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Non-equilibrium thermodynamics is applied to isothermal vector
transport processes in concentrated agqueous binary electrolyte solutions.
- It is shown thet this branch of thermodynamics gives rise to linsar

mobility coefficients, Lij sy and frictional coefficients, Rij

i . .

ect on ion-constituent, i, of a thermodynanic

?

i*)

- viaich measure the

force on ion-cornstituent, 3. The cross coe?’1c1evts T. 15 and R,
~where i #£ 3, are of especial intersst as they provide a measure of

€y

‘the interactions between species i and j. The transport coefficients
are considered to be zore fdrdemente than the more comnonly reported
- transport proper ies which can be shovm to te combinations of the L,.

+d
or the R e

J .

The interpretation of the. conce ntration dependance of transport
coeffic ‘nts is qualitati&e anéd must therefore be based onba coﬁparison
‘ﬁetween similar salts; Zinc chloride and zinc perchlorate were selected

. for experimental study as ziﬁc chloride exhibits extensive‘seif
icomplexing‘in aqueousvsolutien whereas zinc perchlorate does not. The
effectsvof eelf-complexing are therefore assessed using the exﬁ rimen-
{al results,for-these $wo salts, in cohjunction with ﬁransportv

efficients availiable in the literature for aeveval other salits,

- gk

- Four experimental measurements ere required:to evaluate the four
vindependant transpert cOefficients of a binary electrolyte solution;
These are of>eiectrica1'conductivity, salt aiffﬁsioﬁ coefficient?
Hittoxrf transference nuﬁber, and cell emf transference number, as a
.funefion of concentration. Each of these experiments is analysed and
equations are derived which express the mebility and frictional coeffe
, 10 ents 1n terms of these etperlmental quant*tles. It is shown that the
equality of the two transference numbers is a consequence of the

‘Onsa“er reciprocal relations, whlch state that L, j = Lj and Rij = Pj

e



for i £ j . These relations require experimental proof which is given.

The experimental section describes the preparation of aqueoﬁs'
solutions of zinc chloride and zinc perchlorate and the measurement of
their transport properties. Eleétrical-éonductivity was measured usiﬁg:
standard.methods. Diffusionbcoefficients were measured using an opticai
technique which allowed the progress of restricted diffusion in a closed
rectangular giass cell to be foliowed as a function of time. Hitioxrf
trénsference aumbers were measured for both salts ﬁsing a gléss cell
based on the desizn of MacInmes and'Dole;‘ Cell emf transference nrmbers
were méasured fbr zince chloride only using cells of similar design to
thése described by Pikal and iller. Values for zinc perchlorate were
obtained frém'the literature.

‘The experimental results‘are collected and ﬁsed to calculate the
trénspdrt coefficients for zinc chloride and zinc perchlofate. The
relati§e merits of the mobility and frictional coefficients for inter-
pretative purposes are diécussed. Both schemes have merits; but the
frictionalvre?resentation has theyadvantage that it provides coefficients
‘which measure th2 interactions between ions and solvent as well as those

which measure interactions. between ion and ion. Also the cation - anion

[

‘frictional coefficient: reflects the difference between strong ion

' association,vas exhibited Dby équeous silver nitrate, and self-complexing,
as exhiﬁiﬁedvby,the zinc and cadmium hélides, ‘whereas the corresponding
mobility coéfficient does not. Finally it is demonstrated/that fhe

‘mobility ébefficieﬁfsvof a self-complexing salt:can be expressed as-a
combination of the mobility coefficients of eaéh oY the individuai
species. Tﬁe coﬁcentration dependence of‘each of these latter coefficients
can be éstimated Quélitafively fron theoretical considerations and
combined ﬁd explain>experimeﬁtal trends.

In -t-he final chapter the effect of the weak ion association in
diiute aqueoué sblutions of 2:2.electrolyt¢5'on their diffusiQn coeff-

icients is considered. It is shown that for the four salts for which



v

experimentai data are availiable the observed diffusion coefficient
is equal to the diffusion coefficient calculated fréﬁ electrolyté theory
using the conéentration’of free ions in solution, This relation is
found to be valid within experimental error to a toﬁal salt_concentration
df 0.1mol dmf1. Calculations were also carried for three weak orgénic

acids for which experimental diffusion coefficients are availiable, but

in these systems the above relation was found not to be valid.




