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Abstract

Potentiomeiric measurements on aqueous solutions
of zinc chloride have been made in the concentration
range 00004 - 1+0 mol.kg-1. The standard electrode
potential of zinc electrode in zinc chloride and the
activity coefficients for this salt have been calculated,
taking into account incomplete dissociation. Comparison
with literature data has been made and reasons for
discrepancies are suggested. Existing potentiometric
data on aqueous cadmium iodide has been used to obtain
refined values of stability constants and concentra-
tions of CdIJZ(-X (x=1,2,3,4) complexes by the relatively
new method, reported by Reilly and Stokes in 1970.

It i3 shown that this method can be used with a
fair degree of confidence for heavily complexed systems
such as cadmium iodide and cadmium chloride., For salts
which are complexed to a lesser degree, the method may
lead to dubious results mainly because of computational
difficulties. This has been assessed in the light of
results obtained for zinc chloride.

The theory of irreversible thermodynamics has
been applied to transport processes in aqueous cadmiun
iodide solutions,

Relations are derived, in terms of phenomeno-
logical coefficients, which lead to the prediction of
experimentally measurable quantities, transport number,
equivalent conductance and salt diffusion coefficlients.

The/



The analysis has been further extended to include
isotopic-diffusion of cadmium ion in cadmium iodide
solutions.

The predicted trénsport parameters are
compared with those derived from experimental measu-
rements,

The isotopic-diffusion of cadmium in cadmium
iodide has been studied by the diaphragm-cell method.
A new type of diaphragm cell magnetic stirring unit
capable of accommodating four diffusion cells has
been designed and constructed. Its advantages over
the previous systems are discussed.

Several computer programs have been written

for involved and repetitive calculations.
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Since the earliest measurements of transport
numbers, it has been known that aqueous solutions of
cadmium and zinc halides exhibit anomalous transport
properties.1’2’3 Hittorf in 1859 first observed that
the transport number of cadmium ion decreased rapidly
to zero with increase in concentration and subsequen-
tly became negative in more concentrated solutions of
cadmium iodide% Such effects have been qualitatively
described in terms of complexing. Negatively charged
complex ions, for example Cdlgb, Cdli' cause cadmium
to flow to the anode in a Hittorf experiment.

The balance of cathodic and anodic flows of cadmium
cause the transport number of cadmium ion to be zero
at 0:28 mol.1”'.

Other transport properties like equivalent
conductance and salt diffusion coefficients for such
systems are also abnormally 1low.

1n order to have a clear understanding of these
anomalous properties, it is evident that the concen-
trations of the complex species in solution, believed
to be the cause of anomality, must be known,

In Chapter 1 and 2, therefore, potentiometric
data are analysed to obtain stability constants and
subsequently the concentrations of individual complex
species in aqueous cadmium iodide anrd zinc chloride

systems. Existing literature data for cadmium iodide5’6

has/
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has been used to evaluate refined values for stability

constants of Cdli-x

(x=1,2,3) complexes.

Chapter 1 mainly deals with the controversy
over the standard electrode potential of amalgamated
zinc electrode in zinc chloride solutions and the
activity coefficients for this salt.7’8 In Chapter 2
the method of obtaining stability constants devised
by Reilly and Stokes9 is described and its application
to complexed 2:1 electrolytes is critically assessed.

The transport properties of solutions of
cadmium iodide are dezalth with in Chapter 3 and 4.

The method is fundamental and based upon the
thermodynamics of irreversible processes. It is shown
that the properties of a self-complexing electrolyte
containing four complexes of the type Mxi-x(x=1,2,3,4)
may be described in terms of twenty one mobility and
coupling coefficients. Only combinations of these
coefficients are accessible from experimental study.

For the particular system of aqueous cadmium
iodide for which self-complexing is pronounced, a
method of predicting transport properties in solution
is developed and tested.

In the final Chapter (4) this method of analysis
is extended to predict the isotopic diffusion coeff-

icients of cadmium in cadmium iodide solutions and

compared with experimental measurements on this system.
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CHAPTER 1

Potentiometric Measurements of Aqueous

Zinc Chloride Solutions,
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INTRODUCTION

In a detailed analysis of the thermodynamic and
transport properties of self-complexing salts, mean
molal activity coefficients Y+, are required for
aqueous salt solutions over a—wide range of
concentration. A literature search revealed that
most tabulated activity coefficient data for zinc
chloride have been obtained by potentiometric measure-

ments, using the cell

Zn-Hg(Z-phase)/chfz(m)/AgC€,Ag cell I
for which
E = ° - k/2 log 4 m> Yz 1.1

with m, the concentiration of salt in mol kg-l and
k = 2,30259 RT/F. They were, in consequence,
dependent upon the values obtained for the standard
potential of the cell, E° (E°Ag,rgC{ -Ej ) .
Previous workers 1,2, 3 have reported that
reproducible potentials could not be obtained at
concentrations less than 0.008 mol kg"l. Horsh 1
reported a precision of X 2mv, wkile, in the extra-

polation procedure to determine E°, Robinson.and

Stokes 2/
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Stokes 2 discarded tlheir dilute solution results as
inaccurate and confined their analysis to the
concentration range 0.01 - 0.2 mol kg_l. The value

of E® obtained by these workers was 984.85 mV (Int.).

If dilute solution data (< 0.008 mol kg~t) were

included, the results of both Robinson and Stokes 2

and Scatchard and Tefft,3 (as calculated in reference

2), would lead to a value of E° some 1.4 mV less positive.
Such a reduction would lower the calculated values of

Y+ by some 4%, In the absence of precise emf data

for dilute solutions, the system was re-investigated.
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1.1 Experimental

1.1.1 Preparation of Stdck Solutions of Zinc Chloride

The preparation of stock solutions has
presented some practical difficulties,z’ 3 largely
because the salt cannot be conveniently purified by
recrystallisation. Zinc chloride of high nominal
purity was obtained commercially, (Mdﬁ} p.a.), but all
batches examined were found to contain a slight excess
of zinc, which precipitated as an insoluble oxy-
chloride when a clear concentrated solution was
diluted. The preparation of zinc chloride from
spectroscopically pure zinec oxide (dried at 900°C)
and the stoichiometric quantity of acid (analysed to
¥ 1,02% by conductivity measurements on diluted
stock) was unsuccessful. Stock solutions 2.5 mol. l-l
were acidic, pH 2.5. An excess of acid of 0.06%
wruld be sufficient to cause this effect. Quantitative
addition of zinc oxide to neutralise the excess acidity
gave solutions which, although clear, produced a faint
cloudy precipitate on extreme dilution. The stoi-
chiometric ratios of 2Zn:Cl in boih the original and
treated solutions were 1:2, within the limits of analysis
(£0.05% for each component). The criterion of
precipitation was therefore considered the most
sensifive test and, following Robinson and Stokes,2
small quantities of acid were added to stock.solutions
until no precipitate was obtained on dilution. Using -

this /
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this method three stock solutions were prepared with
concentrations in the range 3.0 - 5.0 mol. 1-1.
In each case the stoichiometric ratio of zinc to
chloride was 1:2 within the above limits of experi-
mental error, The equivalence and reproducibility
of these preparations were tested by conductivity
measurements on each batch, in the concentration

l.at 2500. The results were

range 0,3 - 0,7 mol, 1~
compared graphically and the best-fit curve through

the points obtained by a computer programme, given in
Appendix A.1l. Calculations indicated that the
standard deviation of the experimental points from

the computer fit was inevery case £ 0,05%, which corr-
esponds to the expected uncertainty in the analytical
estimation of concentration. The relationship between

specific conductivity, K end concentration, C,

sp’?
(mol. 1-1), is given below.

