophoretic effect.

9.5.2 Relaxation effect or asymmetry effect:

Electrolytes dissociate into solutions statc to give positive and ncgative
jons. Each 1on 1s surrounded by an ionic atmosphere of opposite charge. This ionic
atmosphere 1s spherically symmetrical. When a current is passed through the
solution, the center of ion of the ionic atmosphere moves towards the oppositcly
charged electrode. During this movement it has to rebuild an ionic atmosphere of
opposite charge around it. At thc same time the old ionic atmosphcre dics out.
These two processes do not take place simultancously. There is a somc time lag
which 1s called time of relaxation. During this time, old ionic atmosphere pulls the
moving 1on backward and so its motion is rctarded. Following diagram (7) makces

the idca clear.

® re
TR | e v €
0o @ o T I - T
© o © . © o °
2 ) RN B sy ' (b)'

Fig. (7) Asymmetry effect or relaxation effect: (a) lonic atmosphere is syn:merricai
' | (b) lonic atmosphere is not symmetrical.
For this rcason, this cffect is called relaxation effect. Same thing can be + ¢

explained in another way. When the central 1on moves, then the symmetry of the
lonic atrhosphere is lost. More 1ons of the ionic atmosphere are left behind, than

are present on the front. The excess 1ons of atmosphere present behind the moving
lons pull it in the backward direction and its motion is rctarded. This cffect
develops because of asymmetry of the ionic atmospherc of thc moving ion, so it is
called asymmetry effect. * ' s

9.5.3 Electrophoretic effect:

During the application of clectromotive force, the central ions moves 1n
one direction and the oppositely charged ions present in their ionic atmospherc
Move In opposite direction. Solvent molecules are also therc in the 1onic

- Amosphere, It means that the central ion is moving against thc stream, hence the
Motion of the central ion is retarded. Following diagram (8) makes the idea clear.
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Solvent

Fig. (8) The movement of the central ion in opposite direction to that of
» ionic atmosphere and that of associated molecules. -

Thus effect is called clecrophoretic effect.

9.5.4 Frictional resistance of the medium:

- Whenever an ion with its ionic atmosphere travels in the solution, then the
medlum of the solution offers the frictional resistance. This force depends upon
viscosity of the medium and its dielectric constant.

9.5.5 Mathematical explanation:

Keeping thes{e three factors in view Debye and Huckle, derived a
rqathematlcal'ex'presmon in 1923, Actually, they derived relationship by kceping in
view the vanation of equivalent conductance with concentrations. The cquation

derived by them was further improved by Onsagar i Ion 1
_ gar in 1926. So the cquation i
called Debye-Huckle-Onsagar equation. ! S

If the electrolvte i uni - o
as follows: clectrolyte 1s uni-univalent like NaCl, KBr, etc. then the equation is

- — =
—— =
- -
e — - e g T i

-

5
. Ao:[ 82.4 8.20 x 10

(DT)m . 2 p W— : /\_ﬂ] ‘\](_j . RETTIEY (1)

The significance of the various terms are as follow:

f

TT T T T T
NP sl A

_ No = Equivalenlt conductance at infinite dilution
| ‘ - D = Dielectric constant of the medium
M. = Viscosity of the medium |

T = Temperature of solution

C = Concentration of solution in moles dm™,
The values of dielectric constant of the medi_um and theﬁiséosify of the 1

medium are constant for a particular  a pive ‘
ar solvent .
- arc constants. For this reason,. =~ at a given temperature..So, D, T and

We put T ik
82.4 o
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S0, equation (1) can be written as

N = n-(A+Ba)\lC (4)

A 18 always found to be less thap Thi
. No. '
and eléctrophonatic cffect. The first term In the l&iﬁ;‘; to the both asymmctry
. . . . g

When solution is infinitelv dilut ' -
In equation (4), then y dilute, then 'C'.approaches zero, and when C=0

N = No R (5)

betwee I!: I'n ds th:i thhe factor A’ and 'B' are responsible to Crcate a diffcrence
n A and ‘A, Greater the values of these factors. | "y

compared to 'A,". > 10SSer the value of ‘A" as

9.3.6 Experimental verification:

et It we plot a grap}} between '/\'_ and '\/E , for a number of uni-univalent

; :0 ytesff thcr} stra_lght lines are obtained. The reason is that cquation (4) is the

ugltlj 1(331(1)20 nzt;iﬂ{gl_]t 11111::. A-nyhow, the stra@ght lﬁnc 1s obtaincd for dilutc solutions

: b ity. At higher concentrations 1.e. above 0.02 normal, deviations
ave been obscrved. These deviations are duc to the reasons that certain

approximation are i ' vats - -
oY s il ifi ;:;rglcigif:d In the derivatives of cquation (4). Following graphs
‘ 166
164
162
160
158
156
154
152
150
148
146
139
137
135
133 -
131
129
127
1125
123 <

121 . :
:0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08

———> [Concentration

Iig. (9) Variation of equivalent conductance with concentration
’ ' Jor some strong electrolytes. -

Q
E
Q
=
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>00 . fions:

. n oI 10 |
5 ) . mlgratlo « the influence of applied

Ing diagram (10).

=\

s u
in the follow

In investigate the
order to investig et as

[-] KNQO, solution
KNO, Scl.- ? 7
in Jelly / 4. KNO, solution
/ % in Jelley
Charcoal 4 1o
Power b S 07® -
CuCr,0, low) -
Sol. 1n Jelly | |
(Green) _ ' feer (D).

(@) . i it
tion of ions, using CuCr;0; Solutzon..*

Fig. (10) Demonstration of the migra < fiof applied
' ion when current 1S no
(a) situation otive ions Move.

(b) situation when current Is applied and the respe bt e
th the mixture of CuSQO,

" Take a U-shaped tube, and fill its lower portion wi . iyl
and K,Cr,0;. Fill this solution in 5 % solution of agar-agar. Allow this jelly to set.

The solution of CuSO, reacts with K,Cr,07 to give CuCr,0;. Thejelly_i:_s green n
colour. Some charcoal is scattcred over the green jelly to maike the position of the
jelly distinctive. KNO; solution is prepared and allowed to set.1n agar-agar.

This solution along with jelly is put over the powdered charcoal. Two
electrodes are introduced in KNOj; solution. S Bk ' o

When the current is passed, then Cu® ion having blue colour seem
| ' D

moving towards the negative electrode. At the same time, yellow:coloured Cr,0;
ions move towards the positive electrode. These two types of ions develop the well
defined boundries with definite colours. SRR 2

9.6.0 DISCHARGING OF THE ELECTRONS
DURING ELECTROLYSIS

9.6.1 Introduction:

We know that cach ion of the electrolyte has its own ionic mobility. The
cquivalent amounts of 1ons arc discharged at their respective electrodes whe.n the
solution of an clectrolyte undergoes electrolysis. An'yhow the chanee 1In
concentration around the cach electrode is determined by the sp,ecd of the iogn and

the type of the clectrode. '
This phenomenon has been explained by Hittorf by s i i)
device. .
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9.6.2 Hittorf's explanation: ~

Take a hypothetical tank which contains cqual number of positive and

negative 1ons of the same valency. The tank is divided into three compartments by
diaphrangms permeable to the ion. The electrodes of platinum are denoted by 'A'
and 'C' for anode and cathode respectively. The compartment 1 is anode

compartment III is the cathode compartment and II is the central compartment. ©
and © signs represent the cations and anions respectively.

We get the position 'b'. Although the cations
that the number of ions liberated is two at both

¢ concentration in the anodic chamber has not altered

has fallen by two molecules. In the same way

_ apable of movement and two of them enter the |
cathodic compartment from anodic compartment, then there will be fall in the

concentration of two molecules in the anodic compartment. So we see that the fall

of concentration in a compartment 1s proportional to the speed of the ion leaving
that chamber. Following diagram (11) shows this movement of chargcs.

cathodic C
comp. o

A anodic d central C
+ compt. : compt.

+ 4+ 4+

(1) | D | (III)
g (11) Migration velocity of ions and change in concentration
' when the electrodes are not attacked

Case-II:

~When cations and anions move at the same velocity. Now suppose that
two cations move from anodic compartment to the cathodic compartment and two
anions move from cathodic compartment to anodic compartment. In this way, we
‘get position '¢' and therc happens a fall in concentration of two molcculcs in cach
Compartment. ° |
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clectrodes, 1S samc and
But we fing that number of ions liberatcd at both
that is four.

-

Case—IIIT |

R

. anions. Now, let ug
When cations move with double the Ve‘?"i:z'vcognd enter the cathodic
>UPPosc that two cations from anodic compartmen

. ed of cations. So, only
‘Ompartment. Since, the speed of the anion 1S half tgzlfplz shown In 'd. We also
ONC anion enters the anodic compartmgnt. Th!S pozl cathodic departments arc two
observe that the fall in concentrations in anodic an '

ions discharged 1s gain the
and onc molccules respectively. But the number of 10ns
same that is three on each clectrode.

9.6.4 Conclusions:

. - e d 10N;
Three conclusions can be drawn from this discuss

(1) Fall in the concentration around c_athode is directly proportional tq
the speed of the anion.

| gty orti nal to the
(i) Fall in the concentration around anode is directly proportional to the
speed of the cations.

Fall in concentration around anode: : |

specd of cation
(1) Fall in concentration around cathode = speed of anion
(1)

Irrespective of the speed of the ion, the number of ions liberated on both
clectrodes is equal.

(111) There is no change in the concentration in the central compartment.
When the electrodes are attackable:

When attackable electrodes
changces are observed.

the solution and an equ

arc used during clectrolysis, then some
If the material of the anode is attackable, it gets dissolved in
tvalent amount of metal gets deposited at the cathode.

For cxample, when AgNO; is
the silver anode dissolves and cquiv

cathode. If we study the Hittorf's devi
the following conclusions.