Nomenclature

(Symbols are inserted in order of appearance)

©.ds total entropy change
aqQ heat exchanged with exterior
" T | Absolute temperature
4.8 flow of entropy due to interaction with éxterior
diS ‘ production of entropy inside, system |
o rate Qf'produétion of entropy per unit.volume
v * volume
5, - entropy densit& per unit volgme4"
t time
Js | flow of entropy
Jq_ flow of heat -
Ji . flow Qf mattei '
A - affinity of chemical reaction
: ;; . ' electréchemical'ﬁotential
g chemical potential
) ‘rate of dissipation of free energy . .
Xi vv therquynamic driving force
ni' nﬁmber of moles of séecies i
Ci : concentration.of i péf unit vélume.‘..‘
vs velocity of speciesvi : |
ik phenomenological coefficients
Boy | .
rl;ré : stoichiometric coeffiéients fdg‘icn;séfti L
: Z o valency | o
I ’ current densityv

K specific conductance



(9]

-g-ﬁ- - gradient of electrical potential
F | . Faraday's constant
A -.equivalent conductance
N : ‘equivalent concentration.
‘ tih ~ Hittorf transference number
tic cell emf transference numbex
R : gas constant |
M ' thermodynamic diffusion coefficient
(D)o ' ,diffusion QOefficient on appa;atuslfixed reference frame
v+ | j " ‘mean molar activity coefficient
Dv diffusion coefficient on volume fixed reférence frame
m  molal conceniration |
Yt ' mean molal‘activity coefficient
Co : rsolvent copcentration |
electro-motive force
.i ’ distance parameter in diffusion ceil
: x' : >.w'aveleng‘th of light
1  ‘thickness 6f,diffﬁsion cell
m ,frinée displacement in a Rayleigh interference pattern"
n :» ‘(iﬁ chapter 4 onlj) réfractive ihdex‘ | |

Dy yMeym ¢oncentration of solution in compartments of a'Hittoff
' cell in moles per Kg of solution o
w _‘ weight of solution in electrode cOmpa:tmeﬁt:of a Hittoif cell
‘duration of a Hittorf ;uﬁ' :

T. ~ integral transference number



coefficient of kinetic friction.

mobility coefficient of complex species in solution,

- mean molar activity coefficient.

distance of closest ap?roach of Debyé-Hﬁckel theory.,

viécosity ofvsolvent in poise.
dielectric constant.
reciprocal distance of Debye-Hlickel theory.

degree of dissociation of a weak electrolyte.

. dissociztion constant.




Chapter 1.

Introduction.

A large sectioh of electrochemistry is concerned with the
transfort of mass and charge which takes place in an eléctrolyfe
solution under the influence of an applied thermodynamic force. Thé
proéesses.traditionally considered are the electrical conductivity,
which describes é flow of ions when the force is an applied electrical
field, and diffusion, which describes the flow of solute when the
~applied force is a grédient of concentration, or more properly of
' chemical poténfiél;v Much effort has been devoted over the last 40
‘yeafé to the theorétical description of these processes, buf with onlyv
’ limitéd éucceés. Despite the vast improvement in mathematical and
computational technigues in recent years the upper concentration.limit
‘for classical electrolyte transport theories is only 0.05 mol dm-3 (molar)

* in the most favourable cases.