2 4 32,0959 x G~

(range of validity: 03 <C <0+7)

Ksp=20315346 + 171.9464 X C - 11901111 X C

1.1.2 The Electrodes

Silver-silver chloride electrodes were of the
thermal electrolytic type, prepared by the method of

Ives and Janz.5

Bias potentiesls between electrodes
were 0,02 mV or less.

Zinc electrodes consisted of zinc rods (99.999%
pure) sealed into pyrex ground-glass cones with

Araldite. The electrodes were cleaned with dilute

nitric /
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nitric acid, washed and immersed in a dilute mercuric
chloride solution containing a little nitric acid.

A period of thirty minutes was sufficient for
amalgamation, The whole process was performed in an
oxygen-free atmosphere (H2/N2). Potentiometric
measurements were made in a hydrogen gas atmosphere or
in a mixture of hydrogen and nitrogen gases (50:50).

Bias potentials of less than 0,005 mV were obtained,

1.,1.3 The Apparatus

Cylindrical glass cells constructed by cutting
and grinding 250 ml. pyrex beakers were used.
Teflon tops with '0'-rings were constructed for these
cells., These were drilled with tapered holes corr-
esponding to standard ground-gléss joints, Each cell
was provided with a gas inlet and outlet (bubbler)
together with two pairs of electrodes; 2Zn/Hg, Ag/AgC{.
In this way four separate cell emf measurements could
be made and bias potentials monitored. A weight
titration addition was used throughout except for
dilute solutions, below 0.01 moltkg°l, where a separate
solution was made for each measurement, All weights
were vacuum corrected. Air was eliminated by passing
purified, presaturated hydrogen gas through the
experimental cell, Three presaturators containing
the same solution as in the cell were used and these
were maintained at 25.0 # 1,0°C, In titrations

sufficient /
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sufficient time was allowed after each addition for
equilibrium to be attained. When equilibrium was
established, all readings agreed to within % 0,1 mV

for all four possible electrode combinations and
remained constant for about 24 hours. For more dilute
solutions, below 10™2 mol kg-l, nowever, the

deviations occasionally reached % 0.2 mv. The cells
were maintained at 25.00 % 0,01°C and emf measure-
ments were made with a Solartron A210 digital volt-
meter (sensitivity 10 MKV on the one volt range).

The constant temperature bath was the same as described

in Chapter 3, except that water was used instead of

0il as bath liquid.

1.1.4 Analysis of Solutions

Volumetric metlhods were used. All glassware
was calibrated at 25°C (% l°C) and duplicate calibrations
were reproducible to * 0,05%. Chloride was estimated
by potentiometric titration with silver nitrate.

The potentials betweén two silver electrodes, one in
the titration vessel and the other in the burette

tip, were measured and the end-point of the titration
determined by the linear titration plot method of Gran,
refined by McCallum.6 These routine analyses were
reproducible to £ 0,05%. A similar metlod of
analysis, ferrocyanide titration, was used for zinc.

In this case platinum electrodes were used aﬂd the

titrant /
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titrant was potassium ferrocyanide solution
containing a trace of potassium ferricyanide. The
potentials were measured with a Solartron digital
voltmeter. Reproducibility was % 0.05% (as for
chloride analysis). Standard zinc solutions for
calibration were prepared by dissolving a weighed
sample of spectroscopically pure zinc rod in a slight
excess of hydrochloric acid. All potentiometric

measurements were made at 25.00 = 0.0500.
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1.2 Results and Discussion

1.2.1 Determination of E° by Classical Methods

The variation of emf for cell I with molality of
zinc chloride is shown in columns 1 and 2 of table
(1.1). The amalgamated zinc rod was found to be
stable and reproducible when used under an atmosphere
of hydrogen gas or a 50:50 hydrogen, nitrogen gas

15

mixture, as réported by Clyton and Vosbergh. In

contrast to the reported studies on the liquid amalgam

2y 3 it was also found to be stable in the

electrodes,
dilute solution range m < 0.008 mol kg_l.

The stable potentials, obtained in very dilute
snlutions, allow a rigorous investigation of the
theoretical activity expressions for unsymmetrical
electrolytes. At concentrations below 0.01 mol kg—l
there is little possibility of self-complexing of the
salt, table (1.2).

An attempt was made to determine the standard
potential for the cell, E°, by the method of Bates,8
employed by Robinson and Stokes.2 The extended Debye-
Huckel equation is assumed and a function Eé plotted

against molal concentration m, equation (2.2).2

=
Q-
i}

E + 5 log [4n7/(1.0+0.054m)° [ - 2 k & VBu/(1.0+avm)

E° - 4.5 k Bm. 1.2

where /
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where k = 2.%0259 RT/F; g is the limiting Debye-
Huckel slope, = 1.012 and A = 0,3291 x & where & is
the distance of closest approach of ions in Angstrom
units. From equation (1.2) the potential, Eé, will
be a linear function of m and extrapolate to the
standard potential, Eo, at infinite dilution,
provided B is a constant, equation (1.1).

As with the data of Robinson and Stokes 2 a
linear plot could only be obtained by ignoring data
below 0.008 mol kg-l. Furthermore no value of 8
could be obtained which fitted the experimenfal data
over the full range of concentration. In FPig., 1.1
the present data are compared with those of earlier

2y 3 (with their emf data corrected to abs.

volts) using g = 5.0 A°.2 The inflection at lower

workers

concentrations must be considered to be real and not

due to experimental error. There are two possible
explanations of this effect, Gronwall, La Mer and
Sandved ° attributed the non-linearity of equation

(1.2) to the use of linear approximations in the solution
of the Poisson-Boltzmann equation in the traditional
Debye~Huckel analysis, The second possibility is

that the salt is self-complexed in the concentration
range studied by earlier workers, (0.0l - 0.20 mol kg-l).
Hydrolysis can be discounted, since, to have significant
effect, it would have to be considerably larger than
indicated in the literature,0s 11, 12

The theory of La Mer, Gronwall and Grieff 4 was

applied /
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Legend for Fig. 1°1

Extrapolation method of Robinson and Stokes, equation
(1+2), in which the distance of closest approach was
taken as 5.0 £. ®,this work; o ,from ref(2),

A ,from ref(3).



25

L+t *Btd
300 700

¢0°0

T _ |

Z
— (10uz) By jow Jw

l

786°0



26

applied to eleven points in the dilute solution range

up to 0.0l mol kg~Y, which is the upper limit of validity
for this theory. The values of E° obtained for each
concéntration were cal culated from equation (1.1),

the activity expression for f+ from reference 4 being
used. The sole variable in ;his analysis is 8.

the distance of closest approach of the ioﬁs. Values
for the parameter, 2, were varied from 3.5 - 4.5 2.

A minimum standard deviation, ¥ 0.13 mV, was obtained
with € = 4.05 & and the corresponding E® was 984,20 mV.

A computer program, given in Appendix A.2, was written

to perform these calculations, Abvove 0,01 mol kg'l
the theory is no longer valid and subsequent analysis
has shown that complex formation becomes increasingly

significant.

