CHAPTER 1V

ANALYSIS OF CONDUCTANCE DATA

4.1 Graphical Analysis

4.1.1 Method of Analysis

An apparently limiting equivatent conductivity is obtained from
the Onsager and Shedlovsky extrapolation functions. The Onsager extrapo-
lation method is the plot of the equivalent conductivity against the
square root of the concentration of the electrolyte salution. A linear
extrapolation to infinite dilution would yield the limiting equivalent
conductivity A .

Considered as a better extragolation method is the plog of the
Shedlovsky extrapolation function /f against the concentration of the
electrolyts solution. According to the equation 4 - » Chapter 2, a
linear extrapolation to infinite dilution would yield the limiting equi-
valent conductivity /f) - Detail of this calculation is given in Appen-:
dix @.

o
From the values of A , the Onsager slopes were obtained using

equation 2 , Chapter 2.

4.1.2 Results

1/2

Plots of /A as a function of C under concentration range

studied of Zn (ClO ZnSOA, ZnCl2 and CdSO4 solutions are shown in Figs

o
4.1, 4.2, 4.3, and 4.4, respectively. The same plots for the concemtra-
tion below 4.75 x 10—3 mol kg-l of these electrolyte solutions are given
in Figs4.5, 4.6, 4.7, and 4.8. Included in these plots - are experimental
points of the literature conductance data of these electrolytes, details
of which have been given in Section 1.3, Chapter 1. The observed conduct
tances of dilute solutions shown in Figs4.5, 4.6, 4.7, and 4.8 are an ap-
parently linear function of Cl/z. Linear extrapolations of these plots
(curve B) to infinite dilution by the least squares method gave the limi-
ting equivalent conductivity of120.72, 133.47, 130.92, and 134.82 cmz__d1

equiv"1 for Zn(ClO4)2, ZnSOa, ZnClz, and CdSOA,respectively. These
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0
results are somewhat higher than the /A values of 120.16, 132, 82, 129.15,
-1 -
and 133.52 cm2 QO equiv 1 for Zn(ClOa)z, ZnSO4, ZnClz, and CdSOA obtained

by using the llterature values of A = 52,8 cmz.().1 equiv (10) %
-1 N 2 -t
= 53.5 cm Il equiv © (14), A Nem T 76-35 cm” O equiv 1$27 ,28), 7\(C10 )-
-1 - o ‘
= 67.36 cszI equiv i (29,30) and A‘SO 2- = 80.02 cmzjl equiv (31).

The Onsager limiting slopes calculated from equation 2 , Chapter 2,
o
using /A obtained from the present work and the literature values are

shown as curve A and D in Figs4.5, 4.6, 4.7, and 4.8.

The Shedlovsky plots of dilute Zn(ClOa)z, ZnSOA, ZnClz, and CdSO4

solutions are given in Figs4.9, 4.10, 4.11, and 4.12,respectively. A
linear extrapolation of the Shedlovsky function jf) to infinite dilution
2 -1
of Zn—((llloa)2 by least squares method gave IXZn(Clo ) =121.29 em“" N
equiv . This result is higher than the values obtained from the literawx.

ture and the Onsager function. A non-linear extrapolation of Shedlovsky

o -1

function for ZnS0,, ZnCl,, and CdSO4 gave /\Z aso. = 132.5 cm2 N
-1 o _ 2 o 4 2 -1
equiv , 1\2 cL. = 130.0 cm fl equiv ~, and j\CdSO = 132.65 ¢€mn"n

equiv. . These‘results for ZnSO, and CdSO, are lower 'than the values

4 ST 4
obtained from the literature and the Onsager function. - For ZnClz, this

result is higher than the value obtained from the literature, but lower
than the value obtained from the Onsager function. Using .ﬁ: of Zn(ClOA),
ZnSOA, ZnClz, and CdSO4 obtained from the Shedlovsky extrapoldtion func-
tion, the Onsager limiting slopes are shown as curve C in Figs4.5, 4.6,
4.7, and 4.8 respectively.