An alfernative, and in many ways complementary description

~. of transport processes has received increasing attention in recent

‘years. | This is the framework of irreveiéibie thermodynamics which Qas
first developed by Onsager Vi 1931 and wasvlater expanded and
generalised by_several‘other authors 2’3’4 - Irreversible thermo-
‘dynamics gives rise to a setvof phehomenological equations which
"describe the flow of each combonent in a system,in terms of the
independent forces on it, and on all the other cOmponents in the system;‘
" TThus irreversiblebthermodynamics gives rise to parameiers which measure
‘therdireét effect of a force on a cb@ponent, and also to parameters

which meaéure the intéracticn or coupling between the flows of pairs of

components. ' When the system is an eleétrolyte solution the components



are the ions and the solvent and the independent fofces are the ’
gradienis of electrochemical potential of the ions. (The electro-
cbemical pofential of an ion, a cbncépt first introduced bty Guggenhebn?
is the sum of the chemical and electrostatic potentials of the ion).
The irreversible thermodynamic parameters therefore measure the kinetic
interactions between ion and ion and between ion and solvent. A majof
advantage of this scheme is that it can be applied to electrolyte

solutions of any concentration.

A detailed analysis of the application of irreversible
thermodynamics to tiansport processes in electrolyte solutions was
Published by'Miller§ » who was able to show that the traditional..‘
transport §r0perties, equivalent conductivity, transference numbers, and
diffusion coefficients, could all be expressed in terms 6f the
irreversiblé'thermbdynamic parametérs. Miller'céncluded thét,fhese'
parameters were more fundamental thén the traditional tranéport

prbpertieé and were, theréfore, more worthy of experimental and

theoretical consideration.

The interéretafion.of‘the irreversibie theimodynamic
, parameters is at present mainiy qualitative, and must, fherefore, Ee
based on the“éomparisoﬁ'of a series of similar salts. | Miller 52 chose
the»three'alkali chlorides fér which data were at thaf tiﬁé aVailabie,
lithium; sodium and potassium chloride. Patersén and Jalota /10
brovided the experimental data required for the analysis of'rubidiQm
and cesiun chloride and extended Miller's interpretation of the

T paraméters'for-the:alkali chloride series.

Paterson ahd Jalota explained some anomalies in the



irreversible thermodynamic parameters of caesium and ruﬁidium chlorides
~in térms of the ion association present in solutions of these salts.
~For this.reason it was decided to investigaté a system which showed
extensive interactions between the cations and anions present in
solution. The system chésen'for study was aqueous zinc chloride,

which is wellvknown to exhibit extensive self-complexing in concentrated
solutions 11’12. For the purposes of comparison zinc perchlorate was
also studied since this salt was not expected to exhibit extensive ion

‘association or self-complexing. The concentration range studied was

0.1 -~ 3,0 molar in each case.

In chapter 2 the application of irreversible thermodynami§
theories to transport processes in a binary'electrolyte solution is
discussed, and special reference is made to the influencé of self-
‘cbmplexihg én the deveIOpmenf of the theofy. It is shown that four
experimental transport properties require to be measured to evaluate
;the irreversible thermodynamic parameters, the equivalent cqnduqtivity,
the diffusion coefficient, the Hittorf transference number, and the cell
- emf transference number. The latter two properties are commonly taken
to be identical, but it will be shbwn that this is an assumpfion which
must be verified experimentally. Of these four properties only éell
emf transference number data are available in the literature for zinc
chloride 'Mand zinc perchlorate!3. The experimental work of this thesis

consisted of measuring the 'missing'Atransport properties. .

The meaéurement of equivalent cénductivity is described in
chépter 3. This chapter also contains an account of the preparation

of exactly stoichiometric solutions of zinc chloride, a task which was

:



much ﬁore difficult than might have been expected. Chapter 4
describes the measurement of diffusion cocefficients by an optical
technique, and chapter 5, the measurement of Hittorf transference
numbers. Also reported in chapterVS are the results of a potenfio-
metric study on zinc chloride solutions thch extended the cell emf
transference number data to cover all the required concentraticn range.
In chapter 6 the results of the transport experiments are collected

and the irreversible thermodynanic parameters calculated and discussed.

In chapter 7 the application of classical electrelyte
theory to diffusion in ion aSSOCiated eystems is discussed and the
‘behaviour of 232 salts, Which‘are slightly assoeiafed in solution, is
compared with that of the Qeak organic acids; which are extensively -
associated. Several cOmbuter programmes thch were written to perform

involved or repetitive calculaticns are reproduced in the Appendix.