1.2.2 Incomplete Dissociation

The effect of incomplete dissociation was studied
by the method of Reilly and Stokes 13 described in
detail in Chapter 2. The emf of the cell may be

expressed in terms of ionic concentrations,

E=£g° - % log [Z%+] [C(']2 Ygl ' 1.3

where [Zn2+] and [c€”] are respectively the molalities,
(mol kg-l), of uncomplexed zinc and chloride ions and
Y21’ the activity coefficient of the uncomplexed salt,

ch(z. If only the first complex is considered, then
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+ 2
[ZnCt ] Y11
Bl = . 1.4

[Zn2+][c€‘] Y22

From the mass balance and electroneutrality conditions
(neglecting the concentration of free hydrogen and

hydroxyl ions), it can be shown that

m = [zn%%) [1 +B; 0071 V3 / vﬁ] 1.5
2m = 0" [1 + By et V2 / vﬁ] 1.6

where m is the total molality of the salt. The

ionic strength is defined,
2+
I=2 [gn°"] +m 1.7

The activity coefficients Y11 and Y21 were calculated

from the extended Debye-Huckel expressions,

log Y, = -1.023 J1 / (1ﬂo + Azl_vﬁf) + ByyI  1.8a

-o.sllsv/f'/ (1.0 + All,/f) + BT 1.8b

>

log Yll

where A, = 8, x 0.3291, Ay = 811 x 0,3291 and
le and Bll are ernipirical constants. .

From equations (1.3) to (1.8) the value of E°
and /
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and [31 may be obtained by the method of successive
approximations. For a chosen value of [31 and starting
values of the constants of equations (1.8), a first
approximation to [Zn2+] for each point may be obtained
from equations (1.5) and (1.6). These may be used

to evaluate ionic strength and in turn the activity
coefficients, which allow a better value of [Zn2+]

to be calculated. This cyclic calculation was

repeated until the value of [Zn2+] was constant to
within 0.01%., The value for [C{"] was obtained and

O evaluated from equations (1.3) and (1.8a). Values

E
for all the parameters were then optimised to give

the most constant value of E°. The computer program
for optimisation of the unknown parameters is given

in Appendix Bﬁi- The results are shown in table (1.2).
For the forty two points considered, including six
points from the data of Scatchard and Tefft E and

nine points from the work of Robinson and Stokes,2
a constant E° of 984.28, & = 0.15 mV was obtained,
Our own data alone gave a value of E? of 984.29 with
the same standard deviation. Table (1.2) shows that

in the range 4.0 x 1074 - 4.0 x 107 1

mol kg — the salt
is completely dissociated and the value of E° depends
only upon the constants closen in equation'(l.Ba).

In that range the IlLa Mer 4 theory and extended Debye-
Huckel equation, eguation (1.8a), are equally valid,
As expected in this dilute concentration ranée, the
Debye-Huckel limiting law remains a good approximation

and /
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and consequently the value of E° obtained is insensitive

to the values of A and B21 chosen in equation (1.8a).

21
Only in the most concentrated solutions do the values
chosen for |31 and the Debye-Huckel constants become
significant.

In the optimisation procedure standard
deviations for E° greater than 0.2 mV were considered
unacceptable, The data in table (1.2), however, do
not give a unique solution for (31. Sets of Debye-
Huckel parameters could be chosen for other val ues of
Bl to give the same precision in E®° and the same absolute
value as shown in table (1.3). The value of [31
equal to 4.5 is, however, preferable because a positive
value of Bll is more in keeping with the reported
data for fully-dissociated binary electrolytes.

To illustrate that the E° value is relatively
insensitive to the optimised parameters used, the
results have also been calculeted according to the
Davies equation for activity coefficients, table (1.3).
The restriction imposed by the use of this equation
prevents optimisation of other than [}l‘and
correspondingly E® is obtained with a.slightly larger
deviation. -

The value of E° is thus established within close‘
limits by two independent methods.

Ambiguity concerning the value of Bl cannot be

resolved without further experimental investigations

of /
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of mixed electrolyte systems in which more complexing
may be obtained at low ionic strengths by the
addition of chloride salts. This will be further
discussed in Chapter 2.

A 1list of E° values is given in table (1.4),
where they are compared with other literature data.
In some cases the original measurements were made in
International Volts and these have been converted to
absolute units. In addition, recalculations from
original sources have been made and the standard reduction

potential for zinc calculated.

0
Zn

-761,90, & = 0.15 mV, and those recalculated from

The value of E obtained in this study,

the data of Robinson and Stokes 2 and Scatchard and
Tefft 3 are in good agreement, It should be noted
that in recalculated data it is difficult to take

into account the possible differences in preparation
of the standard electrodes, Discussion in the
literature shows that accepted values for the standard
potentials of the halide reversible electrodes may

differ by up to * 0,2 mV.18

In this study the latest
literature values have been adopted.
It now appears certéin that the extrapolation

<

procedure of Robinson and Stokes,” Fig. 1.1, equation
(1.2), was in error, because zinc chloride is
significantly complexed in the concentration range
studied (0.01 - 0.13 mol kg~1). Stokes and Stokesl®
froﬁ their osmotic coefficient measurements on zinc

and /
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and magnesium halides arrived at the same conclusion.
It has been observed in this work that the linearity
expected from equation (1l.2) may be obtained over a
limited concentration range in the presence of
complexing if the value of 8 is increased
sufficiently e.g. 8 = 5.0 X, Fig. 1l.1. Equally the

emf data at concentrations below 0.708 mol kgt

reported, but rejected, by both Robinson and Stokes 2

and Scatchard and Tefft 3 were more precise than the
suthors themselves considered, table (1.2). Taken
separately, data from these two sources, including

the dilute points, give average E® values 984.27,

6§ = 0.11 mV and 984.29, 6 = 0.19 mV using the optimised

parameters of table (1.2) shown in table (1.3). It

is interesting to note that these authors obtained

2 and 984.00 ° mv (Int.)

E® values of 984,85
respectively. The former is the usually-accepted

value quoted in most standard texts.

1.2.3 Mean Molal Activity Coefficients of Aqueous
Zinc Chloride at 25°C

Table (1l.1) gives the mean molal activity

coefficients, Y calcula ted for the full range of

+,
concentration studied (4.0 x 107% - 1.0 mo1 kg"l)
teking E® as 984,28 nV. The activity coefficients,
Y,, were curve-fitted by a least squares standard

computer programme in terms of the square root of

concentration /
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concentration to the fiftn order,

1+

where

X S

> 4

(range of

0.738%8 -

X

Sj +

(range of

S

Vn .

4.90609 x S + 28.08897 x S° ~ 115.0959
265.8095 x St - 249.7339 x §°
validity 0.0005 - 0.1 mol kg~%) 1.9a

1.086186 x S + 1.30381 x S2 ~ 0.764138
0.138333 x s*

validity 0.1 - 1.0 mol kg 1)

1.9

For comparison, the mean molal activity

coefficients at rounded concentrations have been

calculated using these equations. The values reported

by Robinson and Stokes

20 are some 2% higher than in

this work, table (1.5).