(1) At both elcctrodés, C
| arc discharged.

clectrolysed by using silver clectmdc, then
alent amount of the silver is deposited at

ce as we proposed previously then, we reach

qual number of ions of the same valence types

()  There is always decreasc in the concentratior;

() The decrease in concentration around the cathode is cqual to the
Increase in concentration around the anode. {

(tv) The concentration of the midd}c cbmpar’tmcnt"dcjcs not CHangc.
9.6.5 Transport number: |

around the cathode.

nt carried by an
Hittorf number. It is
the property of anions and cations and may '

. . -and t_ for cations and
anions respectively. Greater the speed of th

_ C lons, greater the amount of the current
carricd by 1t and gicater will be transport number | -
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Tent  carrieq Us = ku, ... (2)
= ku.+ky
Trans T et (3)
pOI't numbcl_ Of ......
Cation ¢, = ku,
. Ay
Trans o ¢cTU, T _ T s | (4)
port numbcr of anion (t_) — -—-.glil_l_a_____
kuc + kua
A R
_ Ccordi_ng_ to e ; ctTUuU, = ..., (5
1S a : quation )
. quantity less thap unity (3) and (5), the value of transport
y. SUm of the transport numbl;rs Stlllurr;lacr of the jon
ould be cqual to
L~ + —
® Tt ]
The trans ©
) port ny A am v esagies
the second ion whjch, ; Mber of an jon js net 2 ca (6)
9.6.6 D S Present in the salt nstant Quantity. [t depends y
"\e eterminatmn pon
These are tw POrt number
0
. methods for the determinatiop f
) Hittorf's method Ol transport numbey
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204 ber of the silver 100 in AgNQ,
rt nu latinum -clectrod
If we want to dctermine . silver. Plati CS
solution, then the electrodes arc cithcr m oY the pr
arc incrt but silver clcctrodc arc attackcd during ¥

N/5 solution of AgN03
apparatus 1s connccted 1n serics with a COPP

equivalents of copper and stver
mcasurement of total currcnt passed.
concentr d cathodc. .

ation around anodc¢ an -rcs of the current is usually passed
concentration around the

dic compartment

OCCSS.

wubc A, B and C. This
lometer. The number of

oulombmcter glve the
total fall 1n the

During clectrolysis, 10 — 20 milliam n
for 2 — 3 hours. In this time, an apprccmblc change
clectrode takes placc. After clectrolysis, the solutl

'A' is takcn out and change in 1S
Concentration of thc middlc compartment 15 2

changc 1n that.

Calculations: __
We can do the calculations for the dctcrrmnatlon of transport number of

Ag@ 1on by two ways: |
(1)  When clectrodcs arc not attacked

(i) ~When the electrode arc attackcd.

(1) When electrodes are not attacked:
In this casc, we use the platinum clectrode:

(I) After electrolysis:

X' grams of anode solution contain AgNO; . = Y grams
Weight of watcr "*’?’A Y grams
‘Gram cquivalent of AgNO; Atk _l}’g_O |

It means that (X - Y) grams of H0, contains Ag 1ons %6 gram
equivalent = A. ' ' 0 '

(I1)  Before electrolysis: P
Suppose 'L' grams of the anodic solution contains AgNO;, = M grams

Weight of H;O in solution - = (L-M)gram"
So, (L — M) grams of H,O contains A&,N03 = N grams %

"I’hcrcforc (X - Y) grams of HzO contams

- M
Alyia M) (X -Y)g of AgNO;

g“Ylg cq. of AgNO:s

(L-M) " 170
(L-M) 170 geq of Ag®

I

B
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S0, the fall in the concentration around the anode, duc to migration of Ag

lons = (B - A), gram cquivalent. Supposc that the weight of copper dcpositc‘:'l in'
the Cu colometer i the same time is "W' prams. Then the gram equivalent of 'Cu

deposited on the cathode In the colometer = W _ =

ation around the cathode and the anode
Transport numbey of Ag® jon = ? EA
D
e vanable milli-ammeter
resistance @

Q@ |®

€Xperimental
solutiop -

-y e R - .
L I - .—----p- -
- - o g - -

- e

PtorAg™
electrodes
AgNO, H AgNO, —1 AgNF),
solution | solution solution
Fig. (12) A pparatus for the determination of transport

number of Hittorf's method.

Similarly, calculation of transport number can be dong, if we consider that
electrodes are attacked. | |

lons, _
SOLUTION: ©
Data:
After electrolysis , _
Weight of the anode solution = 2754 ¢
Weight of CuSO, present = 154¢
Weight of water present- =

2754-154=260g




- T i S

physical Chemistry

TS

Before clectrolysis '

= 189.9¢g
Weight of water = 10.09 g
WCight of CuSO, o = 10.09¢g
1.c. 189.9 g'of water arc associated with CuSOa 6,01 -
\ _ X
260 g watcr is associated with CuSOx4 189.9
Calculations:
: = 154 -13.815
Increasc in the concentration of CuSO, around anode - 15585 :
r 60.5+32+64 ¢
1,585 = S 3.0
= Tos g g {Eq. wt of CuS04 2 .,
= 0.01987 g cq. de it i§a £
As there has been an increase in concentration around anodg, 1t 1S a cas¢ o
attack of clectrode. -
3.096 -

Silver deposited in coulometer = 3.0968 = Tog_ & ¢a:
= 0.02867 g cq. {Eq. wt. of Ag =108}

'f Cu™ ions had migrated from the anodic compartment to the cathodic
Compartment, the incrcasc around anode would have been = 0.02867 g cq.
Actual incrcase = 0.01987 g cq. Hence fall in conc. around anodc duc to
migration of Cu’" ions - '

= 0.02867 - 0.01987 = 0.0088 g cq.

'3 No. of g eq. of ion lost from anodic compartment
tpCu™) =

~ No. of g eq. deposited in the coulometer
0.0088
= 0.02867 = 10307 An;. .

to(S0:®) = 1-0307= [0.693] ‘Ans.
EXAMPLE (11) R e
A solution of silver nitrate was electrolysed between
Before electrolysis 10 g of the solution ¢

After the experiment 20.09 g of the ano
silver nitrate and 0.00947 g of ¢

. silver clectrodés.
ontams 0.01788 g of silver nitrate.

dic ‘solution contained 0.06277 g of
opper was deposit

_ ed In copper coulometer
~ placed in series. The atomic weights of Ag and PPt ct

d Cu are 108 and 63.6

respective!y. Calculate the transport number of Ag&) and NO?. '
SOLUTION:
Data: |
Aftcr Electrolysis
Woeight of the anodic solution = 20.09 g
Weight of AgNO; prosent = 0,06277 B 3pr -
Weight of watcr present = 20.09 - 0.06277 = 20:02723 o

|
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Before clectrolysis
Weight of solution
Weight of AgNO; present

|

0.00947 636
= 0.00947 g = 318 8¢q. Eg wtof Cu=—F7/—=3138

2
= [0.0002977 geq. ] Aus

Thus if no. Ag® 10n

cathodic compartment, the increase in concentration of the anodic
Compartment would have been = 0.0002977 g cq.

Actual increase in conc. = 0.0001582 ¢ ¢q. Hence fall in concentration
 around anode duc to migration of Ag@ 1ons from the anodic compartment.

e = 0.0202977 - 0.00015827 g cq .

= 0.0001395 gcq. '

| — No. of g eq. lost from the anodic com artment - .-
t.(Ag®) = \QJ\L L

No. of g eq. deposited in the coulometer
0.0001395

~0.0002977 " Ans.

t(NOs®) = 1-t,=1-0469 = [0531] Anc

2.6.8 Moving boundary method:
Principle: '

The basic principle for the measurement of transport numbcr by moving
boundary method is based upon the fact that. the transport number of the ions
depend upon the velocitics of cations and anions. So. if we know the speeds of
cations and anions, then the transport numbers can be calc_ulatfzd.

il
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The apparatus which is used for the determination of transport number jg

shown in the following diagram (13).

® anode

A (original boundry)
A’ (final boundry)

O cathode

(final boundry) = B’

(onginal boundry) B “

7 W

Fig. (13) Moving boundary method for determination of transport number.

- It 1s consisted of long tube. This tubc is mounted vertically and fitted with
g latinum electrodes on both sides. Salt XY, which is under investigation is
Issolved in water. This solution is placed between the solutions of two other salts

XY and Y'X. These two solutions have two common ions with XY. For example,

if XY is NaCl then X'Y may be LiCl and XY’ may be CH;COONa. These three

solutions arc arranged in such a wa - ' Tyt
way that the solution of greater densi
than the other. 5 ty 1s lower

Suppose tha_t t_hc priginal boundarics arc A and B. The soluti‘dn. may be
colourless but the distinction between the boundarics will be there because of the
differences in refractive indice of the solution . If we want that the boundaries may

remai}l_ sharp throughout the cxpeniment, then X’ and Y' mu st have smaller
velomtle_s .than X and Y. When the current 1S passed. then the boundaries move to
new positions A’ and B'. . R old, AT

Hence
Velocity of the cation X® :
uc o< length AA!
Velocity of the snion Y© ,
u, length BB’

AA'

AA' + BB’

- 2 BB'

‘o T AA'+BB

lo




. , on detcrmines the sbced of the ion under the given
potential difference. Small sized ion like H® j; 1B -

than Na® i - _ in 0.1 M HCI has greater velocity
N E on in 0.1 M NaCl. So, the transport number of 4 , 1S grcater than that
(2)

. My + pey O
11© (NaCl) = o~
. l-lNa@ + l""Cle .
Since uy® and uy,® are different, so the

» SO we expect that the transport number of Li®

. | , Will be greater than
Na™. But, actually reverse is true. The reason is that 1i®

& ‘ . lons are more hydrated
than Na™ ion, due to greater charge density. "~ .