Chapter 2

The Theory of Irreversible Thermodynamics and its Application to

Transport Processes in Electrolyte Solutions

Classical thermodynamics, although a harmonious and
self-consistent structure, is somewhat limited in scope by being
essentiallyvconfined to the description of revefsible processes
and true equilibrium states. It is known, however, that in a
great number of systems true thermodynamic equilibrium is only
rarely attained. The theory of non-equilibrium thermodynamics
was developed to deécribe such irreversible processes, most notably

3

by Onsager,1 Meiicner,2 Casimir, and'Prigogine4. This chapter,

describing the application of this theory to transport processes
in electrolyte solutions, is compiled mainly from four excellent

treatises on the subject,5’6’7’8 and the recent papers of Miller9a’b’c.

2.1  The Production of Free Energy in an Irreversible Process -

The Dissipation Function

' 2.1.1 The Production of Entropy by an Irreversible Process

Thé theory of non-equilibrium thermodynaﬁics ﬁas its
vbaéis in the Second Law of tﬁermodynamics; that the éntroPy
- production of an irreversible process must be'positive} Systems
unéergoing irreversible processes may be divided intd local suB—
systems which are macroscopically small, but coﬁtain sufficient
'moleculesvto rehde: micrOSCOpic fluctuatiohs ﬁegligible. - If the

‘perturbation of the system from equilibrium is not large each



 subsystem can be considered to be at local equilibrium, and the
laws of classical thérmodyhamics willyhold; in particular the

Second Law :=-

dg/ :
as  » T . - (2.1)
where dS is the entropy change, dQ is the heat exchanged with

the exterior, and T is the absolute temperature.

The entropy change, dS, can be split into two terms :-

ds =d S + 4.S - (2.2)
. e 1

where deS is the flow of entroﬁy due’to interaction with the
extérior, and diS is the.prOduqtion of entropy.inside the system;
diS is zero for a réversible process and p0sitife for an irreversible
process. - It is‘a central poétulaté’qf non-equilibrium. thermo-
dynamics, justifiable by statistical mechan_ics,lo that 4.5 > 0 for
every machScopic subsystem conéidered. Thereforeﬂif we have a

system, I, encldsed by another system, II, such that both'systems

- are isolated, the statement of the Second Law becomes :-

as=ast + as™ 20 (2.3)
and the postulate means that a situation where : |
| ' QI

diSI, <0, 4,8 >0 where di(sl 1520

is nptfallOwed.
The rate of entropy production of a system can be -

‘considered to be the sum of contributions from each subsystem 50

that in the limit

2 = Jy cav _y |  _ (_2..4)



where ¢ is the local rate of production of entropy per unit
volume, V. The rate of flow of entropy .into the system is
related to the local flow of entropy, JS, by

deS : , ' '

S - j-divJ av - (2.5)

at v S |
The total entropy of the system can also be defined in terms of
the local entropy dehsity throughout the systen, Sv’ by

s = j S_dv ' f - (2.6)

v Jy ¥V ’

Differentiating equation (2.6) w.r.t time gives the rate of

change of total entropy

as _ P s |
& -~ | .dv ‘(2.7)
v ot ‘

By differentiating equation (2.2) w.r.t time and substituting

equations (2.4), (2.5) and (2.7) we get

J -~ @ = - J-div J.av o+ 5 cdv - (2.8)
v ot . v _ o v .o

This describes the total rate of change of entropy

with time. For any local change it becomes

Y . v+ o0 (2.9)
it -8 - |

The conditions for equilibrium are that
3s : - 1 ,
—L - 0 and div g, =0 _ (2.10)

~ and therefore from equation (2.9) o will also be zero. For a.

systém»in‘the steady Staté,'however,;only the,rate'of change of

the total entropy need vanish, and therefore the conditions are

;



given by equation (2.11)

and AV, = o | - - ()

- i.e. the rate of entropy production must equal the rate at which

entropy leaves the system.

.