4.2 Theoretical Analysis

4.2.1 Method of Analysis

In practice, the experimentally determined quantity is the con-
ductivity, g of the solution. By definition,

1000k = A C -ZIZIMiA
1=1]

Comparison between the observed and theoretically predicted .conductances
by Lee and Wheaton equations can therefore be made. This allows the eva-
luation of the parameters such as Ai » R, and KX which are involved in
the conductance expressions. The general procedure for the analysis of
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conductance data is described below.

It follows from conductance equations that

(¢}

o} ;
A =t (-%1"’“'" , AS, R, €, Mp,eeenyd) (1)
For simple electrolyte mixtures, Mi (i=l,....,8) can be derectly obtained

from the stoichiometric concentrations of an electrolyte. TFor associated
electrolytes, however, Mi must be obtained from the knowledge of associa-
tion constants and activity coefficients of all the species present in
solution. For MXn salt which undergoes x stages of association equilibria,

each stage may be represented as

X
K
# . -x)+
T LN S S SRR
_— X
(n-x)%
where B [ MX ] X
K= : L

TR

where 8% represents the ratio of activity coefficients of the species

involved in the association equilibria, and

x .
¥ = £0, «eeo, M, R
Therefore,
M, = F(KE K, ©)
i - A, .Q.D’ A’

In combination with the requirements of mass balance and electrical neutra-
litv, these relationships provide a set of (x+2) simultaneous equations,
from which Mi can be obtained. The activity coefficients of various
species may be obtained from liturature data, otherwise they can bé esti-
mated from the Debye - lluckel or the extended Debye - luckel expression.
For associated electrolytes, therefore
© © 1 X

N = f( Al, A Aé, R, C, K, , «von, KA? (2)
The normal method used for analysis of experimental conductance data is
usually a multiparameter curve fitting ("optimisation') procedure. This

procedure minimises the standard deviation, 4 (A) between the calculated
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and measured conductances over a range of concentrations of electrolyte

by adjusting the unknown parameters, where

1/2

2 .
- 1) (3)
P 1/ €071

calc

P
dnr =S ) (n
N=1

and P is the number of experimental points. The best fit values are thus
obtained when &(A ) is atminimum. The principal difficulty in the

analysis arises when a number of fitting parameters is involved. In most
cases, considerable reduction of the number of independent parameters has
been achieved by the assumption as to the degree of association and from

o
reliable literature )\i of certain ions.

The normal method of analysis described above was generally fol-
lowed. The 'optimisation' procedure used in the present work is essen-
tially an .iterative least squares technique. In this method, initial

parameter estimates were continually adjusted until the sums of the squares

of the differences between /\calc and /\expt , viz
P
- A (4.
E: ( /\calc expt »)
N=1

were at minimum.

For the dilute aqueous ZnCl2 system, the association equilibria

involved are 24 K1

- A -
Zn + Cl im— ’ZnCl+

2+ -
O e

- 1
* where Ki = 4.5 kg mol l, By assume Ki « KA’ the only major associated

species is ZnC1+, it may be safe to assume.that MZnC]. ~ O . Since C
o - o . ’
and ACl_ are known, and Azn2+ has been determined, equation 2

becomes

A= EON LR, K D)
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Fortunately, association constant and activity coefficients of the
aqueous ZnCl2 system at 25°C by emf measurements (13) .have been deter-
mined. These data were used to evaluate the [ree ion concentrations of
the complex species at different zinc chloride concentrations. A sum-

mary of the calculation is given in Appendix D

Hence,

Ao EOxg s )

On the basgis of the above considerations, two-parameter '"optimisation"
procedures were used by scanning these parameters in the range of appro-
priate values. Owing to the uncertainty in the literature value oﬂf 2+(10)
being apropriate for the ZnCl2 system, analyses of the conductance dfgi
using the Lee and Wheaton equation were carried out to evaluate >$ 2+

such that Zn

o
R
A H f ( 7\Zn2+9 )

By scanning these two parameters in the range of appropriate values, the

o
value of 7\Zn24.which gave the fit between /\e and A ;. -with the

Xpt
lowest &(A ) was then obtained.