(4)  Concentration:

When the concentration of a solution changes, then the transport number

of the ion changes. But, it is observed that the changes are very small. Mostly it is

observed that the transport number falls down with the increase of concentration.
(5) Temperature: '

The increase of temperature increases the transport number. It is observed
that with increasing temperatures, the ions tend to approach a transport number
value of 0.5. It means that equal fraction of current is carried by cations and
anions. If the transport number is less than 0.5 at ordinary temperature, then it
Increases with increase of temperature. If the transport number is greater than 0.5
at ordinary temperature, it approaches 0.5 with the increase of temperature.
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9.7.1 Introduction: .1 cclls, consider a rcaction

In order to understan olutlon then blue

( between Zn and CuSOQ,. When Zn po“dcr s :;ctal settles down.
' colour of CuSQ, solution vanishcs and coppcr

7Zn + CuSOy — ZnS0, + Cu

It is an oxidation rcduction rcaction

Zn°+Cu@ — Z“@+Cu0

This rcaction can be splitt up nto two half rcactions

Z L 70®@ 2@ (oxidation half reaction)
n — .

Cu® +2¢® ——— Cu  (rcduction half -rcactlon)

The overall reaction is obtained from the addition of thesc two rcactions

9.7.2 How to make the electrochemical cell:

| . Arrange the two solutions by taking Zn rod n ZnSO, solution and Cu rod
. in CuSQ; solution and join the two rods as shown in the following diagram (14).
The solutions arc connccted by a salt bridge.

The oxidation half rcaction takes place in the left beaker and rcduction half
reaction in the right beaker.

; e@ voltmcter e
» ‘. | — —_—
S

;;' | conventional
i . | ( current ‘\ G)
| A
-
| .

Zinc
electrode

ZnSO,

1 ' -~ solution

©

| Zn—>Zn

L it | ,
+ 2¢ Cu @, + 20 L3 Cu
ng (1 4) Electrochemtcal cell based on the redox reacnon

Zn + CuSO4 — ZnSO,, + Cy
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Ini 1on of a
The salt bridge is a U-shaped tube containing a concc:;ra}.[tf;cfl‘ izi)u?;r; o2
L .
strong clectrolyte as KCI, or K>SO,. This bridge makcs the t;ont L O o solutions
' ' 1X] W :
for the movement of the ions without thc mixing of thc

ove 1n the outer
arrangement shown in the above diagram allows thc clcctrons to m
circuit and the ions through the salt bridgc.

9.7.3 Some important points:

f £ h i ' nuct a CCH
Some anortant catures o the abOVC anangemcn 'W'hICh const
arc das fOHOWSZ

(1) Oxidation takes placc at zinc clectrode and it_ is called anzdc.
Reduction takes place at the copper clectrode and it 1s called cathode.

(1)  Zinc rod is rich In clectrons, so it

1s called the negative pole. Copper
rod 1s poor of clectrons and it is cal

led positive pole.

(1) The clectrons flow
circuit, but the
direction.

from ncgative pole to positive pole in the external

conventional current is said to flow in opposite

(iv) The zinc clectrode releases the zinc ions and

(v). When C_u® lons are deposited at the right clectrode, then the SO?
become cxcess in this beaker. K® from the salt bridge travel towards
this beaker and solution becomes neutra).

| _('vi). ' The net result is that the weight ‘c‘)f the Cu clectrodc Increascs and that
of zinc electrode decreascs. dat

trons through the outer circuit
ging concentration of Cu®
beakers SCparatcly,

~ decreases duc to the chan 1on and of

| electrodes. It depends upon the nature of
electrode that what wil be the direeticy. flow of the current.
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°9.7.5 Comparison of two cells:

©

e@ voltmeter €
=
Conventional
f current

N
o @
N\

NO, K
f ------------------- - silver
FOPRE i : - clectrode
ele(?tf'l‘ode ? salt bridge
/ -------------------
E zho ) movement | S
: ? s of cationg §;NO§9 1k
78 -:movement ... & |
YA ofanions B Aot Bl AgNO,
Cli(NIO)2 bbb iatt (R et solution
solution . -
anode cathode
Cu—Cu®+2°  Ag®+e¢® > Ag

Fig. (15) Electrochemical cell based on the redox reaction

| Cu + 24gNO; ——— . Cu(NO3), + 24g
The cell redaction is

Cu +2AgNO; ———» Cu(NO;), + 2Ag
The 1onic reaction is '

| Cu+ 2Ag® — Cu@ + 2Ag
The rcaction can be split up into two half reactions

Co —— Cu@+2ce

® © ;
2AgT +2eT ——— 2Ap . (reduction half reaction)

The salt bridge ‘may be prepared by taking a concentrated solution of
KNO;. The important points are as follows: 3 o

(1) Oxidation takes place at copper elecirbdc and 1t isl cﬁlléd anodec.

(oxidation half reaction)

‘mugration of K® and NO;e 10nS.

(iv) ‘The conventional current flows from Agto Cu.

of electrons. .
9.7.6 Electrolytic cell:

"This is an arrangement in which the electr:‘éal eﬁer
about the reaction, which is otherwise Non-spontaneoys " &Y

. When we pass clectrical current throyeh molten - .
deposits at the cathode and Cl; is deposited at the aiOde; olten” NaCl, then sodium

- The followino arrar nt
(16) shows the movements of the ions towards the respective eleclts:::jgf arrangeme

is supplied to bring
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D.C.
source ‘ammeter
® | © 7
C 3

Solution of an electrolyte
Or molten electrolyte

We can set up two electrodes in 3.
the solutions of

different clectrolytes, |
That electrode op which | 4.

electrodes are set up in
Same electrolytic solution.

That electrode  which s

. connected to thc -negatlvc
terminal of battery is called
cathode.

' ! ed of any salt
In electrochemical cell we need | 5. E’h_(ell:e IS no ne
® a a n .-
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?-7.8  Electromot; |

ve force of the ce |
From the aboye arrangements of zinc and copper, WC hivf glztl.:?ni tl}::; g‘c
S flow from the zinc 10 the copper clectrode. It mcans tha 1o

throw the clectrons than copper. It mcans clectrical current g
glnerated due tg 5 certain force.

clectron

"The force which causes the flow of electrons from e e!ectrod; o fhi
Other and resulis in tne flow of the current is called electromotive force of the cej]

__Itis abbreviated as EMF and is measured in volts. This force develops dl}e
‘o different potentials possessed by two clectrodes. So, we can define the EMF ip
an other way as well [t 1s the difference of potential which causes the current tq

flow from an clectrode at higher potential to an electrode at lower potential.
Standard EMF:

gain clectrons i
Oxidation potential:

;. . — i = = - - -
B — - -
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9,7.9 Source of emf in galvanic cell:

T_he source of EMF in a Galvanic cell is the chemical reaction which
happens 11 the cell. Oxidation happens at one clectrode and the reduction at the

other. .
Why there 1s oxidation at one clectrode and reduction at the other?

| Its answer can be given when we understand the potcntial difference,
which is developed when a metal rod is dipped 1n its own ions.

_Nen}st in 1889, put forward a theory to cxplain this phenomcenon.
Following diagram (17) shows that a metal 'M' is dipped 1n a solution of its own

_ ®, . . . . .
ions M ~". There are two tendencics which arc opcrative in the solution.

(1)  The tendency for the metal atom to ionize and 00 into the solution i
the form of 'M™". This is called solution pressure of metal.

(1) The tendency for the ions in the solution to give up their charge and

to become mectal atoms on the metal surface. This is called osmotic
pressure of ions.

Following diagram (17) shows these two tendencics:

— > solution prcssurc of mctai

Commmmmmmee e osmotic PICSSUIC of 1ons

Fig. (17) Metal / solution interface.

Nemst says that an equilibrium 1s sct up instantly betwcen these two
tendencies. If any one of the tendencics is dominant, then the metal and the

solution will take on different potentials. If the solution pressure cxceeds the i
osmotic pressurc of the ions in the solution, thcn the metal atom goes to the ‘

solution and the electrons are deposited at the rod. J
‘ M ———— M@+1c° | i

If the solution pressure is less than the osmotic pressure of the ion, then the . ’

M® jons goes to the metal rod and rod becomes positive.

M® + 1 — s M
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| - | 1al due t
, S0, in galvanic cell cach electrode acquires a certain Eoéznt;ids upog :}ﬁe
difference in the rate of migration and return of the cations. P e

natare of the mety] and the concentration of the solution that which sign and the
value of the potential 1s developed. '

. If both metals have the same tendencies to be ioni?cda then ei?f clectrode
Will have the same number of free electrons. There will be no di f;rcncc o
potential and there will be no flow of electrons. Anyhow, if there 1s ditference of

Jotential, it will cayse a current to flow from the electrode at higher potential tg
~¢ at Lower potential. This difference of potential is called EMF-.

9.7.10 Difference between reversible and irreversible cells:

Reversible cell must satisfy the following conditions:

(1)  When the cell is connected to an external source of EMF, equal to

that of the cell, then no current flows and no chemical reaction takes
place.

(1)  When the external EMF is decreased by a very very small amount,

then the current will flow from the cell and chemical change will .

takes place.

(111) When the external EMF is increased by a very very small amount,

then current passes in the .opposite direction and the PTOCCSS
occurring in the cell is reversed.

Examples of reversible cell:
-(1) Daniell cell
(2) Lead storage battery
(3) Fuel cell.
Example of irreversible cell:

Dry cell is one of the best examples.
9.7.11 Standard hydrogen electrode:

This electrode is prepared by makin
on€ atmospheric pressure with 1 M HCJ
platinum remains immersed. It is call
clectrode potential is thought to be
arrangement for SHE. |

g a contact between hydrogen gas at
solution in which the foil of platinized
ed standard hydrogen electrode and its

zero. Following diagram (18) shows the

T =25°C

<~ H, Gas (1 atm. P)
* COpper wire
l..- Hg
E Eg 1 M HCl solution
ofo e

platinum foil coated
with Pt. black

Fig. (18) Standard hydrogen el-ec';rdde (SHE).

2
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SHE can act as cathode and anode both depending upon the naturc of the
oJectrode with which it is connected to complete a electrochemical cell.
GHE as anode:

It can act as anode by delivering its clectrons to the other clectrode. The Ha

gas which 1s .Supphed is converted into H® ions and electrons are sct frec. H ™ 10nS
join the solution

e

Ho —— 2H® +2¢°
GHE as cathode:

~When the hydrogen ions present in the solution accept the clectrons from
other electrode, then hydrogen gas is produced from the solution.