Mean Molal Activity Coefficients

m
(mol kg-l)
0.00043%03%5
0.00061083
0.,00063382
0.00083%190
0.00098120
0.003663
0.004420
0,008051
0,008272
0.008857
0.01115
0.01204
0.01549
0.01812
0.02019
7.03018
0.03571
0.03911
0.04086
0.04775
0.05822
0.06154
0.07281
0.08189
0.08660
0.10180
0.10299
0.15807
0.16252
0.16431
0.19300 /

Table 1.1

emf
volts

1.26805
1.25550
1.25383
1.24405
1.23792
1.19131
1.18471
1.16399
1.16330
1.16085
1.15311
1.15055
1.14230
1.13710
1.13345
1.12030
1.11480
1.11190
1.11088
1.10540
1.09910
1.09770
1.09190
1.08805
1.08650
1.08110
1.08078
1.06680
1.06595
1.06550

Y4

0.9283
0.9058
0.9116
0.8952
0.8899
0.7989
0.7853
0.7385
0.7317
0.7282
0.7069
0.7000
0.6740
0.6591
0.6505
0.6121
0.5966
0.5874
0.5772
0.5694
0.5500
0.5396
0.5301
0.5209
.5127
0.5018
0.5000

1 0.4683

0.4656
0.4660



m
(mol kg~

0.19300
0.22253
0.23114
0.29613
0.32792
0.33940
0.33960
N.48516
2.5133
2.5140
0.5249
0.6498
0.6650
0.6639
0.6828
0.,8607
0.8605
0.8766
*1,0310

* TRobinson and Stokes2

)
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mable 1.1 (cont'd)

emf
volts

1.06070
1.05560
1.05450
1.04670
1.04300
1.04320
1.04180
1.03080
1.02910
1.02855
1.02860
1.02170
1.02065
1.02100
1.02020
1.01337
1.01297
1.01273
1,00846

measurement

Y+

0.4493
0.4448
0.4407
0.4213
0.4186
0.4090
0.4170
0.3883
0.3836
0.3886
0.3800
0.3671
0.3686
0.3659
0.3633
N.3441
0.3477
0.%435
0.3263
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1.5

Tabie

Activity Coefficients of Zinc Chloride at

Rounded Concentrations

1.0005
0.001
0.002
0.005
0.01
0.02
0.05
0.1
0.2
0.3
0.4
0.5
0.6
0.8
1.0

This work, egqn (9)
Scatchard and Tefft-

Robinson and Stokes2

(a)
0.9200
0.8864
0.8443
0.7759
0.7161
0.6515
0.5624
0.5025
0.4506
0.4215
0.4018
0.3867
0.3740
0.3517
0.3302

Y+

(v)
0.913
0.881
0.838
0.767
0.708
0.642
0.556
0.502
0.448
0.415
0.393
0.376
0.364
0.343
0.325

(c)

0.789
0.731
0.667
0.570
0.518
0.465
0.435
0.413
0.396
0.382
0.359
0.341



6(a)
(v)
(c)

10.
11.

12,

13.
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CHAPTER 2

Thermodynamic Stability Constants for
Self-Complexed Salts in Aqueous Solutions

of Group IIB Metal Halides.
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INTRODUCTTION

In an irreversible thermodynamic treatment of the
transport process in aqueous solutions of self-complexing
halides of Group IIB metals, the mobility coefficients Lik’
discussed in greater detail in Chapter 3, can be expressed
as combinations of the mobility coefficients of the
individual complex species, é&k' The total contribution
to the transport parameter, Lik’ will obviously depend upon
the intrinsic mobilities of the individual free and
complexed ions, their interactions and most important their
concentrations in solution.

It is to the concentrations of the individual free
and complexed species in aqueous solutions of cadmium
chloride, cadmium iodide and zinc chloride that this

chapter is directed.

Thermodynamic stability constants for CdCli-x and
Cdli"X complexes have been recalculated from the existing

2,3 The method of Reilly and Stokes1,

literature data12
originally used for cadmium chloride complexes, has been
adopted for the calculation of thermodynamic stability
constants and its application to such systems has been
critically assessed.

The calculated stability constants for cadmium iodide
complexes, Cdli-x, have been used extensively in Chapters
3 and 4.

The transport properties of aqueous zinc chloride

solutions/
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solutions, reported to exhibit extensive self-complexingf"5
are known from the experimental measurements of Agnew and
Paterson6 carried out in this laboratory. Having established
the standard electrode potential for Cell I (Chapter 1)

and the activity coefficients for this salt, it was of
interest to extend the e.m.f. measurements to include some
mixtures of potassium chloride and zinc chloride.

This would provide the necessary data for the
determination of stability constants for Zn()ljzc—x (x=1,2,3,4)
complexes and hence the concentrations of individual complex
species, required for a more detailed understanding of the

anomalous transport parameters of this salt.
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21 Theoretical

211 Self-Complexing in Aqueous 3olutions of

Group IIB Metal Halides

7,8 are available

Although a number of methods

for the study of ionic equilibria in aqueous solutions
of metal halides, the potentiometric method is by far the
most accurate and widely applicable technique currently in
use, It is evident, however, that the thermodynamic
stability constants, defined by equations (2:5) to (2-8),
can be determined by potentiometric method only if the
activity coefficients are either known or are at least held
constant. In the latter method, concentrated supporting
electrolytes are used to maintain a constant ionic medium.
The method has been used extensively by several workersg’1o
for determination of stability constants. Measurements are
usually made in the presence of an excess of inert electrolyte,
which is assumed not to form complexes with the central
metal ion, the ligand or with thé complex species themselves.
Sodium perchlorate is most frequently used as the bulk
electrolyte for such measurements.

It has been reported, however, that together with

its other inherent disadvantages,7’8

Fe(III), Ce(III),
Hg(I), Hg(IIIl), CA(II) and Mg(II) form weak complexes with
perchlorate ions,

The method is intrisically unsuited to this study
because the activity coefficients, although held constant

by a high ionic strength medium, cannot be evaluated with

confidence/
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confidence. As a result concentrations of complex species
in solution cannot be obtained.

In 1970, Reilly and Stokes1 reported a new method
of calculation of the thermodynamic stability constants for
cadmium chloride complexes in aqueous solutions.

The method, in principle, can be used for any
similar system such as CdI2 and ZnCl2 and has the advantage
that no constant ionic medium is required during experi-
mental measurements of the e.m.f of the appropriate cell,

This method is described in detail below. Since the
mathematical treatment is similar for halides of cadmium
and zinc, zinc chloride has been chosen as a typical

example.

2e1.2 The Method of Reilly and Stokes' for the

Calculation of Stability Constants of Complexes

in Aqueous Solutions of Group IIB Metal Halides

The method essentially consists in
constructing a suitable cell without liquid junction.
The potential of the cell is then measured as a function
of the concentration of the pure electrolyte and with added
ligand for inhanced complexation. The cell used in this
work, for the system zinc chloride - potassium chloride
was,

Zn-Hg/ZnClz(m1),KCl (m2)/AgCl-Ag
Cell I
The e.m.f of the cell is given by,
o

2
E=E - RE/2F ln m,(2m +my)? y2 241

£/
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If the molalities of the free zinc and free
chloride ions are represented by [Zn2+] and [Cc17]
respectively, equation (2-1) may be written as,

2

E = E° - RT/2F 1n [Zn2+] [c17] y21 242

where Y, o in equation (2¢1), is the stoicheiometric
activit; coefficienty of zinc chloride and Yoq is the
activity coefficient for the non-complexed zinc chloride.
E° is the standard e.m.f of the cell and K, T and F have
their usual meanings.