For the dilute aqueous ZnSOa and CdSOh system, the association

equilibria involved are

K
2+ 2- A . .
M ot 504 — MbOa (M = Zn, Cd)

MSO4 is a neutral species and therefore does not contribute to the cons

o
ductivity. Since C and ASOZ— are known, equation 2 becomes

4
A _ Q
= f( )\Mz+ > R’ KA)
. ,
By optimising )\M2+ , R and K, values, these values which gave the

best fit were then obtained.

The following activity coefficients of MSOa system were assumed.

-alzz, | Y (5)

10g fe =
- 1 +BR VI
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Thus, the programme used toc €valuate free ion concentrations of the com-
plex species at different MSO4 concentrations was combined with the pro-

gramme which calculate /A values ("function' programme).

For the dilute aqueous Zn(C104)2 and Cd(_ClO4)2 systems, complete

dissociation was assumed for both electrolytes. Thus, in equation 1 ,

o
the stoichiometric concentrations were used. Since .ACIO_

4

is known,

equation 1 becomes
o :
A = f( >\M2+ ,» R)

o
By scanning these two parameters, the value of 7\Mz¥ which gave the best

fit between /\expt and /\calc

data used for Cd(ClOA)2 in the present work is obtained from Matheson (14).

was then obtainea. The conductance

4.2,2 Calculations

Fortran programmes 1 and 2 were prepared for the calculations
of the conductance of multicomponent anl2 system and the conducﬁance of
MSO4 (M = Zn, (d) system predicted by the Lee and Wheaton equations re-
spectively. The original programme in Algol (3) was converted into For-
tran and was modified for the use with the present study. Lists of the
complete programmes 1 and 2 are given in Appendix E and Appendix F.
The programme used to evaluate the free ion concentrations of the complex
species of ZnCl2 system at different concentrations are separately listed
in Appendix G, For MSOA system this programme is combined with the

function programme of programme 2 as in Appendix F.

For M(ClOA) (M = Zn, Cd) systems, complete dissociation was as-
sumed, Mi and C in equation 1 were directly obtained from experiments.

Thus, the function programme of programme 2 was used directly.

In the computation of A by the Lee and Wheaton equation, the
expression of A; was written in terms of a QBK,) series, the form
suggested by Wheaton (see Appendix H). The omission of some terms aris-
ing from the final term in the full exponential form of f‘i in the final
conductance equation given by Lee and Wheaton (6) was suggested by Wheaton
( 3). These terms were therefore omitted in the computation in the pre-

sent work (see Appendix E and Appendix H).
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A test of programme 1 and programme used to evaluate free ion
concentration of the complex species at different concentrations were made

using the CdCl, conductance data at 25 C (3).

2

4.2.3 Results

The method of analysis of the conductance data for all electro-
lytes studied, outlined in Section 4.2.1 was followed. The conductance
data of electrolyte solutions with the concentration range of about
00002-0.025 mol dm_3 previously obtained from Chapter 3 and from the
liturature (Chapter 1) were used. Reéults of the analysis of these
electrolytes are listed in Table 4.1. The concentration of the complex
species present in the solution of ZnSO4, ZnClé and CdSO4 are given in
Tables4.2, 4.3 and 4.4 respectively. Results of the predicted and the
observed conductances of all electrolytes using a set of parameters

which give the best fit are given in Tables4.5, 4.6, 4,7 4,8 and 4.9 for
Zn(ClOa)z, ZnSOA, ZnC12, Cd(0104)2 and CdSO4 system respectively.