2H® + Zce > H,

It means that the SHE is reversible electrode with respect to H®.
This clectrode is usually represented as

Pt, Hyy / H (c)
9,7.12 Determination of standard electrode potential of zinc electrode:

| In orderl to have understanding about the value of standard eclectrode
potential of the zinc, following arrangement is there in the diagram (19) |

conventional cathode
current

Thyd. electrode as cathode

zinc rod

< H, gas (1 atm pressure)
as anode |
1 M HCl solution
Bl Pt fol
ZnS0, T o 41 Rl
solution

Anode: Zn;—> Zn@ + 269 Cathode: H@ +2¢ — 2H,

Fig. (19) Measurement of standard electrode potential of Zn / Zn@ .
electrode using (SIE)

The net flow of electrons takes place from zinc to SHE and the EMF of the
cell under standard conditions comes out to be 0.76 volts. Since the standard
electrode potcntial of hydrogen clectrode 1s zcro. So, 0.76 volts 1s the standard
lectrode potential of zinc. It is writtcn as, "

Zn/ Zn@ (clectrode) = 0.76 V

.- e . o e oo o e

/n —— Zn@ + 2¢  (anodc)
2H® +2¢® — 5 H, (cathode)
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Since, the zinc has been oxidized in this arrangement, so 1t 1s calleg
standard oxidation potcntial.
| ‘ = (0.76 V.
50, the oxidation potential of Zn / Zn@ electrode = 0.7

2.7.13 Determination of standard electrode potential of copper
electrode:

For this Iﬁcasurcment look at the following arr_angcmcnt in which copper
clectrode under standard conditions is connected with SHE. SHE loscs the

electrons and copper ions gain the electrons. Following reaction takes place
H, —— 2H® +2¢° (anodc)

Cu@ +2ed® — 5 Cu° (cathode)

The EMF of the cell for the following arrangement (20) comes out to be
0.34 V.

conventional
/ current

hyd. electrode as anode

copper rod

h
as cathode | H, gas (1 atm pressure)

{8l _ }
1-E 1 M HCI solution

11 S = od P foil
Cus0, ot O ]
solution
X @ 2.9 | ® ®
anode: Cu™~ +2¢~ —— Cu  cathode: H, — 3 7H + 2¢

Fig. (20) Measurement of standard electrode potential of
Cu/ Cu@ electrode using (SHE)

Since, copper ions arc being reduced, so 0.34 V is called reduction
potential of copper.

Reduction potential of copper electrode. Cu®/Cu = 0_-34 V

| Wiien. we Cupngs. je _sign of the oxidation potential of zinc, then it
beromes reduction potential of zinc. '

Standard oxidation potential of Zn =. + 0.76 V
Standafd reduction potential of Zn ‘= -0 76V
Standaid reduction potential of Cu = + 034 V.
Standaid oxidation potential of Cu= -034V 1
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9,714 Weston standard cell:

This cell is made up of mercury, cadmium, Hg;SOs, and CdSO.. Platinum
electrodc acts as nert electrode in the cell. Following dlagram (21) shows the
jrrangements of the chemicals of this cell.

scaling wax

cork

saturated CdSO, solution

CdSiO.q .8/3 H,0 CdSO, . 8/3 H,0

Hg + Hg,SO,

Fig. (21) Weston standard cell. |

It is a H-shaped glass vesscl. The positive clectrode contains mercury.
which is covered with a paste of Hg,SO, and Hg. Crystals of CdSO, with 8/3 water
molecules are also placed in the past. This solid material is covercd with a solution
of CdSO,. The cathode contains cadmium amalgum containing 12. — 14 % of
cadmium by weight. It is covered with crystals of CdSO,. 8/3 H,O and then
surarated solution of CdSQ,. Both limbs of H-shaped tube arc finally closcd with

corks and scaling wax. The crystal of CdSO, 8/3 H,0 make the CdSO, solution
saturated every time at all temperatures.

The EMF of this cell does not change with time. The cffcct of temperature
~ on the cell is very minor which means that the temperature co-efficient of EMF of

the cell is very low. The EMF of this cell is 1.018 V at 15 C° and 1 1s 1.0181 V at
25°C. Following reaction takes place in the cell.

Cd + Hg:SO04aq) ———— CdSO4 . 8/3 H,0 +2Hg"
9.7.15 Calomel electrode: |

This is also a reference electrode and 1s made up of Hg — ng Clz — KCl '
The arrangement to prepare this electrode is as shown in the diagram (2 2)

copper wirc
liquidbridge o .
or salt bridge ( copper wire
- | tube (C) '
KCl solution T .
- ' of tube T
I:Ig CL. past Hg KCl solution
astc
Pt. g:} P Pt. Hg,Cl, pastc -
Dl H8 'WIIC He

- Fig. (22) Two shapes of calomel electrodes which are mostly used as
“reference electrodes.




Physical Chemistry

520 _ . e mercury at the bottom,
The electrode is consisted of 2 e hagl gTPllll; Hg,Cl2 15 Calk?d calomel.

This layer of Hg is covered with a pastC of g2 2'N or saturated solution of KC]

Now, the rest of the tube is filled with 0.1 &%

from the side tube. . Another tube 'C’
A U-shaped tube, 'B' is also filled with KC! Py

having a picce of platinum wire is scaled at O el amount © £ H is also placed

platinum wire remains dipped mto - Hg. the clectrical connection. This
in the tube 'C'. Copper wire is fitted to It 10 hgve on the nature of the other
electrode can act as anode or cathode dependmg up

electrode.

Oxidation and reduction reactions at calomel electrode:

i case this electrode acts as anode, then oxidati
and 1t will lose the electrons

on will takes place at it,

©
| Mgy ——— Hg O

ng@ T 2(31e —— HgyCly

©
Overall reaction:  2Hgg + 201° —— Hg,Clys) + 2¢

In case this electrode acts as cathode then reduction will take place and
calomel electrode will gain the electrons. The reactions are as follows:

| Hg2® T 286 —_> 2Hg([) . |
-
Overall reaction: Hg,Cly) + 2ce i BT 2ng) + 2C1e
Calomel clectrode is reversible electrode with respect to the chloridé
Reference electrode; '

- The electrode potential of an clectrode can be only

10N.

detcrmined, if we

_ , Wn potential to mak .
cell 1s determined and then the electrode potenti:a.ake oot 116 EMF of the

| of '
calculated. That electrode whose potential is known i X *anggkn%wn clectrode dl_s
One of the best reference clectrode is SHE reference clectrode.

Anyhow, the use of SHE is inconven:
gascous substance H,. Calomel electrode j
values of the reduction potentials, with diff

arc given in the following table, AIicrent concentrations of KCl solutions
01N . . . pPotential
1N ' +0.3338 v
saturated ' +0.2800 v
EMF of the cell +0.2415 v
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We should use the
particular cell.

The rules are stated as follows:

(1)  Arrange the two half cells, so as to form a complete cell. Suppose we
are connecting SHE with Ag/AgCl clectrode. This arrangement can
be written in two ways:

(@) Pt/H(latm)HCl(a=1)| AgCl/ Ag
(b) Ag/AgCl/HCl(a=1)/H,(l atm) /Pt
(1) That reaction which takes place at the left clectrode is arbitrarily

\‘\_rritt?n as an oxidation reaction and that which is on the right hand
side 1s the reduction reaction. The overall cell reaction is the sum of

these two clectrode reactions. Above two possibilitics is step number
] and 1s written as follows:

(a) (b)
Left oxidation:

1 e
5H2+09 s H® 4 O Ag + Cl

Right oxidation:
AgCl + e®

accepted conventions for electrode potentials in a

Overall cell reaction:

%'H2+AgCl = Ag+H®+Qle Ag+Cle+H® AgCl+ EHZ
e (iii) The cell voltage is the algebraic sum of both single elcctrc_)dc
| potentials, provided that the electrode potentials are fixed with a sign

corresponding to the reaction at each electrode.

1

Eccll - onidaliqn potential + En:duction potential
i-e- Eccll(a) = EHz/H@ T EAgCUAS

1 - Euigy = Eagng + B, _
. (iv) How to decide the sign convention? Try to understand 1n the
following way: et o
(a) If the ccll is written with the negative clectrode on the left, so
that the electrons flow through the external circuit from left to

the right, then the reaction will be spontaneous. It will occur In
the following way and EMF will be positive.
3 .

: .
:
: .

Pt/H, (1atm)/HCI (a=1)/AgCl/ Ag
Cell (a)
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(b) If the cell is written down with the positivrfz clcctrodc.on t.hc left,
then the cecll EMF will be negative and thc rcaction _1s non-
spontancous. In order to obtain the spontat.lcous rcactlor.l, the
reaction is reversed and the sign of EMF 1s changed without

- changing its magnitude.

C

®

Ag /AgCl (a=1)/H,atm /Pt '
Cell (b)

9.8.1 Determination of electrod potential of zinc using calomel
electrode: |

For this purposc, zinc 1s dipped in 1 M ZnSQ, solution and 1s connected

with calomel electrode by using 1 N KCI solution. The arrangement 1S shown in
the following diagram (23).

Zinc clectrode

as anode calomel electrode
as cathode
IN KClI solution
1M ZHSC)‘ I-IB‘IC11‘ paStC
solution
Hg
| . Zn/Zelectrode calomel electrode

Anode: Zn —> Zn@,+ 2ee

In this arrangement, zinc acts as anode and calome
The rcactions arc as follows:_ |

it .. ' Zn —— 5 7n® + 20

©
Hg2C12 + 2¢C 1—-2‘“). 2H e 2Cl® (Cathode)
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The czll potential or the EMF of this cell at 25°C is 1.040 V.
cll EMF = reduction potential of calomel

1
040V = 028V -— reduction potential of Zinc
Reduction potential of 7 = 0.28 V - 1040V = -0.76 V
Oxidation potential of Zn = +076V.