If the various stages of the complex formation

between zinc and chloride ions are represented as:

zn®t + ¢1° s znclt

zn®*  + 200 s ZnCl,

zn®* &+ 3017 s ZnClg 203
zn®*t 4 4C1° & ZnCli'

The thermodynamic stability constants are defined by,

(znC1t)
01 = n - 2+4 (a)
(zn“7)(C17)

(ZnClz) 2.4 (b)

(zn%*)(c17)2
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(ZnC17
ﬁ3 = not) 2¢4 (c)
(zn°*)(c17)°
2=
ZnC1l
B, = ety ) 244 ()
(zn®*) (c17)*

The curved brackets in equations (2+4) represent the
activities,

The first stability constant, B1, for example, can
be written in terms of concentrations and activity coefficients

as follows,

3 [znc1*] Y+
17 2+ - *
[zn°*] [c17] Y., Yo
[znCc1*] Ve Yo
= X ——xX
[zn°*] [c17] Y. V_ Y.
+ ‘Y2
_ [znc1* ) . Y 245
2 -
[2n%*] [c17) Y3

The higher stability constants are given similarly by,
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ZnC1
B2 - [ n 21 . x YO/ Y21 2.6
[2n®*] [c17]
ZnCly .
B, = L2n01; 1 s x 1 /y3, 2.7
[(zn%*] (c17]
2.
ZnC1l
3, - ( 4 ] 3

[Zn2+] [c17 ] *

As has been discussed previously, in Chapter 1, equation (1:5),
from the mass balance and electroneutrality conditions

( neglecting the small amounts of free hydrogen and hydroxide

ions) it can be shown that,

mg = (20%%] + [znc1*] + [2nC1,)] + [znC13]
+ [ch1i'] 29
and
2m, + m, = [c17] + ([znc1"] + 2 [2nC1,] +
3 [znc13] + 4 (2n0157) 210

where m, is the total molality of zinc ions and
(2m1 + m,) is the amount of total chloride in mol.kg-1

By the condition of electroneutrality,
2+- +
2 [z2n°*)] + [znC1%] + m, =

[c1™]) «+ (znC13] + 2 [ZnCli-] 2+11
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and the ionic strength, I, is defined by

I =0+5 |4 [Zn2+1 + [ZnCl+] + [ZnClE]

+ 4 [ZnCli-] + ler7]l

m, in equations (2+11) and (2+12) is the concentration

of potassium ions in mol.kg !.

For mathematical simplicity, using equations (2+5) to

(2-8), we can define new functions Ky» Ky, K3 and K4 as,

3 5 [znc1*]
By -v21 7/ v7 =T = K 2413
[2n“*][c17]
[2nC1,]
B o¥341/vg = > 2 = K 2-14
[(2n®*] [c17]
3 . [2nC13)
BS Y 21 = T‘ _ 3 = K3 2'15
. [zn°*] [c1 %
B, . Y21 Vi1 = [2nC1, ] = K 216
4 - 2+ -4 4
3 [zn*] [c17]

Yi2

Equations (2¢9) and (2+10) can now be written in terms

of the concentrations of zinc and chloride ions as
2+, - -4
m, = [20°*) |1+ Kk, [c17] + x,[C17)

_. 3 _. 4
+ Kz [c1"] + k,[c17] 217
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- 2+ - -4°
(2m, + my) = [c17] + [2n°7]. [k, [C17 ]+ 2K, [C17] +

3 4
3K [c17]1 + 4K, [C17] 2-18

The values of zinc and chloride concentrations are also
restricted by equation (2¢19), obtained from the combination
of equations (2+1) and (2-2).

2 3
2 3 2+ -
)S vy = [zn7] [c17] vy, 2419

m, (2m1 + m,
By simple rearrangements and substitutions
equations (2+17) and (2+18) can be combined to give a
pentic equation of the type given by equation (2+20), in
terms of free chloride ions, [C17] .

a A5 + b A4 + C A3 + d A2 + e A+ £=0 220

where A = [C17] and the coefficients are given by

4
b =Ky + K, ( 4my - (2my +my) )
c =K, + K3( 3my - (2my + my) )
d =X, + K ( 2my - (2my + my) )
e=1 +K, ( m, - (2m1 + my) ) and

H
]

- (2m1 + m2)

If the activity coefficients are expressed by
extended Debye-Huckel equations, equations (2+21), it is
possible to evaluate the values of the four stability

constants/
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constants from combinations of equations (2-1) to (2-21).

logYyy = -1+023 T /(1+h,, VI) + BI + 112 4+ B"1°
logy,y = =+5115 yT /(1+4,, VI) + BI + B'I® + B'I’
logyo = BI + B'I2 + B" 13

logyy, = -1.023 /I /(1+A12\/T)+ BI + B'I2 + B“13

(A21=b-8 A, =b+8,, and A12=b-812 s b=0°3291)

21° 1 11

2+21

2+1+3 Procedure for Calculation of Stability Constants

This essentially consists in finding out suitable
parameters to reproduce the e.m.f or activity coefficients,
measured for the system, by an iterative optimisation
technique., It should be noted, however, that there are
twenty unknown parameters, including the Eo, in the mathe-
matical analysis given above. The value of the E® for the
given system must be either accurately known or could be
determined independently by the method described in
Chapter 1. Fifteen parameters appear in the activity coeff-
icients expressions, equations (2-21), in addition to four
stability constants defined by equations (2:5) to (2:8).

Unfortunately, the computer program for the opti-
misation of these unknown parameters was not available.

The authors (Reilly and Stokes) indicated further improve-
ments required in their method of computation.11

The computer program, given in Appendix B.1 was
therefore written in collaboration with Dr. P. Rosenberg,
University of Glasgow. Although for cemputing efficiency
the method has been slightly modified, the basic
principle/
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principle of calculation is the same as due to'Reilly
and Stokes.1 |

The method requires initial assumptions about the
activity coefficients Yo1r Y11* yo! and Yqo°
The values initially assigned to these coefficients were
those of fully dissociated model electrolytes with
similar valency and ionic size charactristics. Activity
coefficients for these fully dissociated electrolytes
were expressed as a function of the ionic strength,
equations (2¢21). The values of mean distance of ionic
approach, 8, and the emperical constants of the Debye-
Huckel equations for these electrolytes were evaluated
by a least squares technique using the authork own
program given in Appendix B-2.

The electrolytes considered and the data obtained
will be given in the results and discussion section of
this chapter.

Having the parameters of equations (2-21) fixed
at their initial values, for each experimental
concentration an ionic strength was assumed and the
activity coefficients Y210  Y11* Yo and Yip were
calculated. These were combined with guessea values of
stability constants and a value for the free chloride
ion concentration was calculated from equation (2-20).
The free zinc ion concentration and the concentrations
of the individual complexes were then computed using
equations (2+5) to (2+11). A new value of the ionic
strength was then calculated from equation (2-12).

Activity coefficients were then recalculated, using the

new/
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new ionic strength, and a new value for chloride ion
concentration was obtained. This cyclic calculation was
repeated until the value of the ionic strength and the
free chloride ion concentration were constant to 0¢01%.

Having obtained the free chloride and zinc concen-
trations a value for the e.m.f was obtained from equation
(2¢2) and compared to the experimentally measured value.
The standard deviation between the calculated and
measured e.m.f for all the experimental concentrations
was then minimised by optimisation of the four stability
constants in a least square sense; utilizing the standard
computer subroutines.