Table 4.1
Parameter Estimation
Lee and Wheaton Equation - Agueous Zn(ClO4)2, ZnSO4, ZnClz, Cd(C104)2, CdSO4, CdCl2
0 o
Electrolytes Z;2+_2r Cd2+_1 AZ;Cliior CdCi: R / A KA _ 6(A) number of Coni::;gation Comment
cm L equiv. cm equive. Kg mol data points | mol dm
Zn(ClO4)2 55.14+0.03 - 9.60+0.05 - 0.34 12 (2.5--139.0)‘10-4 P
53.64+0.03 - 15.80+40.10 - 1.21 13 (0.9-8.'1)‘10-'4 q
ZnSO4 54.06+0.04 - 4.80+40.06 165. 0.09 10 (2-30)‘10'-4 r
52.16+0.03 - 4.20+40.04 12543 0.12 10 (4—'144)‘10“4 S
52.11+0.02 - 4.50+40.04 | 14042 0.18 12 (3.3-99)107* P
ZnCl2 56.20+0.01 35+10 _4f0019°10 4.5. 0.21 i3 (3-92)10-4 P
55.67+0.01 - 2.7 - 0.23 13 (3-92)1074 P, assume
complete
dissociate
at minimum
R value




Table 4,1 (cont'd)
Parameter Estimation
L W E i -
ee and Wheaton Equation - Aqueous Zn(ClO4)2, ZnSO4, ZnClz, Cd(ClO4)2, CdSO4, CdCl2
o o
A

%Zn2+ or Cd2+ znc1* or cdc1t . KA / . number of concentration
Electrolytes 5> _q _1 5 - _1 R/A -1 5 (A) rangg comment

cm” 0 7 equiv. cm L equiv,. kg mol data points |mol dm
caccio,), 52.5040.01 - 10.30+0.04 - 0.14 10 (0.67-2.49)107%| ¢

[ ] -
53.5 - 9.10+0.04 - 0.43 10 (0.67-2.49)107% [t, at fixed
e
Cd2+ value
[ ] -

caso, 53.00+0.02 = 5.7040.04 212 0.07 10 (2-30)107% r

53.2040.02 - 4.00+0.04 165+3 | 0.14 15 (3.5-98.0)10~" p

[ ] -
cac12 53.94 22 3.1 85 0.22 20 (1-200)10 4 u
*refers to fixed parameter r : data from reference (11)
§ : data from reference (10)

P : data from the present work t ¢ data from reference (14)
q ¢ data from reference (8) u : results obtained from reference (3)

€¢




Conductance - Concentration Data of Aqueous ZnSO

Table

4.2

54

4
>y . -
AZnso4 / 107 w0 10 Msoi' /| 10° MZnso4/’ 10° MZnso4
em? 07! equivi| mol dam™3 | mol dm™3 mol dm™> mol dm™>
74.45 8.23591 8.23591 1.71973 9.95565
75.21 7.64532 7.64532 1.57747 9.22279
79.21 5.72672 5.72672 1.10480 6.83152
81.93 4.96298 4.96298 0.91570 5.87868
84.85 4.18962 4.18962 0.72689 4.91651
88.33 3.37477 3.37477 0.53450 3.90927
93.14 2.50439 2.50439 0.34260 2.84699
98.43 1.78501 1.78501 0.20163 1.98664
106.57 0.98845 0.98845 0.07579 1.06425
110.77 0.71980 0.71980 0.04385 0.76365
114.49 0.50158 0.50158 0.02315 0.52473
118.44 0.32524 0.32524 0.01057 0.33581

MZnSO4,

sulfate s
M

ZnSO4,

the stoichiometric molar concentration of the Zinc

olution

2+

MZn

+

M
Zn_SO4

the undissociated molar concentration of the Zinc sulfate

‘solution.



Conductance - Concentration Data of Aqueous ZnCl

Table

4.3

2.