Determmatlon of electrode potential of copper using calomel electrode:

For thi
or this purpose copper 1s dipped in 1 M CuSO, solution and is connected .

with calomel electrode by using | N
the following diagram (24), g KCI solution. This arrangement is shown in

1 M CuSO, -
sol.

Fig. (24) Standard electrode potential of C‘u;’Cu@ electrode
by using calomel electrode.

" In this arrangement, copper rod acts as the cathode and calomel clectrode
'as anode The electrode reactions are as follows: -  2er! -

Cu & +2<3 —— > Cu°
2Hg + Cl i Hg,Cl, + 2¢°

The EMF of this arrangement comes out o be 0.060 volts.

EMF of cell = reductlon potential of copper ;
— reduction potential of calomel A | ‘{ -

|

|

0,060V = reduction potential of copper — 0.28 V-

'Reduction potential of copper = 0.060V +0.28 A _ i
= (0.34V s " i
= -034V - &l

Oxidation potential of copper:
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EXAMPLE (12)
Calculate the standard EMF of the cell reaction 0
Zn+2Ag” —— Zu” + 208
Given that:
- E“m@ = (.76 volts and EDAgr‘Ag

SOLUTION:

G = = 0.80 volts

Oxidation takes place at the zinc electrode and reduction at silver electrode.

By convention the cell may be represented as

Zn/ Zn® 1/ Ag® / Ag

standard standard
reduction reduction
Standard EMF of the cell (E%q) = | potential of | — potential of
R.H.S. - L.H.S.
electrode electrodc

As standard oxidation potentials of zinc electrode and silver clectrode are
given to be 0.78 volts and — 0.80 volts, then standard reduction potentials

will be — 0.76 volt and + 0.80 volt respectively. Hence
E% = 080-(-076) = 156volts

9.9.0 ELECTROCHEMICAL SERIES

9.9.1 Introduction:

The clectrode potcﬁtials of various electrodes are arranged in a definite
order. They should be arranged by kecping in view the reduction potentials or

oxidation potentials. If the various clectrodes are arranged in the order of their

“increasing values of standard reduction potentials, then this arrangement is called

clectrochemical series. Standard hydrogen clectrode (SHE) 1s almost somewhere 1n

~ the middle of the SCl‘lCS Tablc (2)

According to the following table (2), lithium electrode is at the top with a
standard reduction potential of — 3.05 volts. Fluorine electrode is at the bottom
having a maximum positive oxidation potential among the whole series. The
electrodes above SHE have nc_g‘ativc reduction potentials and positive oxidation
potentials. The electrodes below SHE have positive reduction potentials and
ncgative oxidation potentials.
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Table: (2) Standard reduction potentials at 25 C°. (Electrochemical senes)
Standard reduction potentials in aqueous solution

F2(g) + 260 ==—— 2F (aq)

PbOx(s) + SO4"(aq) + 4H'(aq) + 2¢"
2HOCl(aq) + 2H'(aq) + 26° == Cl,(g) + 2H,0
MnOs (aq) + 8H'(aq) + 5¢ = Mn®(aq) + 4H,0
PbO,(s) + 4H(a) + 267 =—=> Pb2+(aq) + 2H,0
BrOs;"(aq) + 6H (aq) + 667 =—> B (aq) +3H,0
Au3+(aq) t3¢ T—=— Au(s)

Clig) + 26 == 2CI(aq)

Ox(g) + 4H (aq) + 4¢° == 2H,0

Bry(aq) + 26 == 2Br (aq)

NOs(aq) +4H (aq) + 3¢ — NO(g) + 2H,0O
Ag(ag) +e& == Ag(s)

Fe"(aq) +¢© == Fe¥(aq)

Iz(_)+2e S 2l (aq)

' S04 (aq) + 4H" (agQ) +26° — H2303(aq) + H,0

2I-F(aq) +2¢ == Hs(g)
Sq (aq) +2¢° = Sn(s)

Ni”'(ag) + 26 == Ni(s)

Co™(aq) + 267 = Co(s)
PbSO4(s) +2¢° == Pb(s) + SO, (aq)
Cdz*(aq) 2 == Cd(s)

Fe*(a q)+23 <=—— Fe(s)
Cr'(aq) + 3¢ = Ci(s)
In*(aq) + 26 = Zn(s)
2H:0 +2¢" === Hy(g) +20H (aq)
Al"(aq) +3¢” = Al(s)
Mg*(ag) + 26 == (Mg(s)
Na'(aq) + ¢« = ~Na(S)

Ca™(aq) + 267 .= Ca(s)
K+(aQ) +e: \“—'— K(S)
Li'ag) + &« = Li(s)

4
y g L N ey
'}.’” ';:Irh T — P TR b T T T e Sme—— U, T
- g 4 R . L R e
13# _“.H‘ i

R Lt o Lt st Ty m—

= PbSO.(s) + 2H,0

Half Reaction - E° (V)

+2.87
+ 1.69
+ 1.63
+ 1.49
+ 1.46
+ 1.44
+ 1.42
+ 1.36
+1.23
+ 1.07
+ 0.96
+ 0.80
+ 0.77
+ 0.54

- +0.49

+ (.34

-+ 0.17 ]

0.00
-0.14

- 0.25

- 0.28

- 0.36

~0.40
~0.44
~0.74
~0.76
~0.83
- 1.66
~2.37
~2.71
~2.76
~2.92
~3.05
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9.9.2  Salient features of electrochemical series:
Following are some salient features of clectrochemical seres:

(1)  The clectrodes arc arranged in the dcceasi_ng order of reduction
potentials and they are all written in the reduction modc.

(ii) All the clectrodes above SHE can accept the electrons from SHE,

creating the cell voltage equal to the standard clectrodc potential
given in the scries.

(1)  All the clectrodes below SHE, when connected with SHE create the
cell voltage equal to the reduction potential written 1n the series.

(iv) When an clectrode is connected to SHE and that electrode gives the
clectrons to SHE, then clectrode acts as anode and SHE acts as

cathode. S0, H® ions are reduced in SHE.

(V)  When an clectrodc is connccted with SHE and it accepts the electron
from SHE, then that clectrode acts as a cathode, and SHE as anode.
Hydrogen gas is converted to hydrogen ions. Whenever, two
clectrodes are connected with cach other, then the clectrons flow

from lower to the higher, and the EMF of the cell is determined from
the electrode potentials of the two.

(vi) If both the electrodes are above SHE then current flows from lower
to the higher with the difference of the two.

(vi1) When both electrodes are below SHE then electrons flow from lower
to the higher with the difference of the two.

| (viii) If an clectrode is above SHE and the other is below that of SHE in
| clectrochemical series, then current flows from lower to the higher

with the sum of the two standard reduction potentials.
| 9.9.3 Applications of electrochemical series: |
. (1) We can predict the relative case of oxidation or reduction of various
| _

elements. Greater the reduction potential, more casily is the substance

i?f rcduced. F, has the highest reduction potential while Li® has the lowest
| reduction potential. -

It means that fluorine 1s reduced more
reduced with greater difficult.

F®+1e —— F (veryeasy), Li'+1¢ — 5 14© (very difficult)

(2) From the values of standard reduction potentials, we can choose the

strongest oxidizing agents and the weakest oxidizing agents. F; is the
strongest oxidizing agent while Li® is the weakest oxidizing agent,

- (3) From.the clectrochemical series, we can predict, whether 2 metal reacts

,'; with an acid to give hydrogen gas or not. According to electrochemical

series the metal having negative reduction potential which are above SHE

can displace hydrogen from acids_, because H® lons have to get the
electrons from them. So the metal like Li, K, Na, Al, Zn ctc. can displace

"H® from acid. But Ag, Cu and Au cannot do so.

casily, whereas Li® ion are

e — —_ = -
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(4) We can calculate the standard EMF of any clectrochemical cell. Actually,

electrochemical cell is based on redox reaction which can be split into two
half reactions.

(1) Oxidation half rcaction

(1) Reduction half reaction

When we represent a cell, then the electrodes on which oxidation takes
place 1s written on the L.H.S. and the other is written on the R.H.S.

(55 ~ We can predict the spontaneity of reaction. If we want to find out, whether
a reaction 1s feasiblc or not, then the EMF of the cell which is based upon
the given redox reaction is calculated If thc EMF comes out to be positive,

then the reaction is feasible and if it comes out to be negative, then
reaction 1s not feasible. | | |

9.9.4 Relationship between electrical energy and cherical energy:

~ When a ccll produces a current, then the current can be used to do the
work. The principles of thermodynamics can be employcd to derive a relationship

between clectrical energy and the maximum amount of the work which 1s obtained
from the celil.

It was observed that for a large number of reactions, the clectrical encrgy
produccd was not cqual to the chemical cnergy. It was suggested by Gibbs in 1875
and Helmohltz 1n 1882, that the clectrical energy produced 1n the reversible cell is

equal to the decrease of free encrgy accompanying the cell reaction.

The electrical encrgy produced in a ccll is the product of quantity of
clectricity that passes through the cell and the EMF of the cell |

Electrical encrgy = Quantity of electricity x EMF  --.... (1)

From Faraday's law of the electrolysis, we know that for every onc mole of
the electrons transferred in the cell reaction, the quantity of clectricity that flows
through the cell is one Faraday (1F = 96,500 C). So, if 'n' moles of electrons are

transterred in any cell reaction, then the quantity of the electricity passing through
the cell is nF Faradays. '

If E is the EMF of the cell, then
Electrical energy = nFE ' cevees (2)

If AG represents the change in the frec energy and that is the useful work
done by the system. Then, '

-~ AG = nFF b gt (3)
A well known cquation from thermodynamics is Gibb's-Helmohltz

€quation. . |
| A(AG '
o= ansr| X @)
. P
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Putting the value of AG from the cquation (3) 1nto cquation (4), we get

- | &(-nEF)
nl:l AH + 1 P
oE
ol

- < p
Because E 1s vanable while 'n' and 'F' arc constants.