The entire procedure was then repeated allowing
the optimisation to be performed on the activity coefficient
parameters as well as the stability constants for optimum

reproduction of the experimental data.
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22 Results and Discussion

221 Test of Computational Methods

Since a new computer program had been
written, it was necessary to make a series of
investigative calculations.

The experimental data and final values of
stability constants and activity coefficient
parameters used by Reilly and Stokes were processed.
The program reproduced exactly the same deviations
between measured and calculated e.m.fs for the cadmium
chloride system. Data obtained by Reilly and Stokes
and by our own calculation are given in table (2¢1).

This first calculation did not test the
optimisation capabilities of the program. To this end
a new set of stability constants which were signifi-
cantly different from the literature results were
introduced into the program as initial 'guess' values;
simulating the normal procedure for dealing with a
truly unknown system. Activity coefficient parameters
were retained at their reported values, table (2+4).

The optimised values of stability constants
obtained from the second calculation are given in
table (2+1), together with a new set of deviations
between observed and calculated e.m.f of the cell,
table (2¢1),column II. It can be seen that with the
exception of last two points these deviations are

equally acceptable to those of Reilly and Stokes.

Since/
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Table 2¢1

Comparison of measured and calculated e.m.f for cadmium chloride.

™
0+0009139
04002229
0-003458
0005294
0-010026
003230
0+03763
004802
005061
005105
005431
006812
009568
0-10196
0+27463
0+ 44080
0446730
0449080
069223
0491069
1422611
0-03345
0-07725
0-08516
0+24419
0-39398
0+40536
041550
043104
0461551

2m1+m2
0-0018278
0-004458
0+006916
0-010588
0+020052
006460
0+07526
0-09604
0+10122
0+10210
0+10862
013624
0°19136
0+20392
054926
0-88160
0-93460
0498160
1+38446
182138
245222
0+56690
065450
0+67032
098838
1-28796
131072
133100
1436208
173102

E(meas.)

Volts

083297
080305
0+76968
0+ 77668
0+ 75861
0+72752
0+ 72490
0-71936
07177
071719
0+71569
071098
0+70385
0+70235
068274
067440
067343
067276
0-66722
066276
065825
0+70431
0-69362
0+69170
0+67792
067181
067155
0-67118
0467089
0+66604

(Continued)

E(cal.)_ E(meas.) '

Lit. I 11
=001 -0+02 =009
031 030 0-18
-0+08 -0+09 -0-24
0«12 0+11 -0+06
0-02 000 =017
0+80 079 067
=027 ~028 -0-38
-0+49 -0+51 =0-57
-0+06 -0-08 -0+14
026 0-24 018
0+33 0+31 0+26
-0-11 ~0+13 -0+15
-0-45 ~0+46 -0+43
—0°31 =032  -0+29
=-0+45 -0+46 -0+35
—0+48  -048  -0-42
=050 =051 -0+45
~0+65 -0+65 -0+60
-0+63 -0463 -0°+66
~0+31 —0+31 ~0+43
-0+03  =0+03  -0+26
0-02 0+01 0+08
—0+21 =022  -0e16
0+44 0-43 048
0+36 036 034
0-18 017 0+09
007 006 =0-02
0-11 011 0-01
-0-08 -0-08 -0-+18
0414 0+14 —0+02
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Table 2+1 Continued

oy 2m,+m, E(meas.) E(cal.) - E(meas.)*
Volts
Lit, I II

0-80974 2+11948 066267 0-37 0-28 015
109022 2+68044 065838 0+55 0-55 025
0+027023 2+1682 0+T70675 102 102 0+49
0-005248 41619 0-73488 -0+46 -0+46 =327
0+002448 4+2988 0-74478 -0+20 -0+19 =097

E(cal.) - E(meas.) in millivolts.
#% Reported data of Reilly and Stokes.1

B, B, B, B,

(a) 1 85 + 1 231 + 2 122 + 1 0+053 + 0001
(v) 1I 823 269.5 733 0-032
(a)= Reported values of stability constants' and the activity

coefficients were used and calculations were carried out

with the computer program given in Appendix B.1.

(b)= Values of stability constants obtained when the program

was allowed to perform optimisation of stability constants

from new 'guess' values. The activity coefficient parameters

were fixed at the reported values, given in table (2°4).
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Since the sole test of the optimisation
procedure depends upon the deviations between
calculated and measured e.m.fs, it is important to
note that stability constants obtained by this
second calculation are somewhat different from those
of Reilly and Stokeg and outwith their uncertainity
-1limits.,

While the limits of uncertainity are smaller
than for the similar but less refined calculations,
the method of Reilly and Stokes could also produce .
a range of final results for stability constants.

t seems that the method is somewhat dependent upon
techniques of numerical analysis available for carrying
out optimisation of unknown parameters.

Inclusion of initial guess values for
activity coefficient expressions would be expected to
modify the final results to some degree, but for
cadmium chloride the optimisation of activity terms
are of secondary importance. This is even more true
for the comparable but more complexed system of

aqueous cadmium iodide discussed below.

20202 Stability Constants of Cadmium Iodide

Complexes in agueous Solutions.

The primary aim of carrying out this
calculation was to obtain refined values for the
stability constants of Cdli'x (x=1,2,3,4) complexes
suitable for calculation of concentrations of individ-

ual complex species in solutions of CdIz, containing

no/
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no added salt, The e.m.f measurements of the cell,
Cd-Hg/CdI2 (m1)/AgI—Ag Cell II

2
made by Bates and those of Bates and Vosburgthor
the cell,

Cda-Hg/ CdIZ(m1), KI(mz) /nglz-Hg Cell III

were used,

Bateszand Bates and Vosburgh?have shown
that the silver-silver iodide electrode behaves
abnormally in cadmium iodide soluticns, Following
these authors, the normal potential of this electrode
in cadmium iodide solutions was taken as =0+1508 V

and E° equal to -=0-0405 V.

Hg,1,/Hg
To obtain an extended set of experimental
data, e.m.f measurements for the mercury-mercurious
iodide <cell (Cell III) were converted to those for
the silver-silver iodide system (Cell II) using the

relationship,

E - 01103

Ece11 11 cell III

The combined data are given in table (2-2),

The published stability constants of Bates
and Vosburgh3were used as initial 'guess' values in
the computer program together with the activity
coefficient parameters obtained by Reilly and Stokes
in their study of cadmium chloride. Preliminary
calculations showed that the calculation of stability

constants/
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constants for cadmium iodide was rather insensitive
to changes in activity coefficient parameters.

The formal similarity between the cadmium icdide and
cadmium chloride complex ions made this a suitable
initial assumption.

In the first calculation on cadmium iodide
the activity coefficient parameters were not optimised.
The resulting stability constants are given in table
(2:2), where they may be compared with literature
values.

The deviations between the measured and
calculated e.m.fs are much smaller than for cadmium
chloride system and were not improved by further
optimisation of activity terms. This effect is due
to the very high degree of complexation which reduces
the contribution of activity coefficients terms
significantly.

The stability constants obtained in these
calculations were used to calculate the concentrations
of individual complex species in agueous cadmium

iodide,shown in table (3+3) (Chapter 3).