55

2+

Ayl 10° M*™ /) 102 M- /| 10 M, o+ /| 10° M;nCI/
2 - =1 -3 -3 -3 -3 2

cm (L equiv. mol dm mol dm mol dm mol dm
127.81 0.30373 0.060812 0.068078 0.030441
123.18 1.2736 0.25568 0.99224 0.12836
121.70 1.8947 0.38089 2.0393 0.19151
121.14 2.1738 0.43724 2.6095 0.21999
119.74 12,7061 0.54487 3.8550 0.27446
118.18 3.3769 0.68075 5.6987 0.34339
116.20 4.6254 0.93434 9.8670 0.47241
114.60 5.5220 1.1169 13.398 0.56559
111.26 7.8109 1.5846 24.232 0.80532
111.11 8.0181 1.6271 25.333 0.82714
110. 55 8.3585 1.6969 27.183 0.86304
110.22 8.6558 1.7578 28.840 0.89442
109.89 8.8837 1.8046 30.136 0.91850

M;nCI’ the stoichiometric molar concentration 6f the Zinc

A

Chloride solution

= MZn

2+

+

MZnCl+




Tabl

e

4.4

Conductance - Concentration Data of Agqueous Cdso,
&

56

J«CdSO4/ 103 MCd2+/ 10° Msoi-/ 103 Mcgso / 103 M;dsa/
2 -1 -1} -3 -3 -3 4 -3 N

cm- L equiv. mol dm mol dm mol dm mol dm
71.2€ 7.87279 7.87279 1.92447 9.79727
72.95 7.06433 7.06433 1.69236 8.75668
77.63 5.39115 5.39115 1.20417 6.59533
77.87 5.32074 5.32074 1.18361 6.50436
80.68 4.57910 4.57910 0.968296 5.54739
85.11 3.50548 3.50548 0.665630 4.17111
89.29 2.77417 2.77417 0.471558 3.24572
93.560 2.15781 2.15781 0.320791 2.47860
106.33. 0.959157 0.959157 0.0848769 1.04403
108.49 0.818125 0.818125 0.0645717 0.882696
109.48 0.765618 0.765618 0.0575533 0.823171
111.50 0.648957 0.648957 | 0.0430985 0.692056
114.25 0. 498734 0.498734 0.0270092 0.525743
116.05 0.443450 0.443450 0.0218727 0.465323
118.22 0.339019 0.339019 0.0134381 0.352457

M., the stoichiometric molar concentration of the cadmium sultate

solution = MCd2+ + MCdSO4

MCdSO4, the und issociated molar concentration of the ‘cadmium

sulfate solution.



Table 4.5

Observed and Predicted Conductances
Lee and Wheaton equation - Aqueous Zn(C104)2

12 data points (M = (0.2 = 14.0) ‘J.O-'3 mol dm-3)

p
104 M/ Aexpt / calc / A/ % )C
mol dm™ > | emla "1 equiv'.'1 cmzjl—i equiv:1
138.939 102.96 103.20 -0.23 | 132.51
119.382 103.83 104.26 -0.41 | 131.12
99.534 105.42 105.47 -0.05 | 130.27
85.208 106.85 106.45 0.38 ; 129.82
69.362 108.16 ' 107.67 0.46,| 128.83
53.843 109.04 109.06 -0.01 | 127.16.
35.087 111.29 111.15 0.13 | 125.87
13,702 115.24 114.80 0.38| 124.71
10.672 115.63 115.59 0.04 | 123.62
6.493 117.13 116.94 0.16 | 123.35
4.648 117.47 117.72 -0.21| 122.73
2.529 118.23 118.88 -0.55| 122.10
AN 2+ = 55.14 cm>n"Y equivi
Zn
Nejom = 67.36  m’0”T equi¥l
4
4 = (gxpt -'Acalc) %100 /j\expt



Table

Observed and Predicted Conductances

Lee and Wheaton equation - Aqueous ZnSO

12 data points (M = (0.3 - 10.0) 10> mol dm )

4.6

4

58

4
104 M/ expt / ‘calc/ 8/ % JC
mol dm_3 cmzrl—l equ:tv._l cmzjlfl equiv.-l
99.408 74.45 74,16 0.38 120.79
92.100 75.21 75.24 -0.05 119.60
68.240 79.21 79.64 -0.54 117.03
58.737 81.93 81.91 0.02 117.02
49.129 84.85 84.65 0.24 116.93
39.070 88.33 88.19 0.16 116.94
28.460 93.14 93.05 0.09 117.63
19.865 98.43 98.39 0.03 119.00
10.639 106.57 106.82 —0.23' 121.79
7.635 110.77 110.72 0.05 123.77
5.246 114.49 114.58 -0.08 125.33
3.357 118.44 118.43 0.01 127.17
(o] .
A 2+ = 52,11 cmz.fl_l equiv._l
Zn
202— = 80.02 sz_fl_l equiv.-'1