According to the equation (5), it 1s clear that the cnthalpy change AH or the

chemical energy of the reaction depend upon the temperaturc co-cfficient of EMF
_ cE .
e ST Temperature co-cfficient is the rate of change of e.m.f. of the cell with

- P

nkF = — AH 4+ nkT

respect to temperature. So, we can draw the following important conclusions.
Dividing by equation (5) by nF

AH oE
E . nF +T[a’r]p ...... (6)

Conclusions:

. CE .
(1)  When o7 1S extremely small, 1.e. very close to zero then the clectnical

energy nkEF 1s equal to the enthalpy change.

(1)  When 5T IS positive, then the clectrical energy produced is greater
thaq the heat of reaction at constant pressure. It mecans that the
additional energy is being absorbed from the surroundings.

OE . . :
(1) When ST 1S negative then the electrical energy produced is less than

the heat of reaction and the additional energy is being absorbed by
the surroundings. '

OE
Meaning of AT

This 1s the rate of change of EMF of the cell with respect to temperature. If

the change of temperature does not effect 'E' then 4

3T 1s zero. If the increase of
. E th CE . " .
temperature increases £, then = 1s positive. If increase of temperature decreases E
OE .

hen — 1s negative.,
14416 aT 44

9.9.5 Relationships of AG, AH and AS with EMF of the cell:
As we has discussed above, that
AG = -nLEF
We have denved equation (5), as
O

nEF = ~ A4 nFT | —
ar |,

||
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After rear rangement, this cquation becomcs,
AH = nF[T_(%TE-)_E:' ...... (8)
e By f the
According to the cquation (8), if we know the temperaturc, thc EMF o

OE
cell and T of the system, then we can calculate AH.

From the above cquation when' we have: calculated AG from Cquatlon (7)
and AH from equation (3) thc AS can be calculated from the following
rclaIIOHShlp o 'Y

AG~-AH= -TAS e (9)
Gibbs-Helmohitz equation say that - e AR T
AG AH = T[Jé@l] ...... (4)

ar .-

Now compare cquatlon (4) and 9)

So - TAS = T[ﬂé@]

ar ' ir i1
AG = — nEF . ‘ | T it < 4201 O
- STV
’ —TASE‘T- -—nFTl:'é-T-] - .
i [ E] oot
= — LA A 10

AS nF_ﬁTL k e (10) a
So, the entropy change of the reaction is zero, when: the: tempcrature co-
cfiicient of the ¢ellis zero, ... . - . - At LY. |

EXAMPLE (13)

The emf of the cell Cd/CdClz 22 HzO (saturated) Il‘AgCly, | Ag is
found to be 0.6753 volts at 25°C and 0.6915 volt at 0°C. Calculate AG AH: and-.

AS of the cell reaction at 25°C. - TRTH R T
Solution: ' .5 ] D F
Data: 7 :

The cell reaction is as follows:

Cd +_2AgCl +(aq) ——r CdClz 22 HzO (sat) + 2Ag
- "t&+2Ag — Cd@’+2Ag 5
T ersutauh ol enigothny A busiiil 1V o

Two clectron are. bcmg__lost for.one.Cd atom son=2.. n.,; -

(1) Calculahon of frec encrgy. changc (AG) Dlad LK |

1 30 - E = 06753V sindar o

v g g 1 ‘H.f ] ,' - i y Li.
1.4 ' ol
| — l - - # T-n- " %
F 69500 C 4 rell [151) TOLIRS, O3 1] DA
n - ; — - L ; . | Py - LY I ’
i .r" :|r ..I-.l'| ’ i i [ [
N oh 3 }

L 1 ‘11: v
n = 2 ‘
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Formula: | |

AG = —nFE

Putting valucs |
AG = -2 x96500 x 0.6753I
= — 130333 joulcs mol

AG = | -130.33 kJ mol™ Ans.

(11)

Calculation of cnthalpy change (AH)
Data.

‘ il \ ~ . f
At atmospheric pressure, the temperature cocfficient of EME In the range o
0° —25°C will be
T)= 0°C+273 = 273 K
T, = 25°C+273 = 298K

Putting valucs

(55] _ E.-E 0.695 — 0.6753
o) T,-T, 273 - 298

1

I
1

- 0.00065 volts K
Formula: °

Now using the rclationship

- AH - OE |
E = oF + T Lé:[:_
= —nFE +nTF (Q“E-)
¢l Jp
Putting valucs - 5L + _
A= —2 % 96500 x 0.6753 x 2 x 298 x 96500 x'(~0.00065)
AH = — 167717 joules mo]™ (23 \

AS

Putting values | _ {4 + h Thiet
Poa ™ B02) el 67717 = ~130333) 10,
AS = 208 _

The.negative signs with AG, AH and AS indicaree
quantitics. | '

Ans.

the decrease in thesc

9.10.0 NERNST EQUATION .

Ncrnst cquation is the quantitative
with the concentrations of rcactants and pr

tcmpcraturc.

rclationship
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/—_\___;______S_E"_
In order to g '

. _ IVC thi . . "L 5
which 1s happening in anycrét::s;-s?g;aégllﬁ lct us takc the hypqthctlcal ccll rcaction

. m _ R (1)
Free “nergy change

Standard fre, encrgy
Activiticg ;

L n " |

Since, -AG = nEF 4Ny statc other than the standard state

> DB
Q Q
O

o

Changc

?
v
i
&
v
O
Il

and -AG° = nE°F |

E = EMF of the ce

| E° = EMF of the
Putting these CXpressions

at any condition
| ccll under standarg condition
IN Cquation (1)

-nEF = -nE°F 4+ RT |, 2c-2p

Nernst cquation can be written as S i moles. dm™. So [ ] will be uscd and
RT  [CI'[D}*
E = EO - = - -[—J_Ll_
nF ]n . [Ala lBlb ------ (3)

Supposc the cell is working at 25°C, then
| R = 83143 J K" mol”* .
' F = 9500C '
T = 25°C+273 = 298K
n = decpends upon the naturc of the reaction
Putting thesc values in equation (3) L

M 8.3143 x 298 CI°[D] l
E = E°- L-LUE
n x 96500 in [A]" [B]

0.0591 ¢ (DI
po _ | ]nIQ]TIQJF
n [A]” [B]

E
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9.10.2 Nernst equation and the Daniell cell: -
The overal] reaction of the Danicl cell is

Zn + Cu® - > Zn@ + Cu

n=2 (because two clectrons arc being lost or gained for one atom of Zn)
Let us apply cquation (2),

E = EO__R._FF_I azn@"{u

e/in - . 4
2F " as, . acu® A
The activitics of the solid substances are taken as unity
dzn = dcy = 1
o RT = a;m@®
E——E—-zF.naCu@ e (3)

If we substit

| utc the activitics by the concentrations in the casc of dilute
solutions |

“» . &
R
E - ol KT, (207
_ [Cu™]

Putting the valuc of R, T and F at 25°C, and converting the natural log into
common log, the Nemst cquation for the Daniel cell is

2
E° - 0.0295 log @—@l
[Cu™] '.
With the help of equation (7), we can calculate the EMF of the cell at 25°C

at any concentration of Zn® and Cu® -
EXAMPLE (14)

E

|

Calculate the EMF of a ZInc-

silver cell at 25°C, the 'activity_- of Zn® ions
is 0.8 and the activity of Ag®

1on is 10. Standard reduction potentials at 30°C

-are: (L A
(1) Ag@ Ag electrode = +0.799 volts
(11) Zn@ Zn electrode = — 0.76 volts. .. -
SOLUTION: e ' AERE 8
Data: '

The reduction potential of silver (0.799 v) is greater than that of sinc
(= 0.760 v). This means that in the cell reaction, reduction take place at the
silver clectrode and oxidation at the Zn electrode. Hence the cell reaction
“will be ' AL = N |

. Zn+ 2Ag “) Zl‘l® +.I2Ag° . .
One‘atom of the Zn loses 2 clectrons, son=2
The cell may be represented by convention, as

zn/ 20 (a=08) 1/ Ag® a=10) /. Ag

L]

T = 25°C+273 = 298K ~




- solution of its own ions. The concen

(1) Hydrogen electrode:

QS =

533

Standard EMF of the cll; E° = E%® a5~ E°, @,

E° = +0.799 — (- 0.76) volt
E’ = 1.559 volt
Formula: s o -
Now, we calculatc the EMF of the given cell E, by using Nernst cquation

RT a5

2

E = E°—

Putting the values

8.314 x 208 x 2303 08
= 1599 - ——— <70 2200
99 2 x 96500 108 (10)*
= 1.559 - 0.03006 log (0. 008)
1.559 - 0.03006(- 2.0969)

E = 1.559+0.063 = Ans.

9 10.3 Nernst equation and the effect of concentratmn of surrounding

. electrolyte on the electrode potential
The measurement of pH:

We know that an clectrode i

|

electrolyte determines the clectrode
are able to calculate the

that 1on in the solution but we should
electrode pOtential of the electrode.

“Let us take the exam
equation for them.

Consider the hydrogen electrode which is consustcd of h

cqulllbnum with H® ion. The reaction of this clcctrodc when wrlttcn as rcductlon
reaction is |

H®+lce _——) -2_H2

- For this reaction n = 1, bccause one electron is being transferred for onc

- 10n of hydrogen The Nernst equatlon can be wntten as

EHG)/HZ - EOHG)/I-Iz T

T F e e ()
When the prcssure of hydrogcn Is on¢ atmosphere, then the activity H, is unity.
Then, 3, =1 e, § 5 7

RT 1

EH@m2 - ]5;'==’Hc-19,H2 - In ;{6 L | e (2)
Rearrangmg this equation by taking 'a;®' in the numinator.