2423 Thermodynamic Stability Constants for Complexes

in Aqueous Zinc Chloride Solutions

The e.m.f data used in Chapter 1 for a
re-investigation of the hormal potential of the zinc
amalgam electrode were extended by further experiments
in which potassium chloride was present in the cell
solution.

The /
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Table 22

Thermodynamic Stability Constants for Cdli_x (x=1,2,3,4) complexes,

re-calculated from the e.m.f. measurements of Bates and Bates and

Vosburgh, The activity coefficients parameters were fixed at those
given in Set 1, table (2-4).

m, 2m1+m2
% 0.001224 0002448
*  0:003993 0+007986
% 0.006407 0-012814
* 04007912 0+015824
*  0.01250 0402500
0-01032 0+02064
0+01023 0402046
0-01023 0-02870
0-01032 0+03679
001023 0404125
0+01023 0405274
0:01032 0-07357
0+01023 0-08299
0+02020 0204040
0+02020 0404528
0402020 0+05105
0+02020 0-05259
0+02020 0+05890
0+02020 0+08882
31 = 26576
By = 14155
By = 101147 x 10°

By = 11112 x 10°

The values in parenthesis are those of Eates and Vosburgh.3

* Bates data.2

E(neas) T Ea1.)B(neas.)
0+45503% 0002923 =0+00021
042052 04007731 000016
040805 0011208 000033
040293 0013197 000025
039214 0018728 000052
0+39700 0016182 -0+00006
039730 0+016074 -0+00016
0+39220 0022104 ~0+00017
0+38970 0028527 ~0+00053
038810 0+032293% 0-00017
038720 0042199 -0+0003%2
0+38690 0061005 -0+00029
038710 0+069964 000015
0+38280 0+026978 0+00008
0+38130 0030274 000019
0+38040 04034398 -0+00013
0+ 38000 0035531 0+00000
0+37890 0040313 000024
0+37780 0065087 0+00029
( 192-31)

(8333+3)

( 1+0 x 10°)

(1°25 x 106)

Yi

047026
0+5223
0-4479
0+4150
03452
0+3742
03755
0+3421
043113
0+2961
0+2607
0+2096
0+1908
02753
0+2645
0+2521
0-2488
0-2359
0+1844



The experimental techniques were as described in
Chapter 1. The total e.m.f data which has been used
for the calculation of stability constants are given
in table (2+3).

A variety of stability constants have been
presented in the literature for this system]3
Table (2+3) contains a seggtion of these results.

To apply the Reilly and Stokes method for
calculating stability constants initial 'guess'
values are required both for the stability constants
and the parameters of equations (2-21),

Activity coefficients data for a number of
fully dissociated model electrolytes with the same
stoicﬁgometric coefficients as the component
electrolytes of the complexed salt were obtained by
the method of least squares to conform with the
format of equations (2+21). For example sodium
chloride data was used as initial model for
ZnCl+,Cl-. The parameters of the extended Debye-
Huckel equations, equations (2,21) are given in
table (2+5). The first set of model electrolytes
chosen was NaCl, CaCl2 and Nézso4. The starting
values for the activity coefficients for the neutral
complex, ZnClz, were obtained from the same relation
as for cadmium chloride.

| Having fixed the activity coefficient
parameters at their initial guessed values, the four
stability constants were optimised using the liter-

ature values as the starting points. In contrast to

cadmium/
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cadmium chloride and cadmium iodide, very little
improvement was achieved, in terms of minimising the
sum of squares between the measured and calculated
e.m,.fs, by this initial optimisation. This, however,
signified the importance of activity coefficient
terms in dealing with the zinc chloride system.

A total optimisation of the fifteen activity
coefficient parameters in one computing run was not
possible. For this reason a cycle of calculations wasb'
made. In each cycle only four parameters were attacked.
Once these had been improved they were held constant
and a further four unknown parameters were optimised.
The criterion of optimisation was once more the impro-
vement in deviations between measured and calculated
e.m,fs,

These calculations show that solely on the basis
of agreement between calculated and measured e.m.fs
of the zinc chloride cell, a variety of stability
constants could be obtained.

The problem of optimisation is made more difficult
than for cadmium iodide or cadmium chloride because
zinc chloride is complexed to a lesser degree than
either of the above examples., The activity coefficient
parameters appear to have almost equal weight to the
stability constants. The values of the input parameters
in the extended Debye-Huckel expressions, equations (2:21),
and in particular the chosen values of 8, have major

effects/
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effects upon the set of stability constants. The
problem is essentially an extention of that discussed
in Chapter 1, where it was shown that by choosing a
higher value for 3, Robinson and Stokeéuiould totally

absorb the effect of the first complex (ZnCl+) in

(o]

their extrapolation procedure to obtain EZ

n in a
zinc chloride system.

It-has become obvious that no unequivocal
solution for the stability constant of zinc chloride
complexes can be obtained using our present optimis-
tion procedures. Although further sophistication of
the method of optimisation is under consideration, in
which the more efficient. NAG (Nottingham Algorithms
Group) subroutines recently made available at the
University of Glasgow, are intended to pe used it
appears that these difficulties are inherent to the
zinc chloride system. This obhservation in no way
prejudices its application to more complexed systems
where the optimisation of activity expressions const-
tute a secondary refinement upon the prediction of
a series of cell potentials, which are dominated by the
relatively large magnitudes of stability constants.,

Typical results for zinc chloride system are
given in tablé (2+3). It should be noted, however, that
direct comparison of stability constants obtained here
with those of literature values is not possible. Most

13refer to

of the results of previous workers tabulated
particular ionic strengths or have been obtained with

various standard conditions.
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Table 2¢3

Deviations between measured and calculated e.m,f for zinc chloride.

The activity coefficient parameters are

(set, 2) , obtained by cyclic optimisation procedure.

4

0+0006108
0+0008319
0+003663
0+008051
0+008857
0-01115
0-03018
0-04086
0+05104
0405822
0+06154
0+07281
0+08660
0+10299
0-15303
0+15807
0+19300
0429603
0+32173
033960
051330
0+64980
0+86067
140310
0049135
0+045860
0+063658

2m1+m2

0-00122166
0+0016638
0+007326
0:0156102
0+017714
0+02230
0+06036
0+08172
0+10208
0+11644
0+12308
0+14562
0+17320
0420598
0+30606
0-31614
0+38600
0+59206
064346
0+67920
102660
129960
1272130
200620
0-18056
0-31545
0+24687

E(mea.s.)