Table

4.7

Observed and Predicted Conductances

Lee and Wheaton equation - Aqueous ZnCl

2

59

M = (0.3 - 10.0) 10_3 mol dm—3 (13 data points)

M x,103/ / A ./ A7 % p
expt calc ./C

mol dm-3 cmz.n_-1 equiv:1 cmle-l equiv:1
0.3044 127.81 128.11 -0.,23 | 130.59
1.2836 123.18 123.50 -0.25 | 132.10.
1.9151 121.70 121.57 0.10 | 132.61
2.1999 121.14 120.82 0.26 | 132.84
2.7445 119.74 119.53 0.18 | 132.81
3.4339 118.18 118.08 0.08 | 132.80
4.7241 116.20 115.79 0.30 | 133.37
5.6559 114.60 114.37 0.21 | 133.40
8.0532 111.2€ 111.26. 0.00 | 133.70
8.2714 111.11 111.01 0.08 | 133.86
8.6304 110.55 110.61 -0.05 | 133.78
8.9442 110.22 110.26 -0.03 | 133.89
9.1850 109.89 110.00 -0.10 | 133.87

Y 2 -1 -1

Zn2+ = 56.2 cm o equiv.
XénC1+ = 135.0 em?a "1 equivi?
A .- = 76.35 em?a”? equivy?



Table 4.8

Observed and Predicted Conductances

Lee and Wheaton equation - Aqueous Cd(C104)2

60

10 data points (M = (2.5 = 0.7) ‘10-'2 mol dm-3)
2 *
10 M/ Aemm/ Acﬂe/ ars %
mol dm™> em?n 1 equiv_i. em?n 1 equiv-‘1
2.4904 97.52 97.78 -0,27
2.0080 98.93 98.79 0.14
1.9219 99.12 99.06 0.06
1.6990 100.04 99.85 0.19
1.5832 100.47 100.31 0.16
1.5199 100.68 100.59 0.09
1.2312 101.98 101.99 -0.01
0.9622 103.45 103.55 -0.10
0.6903 105.31 105.48 -0.16
0.6752 105.48 105.60 -0.11
A 2+ 52.50 m? ! equivT!
Cd
x _ 67.36 cm211- equiv-l
c1o,

*
data from reference (l4)



Table 4.9

Observed and Predicted Conductiances

Lee and Wheaton equation - Aqueous CdSO

15 data points (M = (0.3 - 10.0) 1073 mol dm™

4
3

61

f ’
104“ / /\expt / J\cald / A7 % j{
mol dm > | em®n "1 equiv:1 em?a "1 equiv:1
97.909 71.26 71.43 -0.23 116.47
87.516 72.95 73.15 -0.28 115.52
66.031 77.63 77.65 -0.02 114.45
65.015 77.87 77.87 -0.01 114.40
55.454 80.68 80.47 0.26 114.42
41.700 85.11 85.16. -0.06 114.36
32.451 89.29 89.29 -0.00 115.18
24,782 93.60 93.56 -0.06 116.32
10.439 106.33 106.42 -0.08 121.38

8.826 108.49 108.58 -0.09 122,38
8.230 109.48 109.45 0.03 122492
6.919 111.50 111.51 -0.00 123.89
5.256 1&4.25 114.50 -0.22 125.09
4,652 116.05 115.72 0.28 126.29
3.523 118.22 118.26 -0.03 127.1%

‘XCd2+ 53.20 cm2.r‘1._1 equiv:1

XSOZ— 80.02 cmzf).—iequiv'.-1 .



	CHAPTER IV ANALYSIS OF CONDUCTANCE DATA
	4.1 Graphical Analysis
	4.2 Theoretical Analysis