. RT Ny
, -_EH&)/I'Iz e EOHGJIHZ F ln aHG? . 'I S _' (3)

Electrochemistry - o — _
—

S complcted by dlppmg metal rod in the
tration of the surrounding solution of the -

potential. According to Nernst cquation, we
clectrode potential depending upon the concentration of

know the tcmperaturc and the standard -

plc of different clectrodes and construct the Nernst -

ydrogen gas in- -

Rt et Bt S AR Ladhi T PR
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If we substitute the activity of H® ion by molar concentration, then

RT ) 1 4
Ev®n, = E°%uOp,+ F In [H™] “
The standard clectrode potential of hydrogen
Eﬂﬂ@mz = 0
- RT
So, huﬁ)mz - F In [H®]

If the temperature is 25°C and F = 96,500 C, and natural log 1s converted
to common log.

Then  Ey®, = 00591lgH®] =7 (3)

This equation (3) is very useful because log [H®], corrcsponds to thc pH

of the solution. So, wc can dctcrminc the pH of the solution, when hydrogen
clcetrode 1s sct up.

9.11.0 CONCENTRATION CELLS

"Those cells in which the EMF is produced due to the difference in the
concentrations of the electrode or electrolytes are called concentralion cells.”
When there is a difference in the concentration of clectrode, then the cells are
called electrode concentration cells. If there is a diffcence in the concentration of
clectrolyte in the cells then they are called clectrolyte concentration cclls.

9.11.1 Electrode concentration cell:

Onc of the best cxamples in this refercnce is hydrogen clectrode. If the
pressurc of the hydroger. at the two electrodes is diffcrent and the both clectrodes

arc dippcd 1n the samc solution of H® ion, then it becomes a electrode
concentration cell. It will be represented as follows:

H; (px, = p1) /H® / H; (py, = p2)

Following diagram (25) shows this arrangement.

(H, at p, atm, pressurc) —> <— (H, at p, atm pressure)

Pt wire / Cu wire

_Ei'.z:ii._if:'. Ptfoil
"""""""" HClI solution

Fig. (25) Electrode concentration cell consisting of hydrogen
electrodes without transference.




Cl in the two beakers '
. L _ may be diffcrent. Morcover. th
two electrodes are connected by :.salt bridge F1g. (26). This cell can be rcprz:.;cnf:g

JHe(am) [H® @) H® (a)) | H, (1 atm)

et 5
i : u\)
-- el | ‘ =X, <= (H, at I'atm pressure) -
r J.J1] | ‘ ' ) o : i
“E0 g i
7L 0r ! apyinataale
Pt/ Cu wirc
HCl solution Ptfoil

Hél Lsolution

e " S .
”w O oy 8.
H (act1v1ty=a;)ts ¢ H (activity = a,)

Fig. (26) Electrolyte cang:}e}rr}‘&tion cells consisting of hydro gen
electrode connecled by a salt bridge (without transference)

2. Zinc-electrode:

e bca]?/hcn zinc rod 1s dipped in.zing ion, then it is a zinc electrode, If we havc
veakers with different concentrations of zinc ions and zinc rodes arc dippcd in

each hen i ele
Sal bﬁdsa:{!c tcmperature, then It gives a clectrolyte .concentration cell Fig. (27)
+ oridge is used for the connection of two beakers. The ccll can be written as.

OOHIRILS857

. Zn/Zn" (@) || Zn (ay) | Zn. .

'a|al]d' 0 { € - *EUR P I Y L . S -3 « 3 .
k¥ a; are the activities of zin¢ ion in ‘the two' beakers. Following

1 |

d‘%.h(z‘l):'makqs: the:dea' clear. ' This: cell is a concentration ccll- without

[ J - L

traI]Sfel‘encc' . ‘ i '8 NEON :

wrY BN ™ T ASRSTa TTY B D e . <
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ZnSO, Solution

et

. y I
FE RIS SRR § 1"

i “-“'
FE & ER
- s B N e S o o o YT E R & E L 20 h

L
- —— W O O @ e W s -—— e W

Zn@ (Actmty =a,) @ (Actwny =)
Fig. (27) Llectrolyte concentration cell consmmg of Zn-€1€ct!‘0d€ connecled
by salt bridge (w:tﬁ transferred)
9.11.3 Electrolyte concentration cells with transference:

"Those cells in which the two electrodes . are same having different
concentrations of electrolytes, but the two solutions are dzrect!y in contact with
each other." Such cells are said to have liquid junction. _ |

Lct us arrange two solutions in a tube very car“ofully, so that therc is no
mixing of thc two solutions. Look at the following dlagram (28) In Wthh thc two
solutions of activity a, and a, havc a hquld Junctlon ' ;f-. | H)

In this type of concentration cell thcrc 1S dlrcct transference of the
clcctrolytc from onc solution to the othcr through thc l1qu1d _]unctlon '

o i .l [} 1 li
: . : i-
1 - I : [ - . L‘ t
"W ¥ A pecre el 1! ot oY 1 L e '
* . ' il
: 1 ' - - lig B | - _:
3 b : 5 » - 3 ki

i -
J"r.J...'-."' . i ‘ 1 4D

gy -

b3
il [l 3 ) - |I-: - . ® !
MR /B oy K | Sarat B . ! -
- _ _.i e . . = ,'I.-. " . \ | ) paats
o =T : - e . '.:“‘?. Ed =
> Imaasael b
T
NI
) t 3] 1L
: \ AR === -, \ X - :
I \ | ‘.:. 1F . J.p L 20 o 4 0 1[_}." L ™) T:‘.‘ ..'L.." h | I\.Ir'. -

 activity= a; «-v. -

activity = a, .= _
G- LD B

::'ihip r.:
122019 2055 5 21D D 1 llqmdjun(‘,’np 4 hot onix madV
g P:g (28) Electro!yfe concenrraticiﬁ with'a hqmc?fuhi:ﬁﬁn fiwy erealzad ol

 al

G We can take two clcctrodcs 4s:’
iy S () Hydrogcn clcctrodc ha' ing the rcprcscntatlon

H; (1 atnt) | HCI () : HCI as) | Hi (1 atm)
lor (l]) Zn | ZnSO4(al) ZnSOd, (az) l Zn“ it 9 .:;,;f rJ "

'tl‘l.

In the renesentation of thesc cells; the: double lincis replaced byjtwo dosshy i

bﬁéaus . there is no salt bridge, but there 1s liquid junction. y s

| h,_; "u #] rrr]ri e 30 if 15¢ ﬂﬂx_h 3] §§ ) S f‘Tf‘:_{‘,‘:}
t Ay 4500 110D € ,‘{ "Ihl _,':;;n -11 ..)'\ 2 m.-.:a

E
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the example of clectrode concentration

¢ of the examples in this reference is
Ich ig fépresented as follow? | |

5 action S a reduction half reaction then
) 2269 (afy a2 A @
L. Vah}e Of, 1= 2, for this clectrode and ‘the Nernst equation can be
written as, DR {7 ¢ . , . Pow ok v
| l — 10 ! RT 9 * w SR
El - E Zn*t2/7,0 = -5-'[? ;;_‘; ...... (3) N
For the fght clectr odc, the' Nermnst Cquation will bcfas follows
E — I 0 . _ B__T_ d> IR
¢ blinods 2. E Zn 270 2F In azn+2 ‘ LYY (4)
Overall reaction IS obtained by adding the tw s (1 |
O Cquations (
left and right clectrodes and 1.¢ ; i . (1) and (2) for the

[ RT i
E = [—“? In —22_ — —iER“‘T' lna."'é‘..]-—--‘
2P a2n®; L 2F 'azﬁ@'__
S RT: 8, - REg a,
. % ~2F In a, 3~ 2F ln‘;l:@ " |
""" E=-“""“'ln""“"*-—ln""‘*-—' - r
s = ( w@  Ta,0)
E - 2F _lnraz L CEIMELI R OB pinthing o (3) |

This equatiof (3) feljg us, that the EMF of lthe (el originates due to the
r?,asoi},}hat_‘thcrc, happens , a transference of zinc from zinc amalgam_with its
Alvity a; 1o ZINC amalgam. Whore ‘e aodi.

Y is a,. There is no transference of
ions. This cquation also tells
dcpcnds only upon the activity of Zn®

there /i no
' the

us that the EMF of the cell
in the solution, It is Intcresting to notc that
role of E°, In this equation Keep it in mind that E° will not appear in all.
Concentrationxclls. It means that for concentration cell, E° = 0 '
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We can genceralize the equation (3) as follows: '

Eccll = 'IE In R IR T T (4)
. nk %)
Another best cxamplc for clcctrodc concentration cell without transference
is that of hydrogen clectrode. If we apply the Nemst cquation on that situation then

thc EMF of the cell will have the following relationship

RT p
= A T s 5
E R In " (5)
Where, p; = pressurc of hydrogen at onc clectrode

| P = Pressurc of the hydrogen at other clectrode
9.11.5 EMF of electrolyte concentration cell without transference:
In order to apply the Nemst cquation on such system, lct us take thc

cxamme of hydrogen concentration ccll, having diffcrent concentrations of H
1on. Let these concentrations be denoted by a, and a,. Ccll is represented as

| H, (1 atm) |H® (a,) | H® (a,) H, (1 atm)
It 1s a convention that oxidation takes place at the Icft clectrode

]
. Hz (1 atm) —> H® (a;) + 1c®

If we want to apply the Ncmst equation on this clectrode, we should WIILC
down its reduction half recaction 3 - L0 |

1 . .
| H® (31) +1e° — > 5 Hz (1 atm)
a = 1, for this stcp and Nemnst cquation will have the following shapc for this clectrode.
| RT  (@)"”
. E — ‘EO @ ki hataindl 1 2
@ | 1 H¥ 7, — ..F Il a,
‘ Since, ay,= 1 |
: _ o i 1
j SO, E1 = E ]-{®j}12§' F In a, s
+  RT- ‘ A -
; Oor E] = EUHC*J;I_{2+ —F—- ln a) e [ = « S (1)
_ o 3 , RT .
Since E'y®y, = 0 -“So, E = +—P7- In" a, - ceeeee (2)

| Reduction takes place at the right electrode by convcntmn and

so the
,a rcaction 1s written as follows:

| e @1 ——— S H,(latm)
n=1, for thlS reaction and Ncmst cquatlon wlll havc the follomng shapc for thls
clcctrodc Cap . ol ey WD L TR