1425550
1424405
1419131
1216399
1+16085
1+15311
1412030
1+11088
1+10299
1:09910
1+09770
1:09190
1:08650
1:08078
1:06790
106680
1+06070
1+04670
1+04360
1404180
1402910
1+02170
1+01340
1-00846
1+09120
1+08020
1207955

0+001828
04002488
0010866
0+023653
0025979
0:032566
0085676
0+114454
0+141276
0+159854
0+168352
0-196773
0+23%0679
0+269776
0381534
0-3%92189
0°+463226
0647649
0+688692
0+716233%
0949930
1102622
1+306389
14453029
0+211927
0+335949
0.293194

( Continued)

-0-00011
0+00002
-0+00024
0+00004
~0+00004
-0+00002
0-00011
-0+00026
0+00051
0-00012

=0-00027

0+00011
-0+00009
0+00003
0+00003
0+00011
-0+00027
-0+00004
0+00041
0+00050
0+00039
0+00072
0+00086
0+00063
0+00039
0+00035
-0+00057

those given in table (2+4)

E(ca.l. )_E(meas DY+

0+908
0-895
0+804
0738
0+729
0707
0+610
0581
0560
0+548
0+543
0+528
0-514
0+499
0469
0467
0+452
0421
0+416
0+411
0-379
0+360
0336
0+321
0+528
0495
0+496



o

C-078009
0-039572
04033239
0-14752
0413725
0-11435
0410443
0+30936
0+28651
0244717
0+20520

The values of stability constants obtained are given belcow. -

2m1+ m

0-38820
0-57445
0+83534
0+36645
0447901
0+72998
083863
0+69679
0479529
0-97523
1+14580

a
P, 3+53
B, 0+072
Bz ’ 0+067
00102

This work.,

o A~ 0 T P
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Table 2+3 (Continued)

2

Maxrcus and Maydan,

b
31
141
0+6

0-1

1
Fedorev and Cherikova.

E(meas.)
107137
1+07050
106618
1+06330
105710
105040
104860
104190
103980
103750
103690

c

0464
3+58
1441

I

0+416522
0+575384

0+830031

0427249
0515985
0727744
04824684
0722074
0.788589
0-925342
1071815

d
2+69

4+07
3-38

E(cal. )-E(meas. ) Y+

-0+00153
-0+00111
-0+00294
0+00095
0+00187
0+00110
0+00081
0+00055
000029
-0-00058
~0+00194

e
2.7

29
014

1
Belousov and Alovyainikov.4 (distribution method)
1
Sillen and Liljeqvigt.5 (3 molar HaClO4)
1

(anion exchange method).

0477
0+467
0-452
0-464
0-456
0+444
0440
0-415
0-415
0-415
0+416

(Ionic strength, extrapolation method).
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Table 2-4

Emperical constants of the extended Debye-Huckel expressions,
equations (2+21).

*
Set 1
0 ! "
log a B B B
Y21 3407 004014 0+005254 0001001
Y41 3+55 ~-0+05077 0009006 -0+000799
Yo -0+13540 0-000365 0+000609
Y12 3482 ~0+06060 0+005441 0000846
*
Set 2
y21 4+49 02165 0004721 0000115
Y11 4+30 00535 0007953 0000200
Yo -0+08894 0020080 04000776
Y12 4446 017421 0+005006 0-000985
* Reilly and Stokes data 1, used for cadmium chloride
¥*¥* This work, using the computer program given in Appendix B.1.

These coefficients were obtained during cyclic optimisation

procedure adopted for zinc chloride system.



Parameters of the extended Debye-Huckel equations, equations (2-21),

for the fully dissociated electrolytes, used as initial guesses on

69

the activity coefficients,

Salt 2
NaCl 4442
Ca012 486
M8012 495

Na, SO 4°04

Li,S0, 4+45

The values of these emperical constants were obtained by the

method of least squares, using the program given in Appendix B.2,

0-02227
0404409
-0+06313
~-0+07220

0+03776

0+0025998
040036399
-0+0009836
00082490

-0-0090111

from the data tabulated in ref. (18 ).

B

0+00090254

0+00012905

-06-00072298

-0+00041380

0+000541930
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CHAPTER 3

Relationship between the transport properties
of aqueous cadmium iodide solutions and the

degree of self-complexing in these solutions.
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Introduction

Chapter 2 was devoted to the analysis of the
stability constants of Group IIB metal halides in
aqueous solutions (particuiarly zinc chloride and cadmium
iodide) from which the concentrations of the free and
complexed ions may be computed at a given salt concentration.
This present chapter deals with the problem of
the transport behaviour of such self-complexed salts.
In any discussion of the transport properties
of an ionic solution both the concentrations of the
component ions and their mobilities must be known,
The basic treatment of suchk transport process is
discussed in terms of irreversible thermodynamic theory.
It is shown in the theoretical section that the
binary mobility coefficients of a self-complexed salt
can be expressed as summations of the mobility and
coupling coefficients of individual ionic components:
that is, the free ions themselves and such complexes
as exist at any concentration. This analysis can be
used to predict firstly the mobility coefficients
which characterise the system and then transport properties
which are usually measured in the laboratory, equivalent
conductance, tfansport number and salt diffusion
coefficient.
The hethod of calculation is based upon Pikal's
énalysis,l which is, in reality, a re-statement of the

classical /
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classical theories of Fuoss and Onsager in macroscopic,
irreversible thermodynamic terms. As such it retains
.the inherent limitations of that analysis and is only
precise when the electrolyte to which it is applied is
at very low concentration.

With this limitation in mind the predictive cap-
abilities of the theory have been applied to the aqueous
cadmium iodide system. Cadmium iodide is the most
complexed of the halides of the Group IIB metels in
dilute solutions. Its transport properties are quite
anomalous when compared to dissociated 2:1 electro-
lytes. In particular, it is characterised by a transport
number for cadmium which decreases rapidly with
concentration and, at 0,28 mol. 1'1, becomes zero and
subsequently negative, 2 Equivalent conductance and
salt diffusion coefficients are also abnormally low.

Farlier, experimental studies by Paterson et al E
have prévided both measured transport data and the
mobilities and coupling coefficients for this sysetem
in the concentration range 0.05 - 0,6 mol, 171, There
are therefore sufficient data from experimental soﬁrces
to test any predictive theory. Equally since the theory
must be limited to application in the dilute

1

concentration range 0.0 - 0.05 mol. 17~ cadmium iodide

is again the most suitable test system. Zinc chloride,

which has also been investigated by Agnew and Paterson,4

is much less complexed in dilute solutions and shows
inversion of the sign of the transport number for zinc

only at 2.0 mol. 171,
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3.1 An Irreversible Thermodynamic Treatment of a

Self-Complexing System

The aqueous cadmium iodide system has been
treated as a binary elecirolyte in which the net flow
of cadmium J1 and iodide J2 were expressed as functions
of their conjugate thermodynamic forces, Xl and X2

3 These forces are defined as the negative

respectively.

gradients of the electrochemical potentials of these

species under the experimental conditions of transport.
Prom the dissipation function, Q’, equationv(3.1),

linear phenomenological equations may be obtained,"

equations (3.2).
§ = Jy X+, %X, O 3.1

(The flows, here are obtained on a solvent-fixed frame

of reference)

3.2

L21 X + L22 X2

N
i

1

These equations show that the flow Jl is influenced
not only by its conjugate force Xl but also by the
non-conjugate force (in this case the thermodynamic
force on iodide, X2). The transport properties of
any solution are therefore determined by the mobility
coefficients Lll ’ L22 and le = L21 of that solution.
This /
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This latter equelity is obtained from the Onsqger
Reciprocal Relations. These coefficients are functions
of concentration and it is only from an examination
of the factors which determine their magnitude that a
true understanding of the transport phenomena may be
obtained.

When the flows, Ji , and forces, X; o are expressed

as mol cm™2 s™% and J mol”t cm-l, respectively, the

units of L, are mo1? cm™! 7t gL,

Although this representation is mathematically
rigorous, it provides little insight into the factors
which influence transport properties in a self-
complexed system such as cadmium iodide. In
qualitative terms the observation that the transport
number of cadmium may become negative in concentrated
solutions (> 0.3 mol. 1-1) can only be understood by
considering the influence of increasing proportions of
negatively charged cadmium complexes CdIg and CdIi_
upon the net flow of cadmium in an electrical <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>