1o W od; RT | 0516 BOULURT iy N a et
. _ y L NN P d SN i
Ez F lnaz LA (3)

| Thc EMF of thc ccll 1s gwcn by, thc dlffercnce of Ez and E,
_cquation (2)and (3) - .. 100 10T T el e -t
E = Ez— El | | . e VMt TV

gwen m the
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Subtracting cquation (2) fropn, (3)

_ RT RT
£ = F lnaz'—_ﬁ"lnal
T
E ~— B]—:"— ln -2-1-3.
d e, maidbtasse: (4)
F of the '
The EMF of the cell depengs UPon 'a,' ang 'a. EMF w oedlns
a;” 4l- , 2. EME will be positive, if

9.11.6 EMF of a concentration cell

Let us take the example of |,
o . ydro .
of HCI solutions are diffcrent. The prc:ssf:::n:lccuodc In which the concentration

With transference:

& (left Qlectrodc)
H™ (ap) + 1c© | 1.,
TR 7 Ha (1 atm)  (right electrodejm
The overall reaction is the sum of tWO reactions et

' ® e s ,
o the MIght, 1.1 ;Are produccd in the left clectrode and )©
clectrode, so the mnner- circuit is completed by the 1

‘When one Faraday of ¢
equivalent of C1® ion will be transferred from right to.the left.,

] : 'I'“'J' J - 3 -
L= Ny - . ¥ - f.F E ]

HCl solution et WY HCl solution
(activity =)  \oozois N Ratl

u® ... ' Jjunction..

& (29) Concemranon cell with transference for hydrogen electrodes.
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In other words, the C1© ions of activity (az), move towards thc
compartment of activity (a,)

© (a) - > 1o cl® @) e (2)

| ® . .

The transport number of H® ion = (1 - te)- So, (1 —tg) H™ 10ns V‘jlll be

transferred from left to right. In other words, H® ions transfer from the solution of
activity 'a,' to the solution of activity (az).

So,  (1-t,)H® @) —— (1-tg)H® (ag) - (3)

If we want to calculatc the net transfer of the material, then cquations (1),
(2) and (3) must be addcd.

H® @)+ CI®@y)+(1-t ) HO(@) = H'(a) + toC1° @) +(1-tg ) HO(ay
ofk sl H.(aj)th CI® @) =ty H® (@) + tg c1®@)

o

or tg HCl (az) = HCl (a)) e v si (4)

It means that whcn one Faraday of clectricity passes through the cell, then
onc gram cquivalent of HCI is transferred from a solution of actmty (a;) to the
solution of activity (a,). Now, lct us apply Nernst cquation,

E = RT h’l @ _ R_Tl (E_ll)te
: - F a2 oy > F B d?
RT - oo e e
E = EJTln'—' e Bk el ugee e (5)
a |

So, in order to get the positive EMF of the ccll, a; should be greater than
a;. If the activities of the substances are réplaced by the molalities and activity co-
ctlicient of the 1ons, then equation (5) can be written as follows:

e 1R mgyg - A
E = o F ln MUY o e v et (6)
Equation (6) can help ‘us ‘to calculate EMF of a'cell, if we know the
-molalities, activity co-efficicnt and transport number of ions.

9.12.0 DETERMINATION OF pH OF A

SOLUTION BY EMF MEASUREMENT

This is also called potentiometic method to detcrmme the pH of the
solution. Differcnt types of elcctrodes, which can be employed for this purpose are
as follows: ' 4

(1) Hydrogen clectrode A I,
(2) Quinhydrone clectrode b i A Y
(3) Glass clectrode . - - |

Thesc clectrodes ‘ar¢'used against the reference calomel clectrode. Let us
discuss these electrodes one by, one. .
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9.12.1 pH measurement by hydrogen electrode:

Let us writc down the clectrode rcaction of hydrogen - clectrode in the
,—eductmn mode | gt s . S (0314 Rt

H® + lce

i .
D) H, (1 atm)

Now, apply the Nemst cquation to have the potential of this hydrogen
electrode - -

Let us con51der that the cell is workin 1
_ at th t o
Kn R = 8 3143 ] K mol™ 1 and F = 06 500 nglts C empcrature Of 25C 1.€. 293

Hence, cquation (1) becomes,

Bu®my - = Ew®u, + 0.0591 log [H®] ... (2)
At these standard conditions the standard e]
ectrod :
- i rode potential of hydrogen
EOHG') /Hz — 0
Hence, ; |

'E'H%z 0.0591 log [H@]

pH = *—log[H.] A e
EH@’H: = —0.0591 PH hisie 76 hoi BETIPRI )

Now, combine this hydrogen electrode, ‘under these conditions with
calomel electrode. The electrochemical scrics te]ls us that oxidation takes placc at

hydrogen electrode and reduction at calomcl clcctrodc 50, the cell may be written
as follows: $ | ]

Pt.H;(latm, ) | H® (unknown conc.) | KCl
| . - (saturated) | Hg,Clyy | Hg .
- The EMF of thlS cell 1s given by the difference of two c‘lcctrodc potentials
E = ;[electrode potential of right clcctrodc] '
— [clectrode potential of left clectrode]
_ Electrode potential of calomel electrode is 0.2415 V
E = 0.2415 - (- 0.0591 pH) '
E = 0.2451 +0.0591 pH
pH? ' . 0. (())529151 () onoct. ()

If the we measure the EMF of the ccll by a potentiometer (E), thcn pH of -
Solution can be calculatcd o b VIRsTIIAY
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(2) By using quinhydrone electrode:

Imi | ele
On the similar grounds, when 2 calomc corode and the
quinhydrone electrode, then oxidation takes place at the calomcl ¢

‘ thc pH of thc
reduction at the quinhydrone clcctrode. The final equation for 1a¢ P
solution 1s

~0.04581 — E
PH = 7700591
(3) By using glass electrode:

When glass clectrode is connected with clalomcl clectrode, the final
cquation for the pH of solution is as under

q & E’; - Ec+E
P = 70,0591
' where, E’% = Standard clectrode potential of glass clectrode. Its valuc
i ‘depends upon the naturc of the glass and the pH of the
' solution which is taken insidc the glass bulb. |
Fc = Electrode potential of the calomecl clectrode whosce

value depends upon the concentration of the KCl
solution uscd

Glass clectrode is morc uscful as compared to other clectrodes duc to
following rcasons: |

(1) Itis very casy to use

(1) It 1s not affected by oxidizing and reducing agents'
I v () Even small quantitics of solutions can be handled
f (iv) Itis not poisoncd casily.

In these ways, glass clectrode is the universal i)H clcétrodc.
9.12.2 Quinhydrone electrode: '

This 1s an oxidation — reduction clectrode. Quinhydrong is a compound
which contains equimolar quantitics of quinonc and h};dr'o-quinohc.

' 0 o ' ‘OH

. Q. - . OH
| - Quinone (Q) Hydroquinonc (QH,)
I ' - The working of this: clectrode is based upon the reason that

. . . quinone 1S
rcduced to hydroquinonc and hydroquinone is oxidized to quinoncg. ' !




cquation may be applicable SRR
Q+2H® +2° ——= 0 ()
Applying Nernst equation, .

T 5 _I_Q_I;in 1
e RE FerE s,

Tho feaspn 1 that_ thei ratig Of; Q'and QH,, iS taken as unity because they
have been taken in cqual concentrations ¢ ¥ .

E'q15.0:6996 volts. S0, equation (5)'can'be written as,
o= Oe96L 0050y’ o ol g

Eq= E%-0.0591 pHY . e (5)

o

. If this electrods IS cdnnecféd with calomel electrode, and the clectrode
Dol of calomel clectrode is taken as 0.2415 volts, the final cquation for pH

o= 04581 -

\

0.0591

' Where,._E <= EMF of the whole cell, when calomel clectrode is connected

_ Wﬁh quinhydrone clectrode
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9.12.3 Glass electrode:

Principle: | 1
i If we have a solution of known pH and place ! f;?aﬁgc "Flftl:c\?at;utgcofg 31512
surface, the potential will be developed on the glass mcmh s side.
potential depends upon the pH of that solution Wthh 1s on the C{ v of alass is
During the preparation of glass clectrode, a special varcty

taken. It should have a low meclting point and high clectrical condLllcz;’lttﬁfc trl.rl]l;::S
glass is taken in the form of a tube and a glass bulb is blown at gnct;n lution of
The walls of this bulb should be very thin. The bulb is filled w1 icsoconnected
constant pH. A platinum wirc is dipped 1n this solution and 1t may

with a calomel electrode as shown in the following diagram (3 0)

vacuum tubc
. d
0% | potentiometer | ©€)

y % ’
a
X glass
Y q— clectrode

imoel- -
| - Pt. wire ' zla::c;ll{:)'::ﬁ:clt‘:\iL gv

| 1 1 N HCI + T T— : T HCI solution
' quinhydrone ~ L= H E
! (Q T QHI) ::.::::: o :I . o

$\
51dc tubc

Hg,Cl,pastc =~ -
Heg

cxpenmental sol.

Fig. (30) Combination of a glass € efectrode with a calomel electrode
to measure p[ | of a solution..

When Nernst cquation is applied, then
Eg= E’ +0.0591 log [H®]
‘Eg= E’g-00591pH - o el (1)
Where, _ ; - : 3
.+ E’g= standard clectrode potcntlal of glass clectrode.

; Tts valuc depends upon the nature, of thc glass and;thc solution which is
g taken in the bulb. In order to dctcrmmc the valuc of E'g for a ‘particular glass
electrode; the valuc of Eg is dctcrmined for a solution of knom pH. When it 1s
f "' sonnected with calomel electrode, then the pH of the solution which is put m ‘the
| breaker is calculated by the following ecquation:

| 0
| E *—E_c‘*‘E.

PH = ""0.0591
In equation. (2), Ec:is the clectrode potentlal of calomel clectrode and E is
the EMF of the complete cell. ey PSR
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