2.1.2 The Dissipation Function ~ For a continuous system .
- the rate of entropy production, o, can be,shown fo be given-byl1

equation (2.12)

. n

J 3, .
0 = ~+ grad (-I) + 5 -*= grad (-pi)
T o ial T
. Al ‘ .
+Jon ['T‘l - (2.12)

where Jq, J; and Jch'are the flows of heat and matter, and the
rate of chemical reaction respectively, and grad (fT),bgrad‘(-ai),_
andl%j are the corresponding Aiiving forces; the ﬁegative gradients
of témpe'rature and electrochemical potential aﬁd the affinify' of the
6hemica1 reaétion respecti&ely. A more convenient form of (2.12)
ié obfained by replacing ¢ with the dissipation fﬁnction, Tg = ¢
', , n _,‘ .
¢ = J_grad (-I) + : J; grad (-u“;) + Jgea (213)
, =l o
¢ has the dimehsions of energy per unit fime.and it is

a measure of the local ratevof‘dissipation of free energy. Both
équatibns'(é.iz) and (2.13) show ¢ or ¢ as the préduct of flows
‘and cohjugate driving forces. We are concerned here with |

isothermal transport processes in electrolyte solutions in the



absence of chemical reactions, therefore equation (2.13)

simplifies to equation (2.14)

¢ = I JX | - (204)
1=0 .

For a sYsteﬁ of solvent, o, and n solute species Ji is the mass

fixed flow of species i in units of moles on2sec™ and X; is the
n

corresponding thermodynamic force (equivalent to grad (-pi)) with

units of Joule mole~Yem™,

"2.1.3 - Prames of Reference for Flows -The derivations so far

- have assumed a barycentric frame of reference for the flows, but
it has been shown that provided the system is in mechanical
equilibrium any arbitrary frame of reference can be_usedlz. In

the study of transport properties of electrolyte solutions the most -

generally useful reference frame is the solvenf fixed one.

Equation (2.14) describes a systém of (n + 1) components
in which (a2s a result of the Gibbs-Duhem -equation) there are only

n independent flows and forces. This states that

n " . '
 ndy, = 0 - -~ (2.15)
i=o n

wherevni is the total number of moles of species ipresent.

Dividihg by the volume V and differentiating with respéct

to the spatial co-ordinates transforms equation (2.15) to

n ‘ -

r C, grad (ity) = 0

j=0  * o R
or 1} n ; .‘ S . ) .
r CX, = 0 (2.16)
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where Ci is the concentration of i per unit volume. Eliminating
X, (solvent) from equation (2.16) and substituting in the

dissipation function gives

n ¢ o
¢ = r (7, -71iJ) X, (2.17)
| =1+t T o7
o ,

The flow of species i, J. is given by the product of
its concentration, Ci, and its velocity with respect to some
.arbitrary frame of reference, vi, so that

C

o .
I -1 3, = Clv;-v) =3

1=t i (2.18)
_ o

Jio is the flow of species i referred to a solvent fixed frame of

reference. From now on all flows will be referred to this frame
of reference unless otherwise stated, and the superscript o will

be dropped fOr'typographical convenience.

2.2 The Relation between Flows and Forces. The Phenomenological

Equations and the Onsager Reciprocal Relations

The dissipation function is of little practicalvuse unless
some reiatiﬁn can be.found between conjugate pairs of flows aﬁd
forces. Many linear relations have been found 5etween flows and
conjugaté forces, e.g. Fick's law of diffusion, Ohm's law of
electrical éonduction, and Fourier's law of heat conduction, and
also between flbws of one type énd forces of another typé, e.g. the
Seebeck and Peltier thermo-electric effects. ~Consideration of those
results and others led Onsager to postulaté';‘géneral set of linear

phenomenological equations :=

/



-1

n
Ji* = ié; L;kxk (i=0,1, 2, 3 «eee. n) (2.19)

where Ji’*is the flow of species i 6n any arbitrary reference

frame, and Xi is the thermodynamic force acting on species k.

The L;k are phenomendlogical co-efficients independent of the

forces. These equations hold for slow processes in a systeﬁ

ndt ﬁoo far from equilibrium, and in particular can be assumed to

13

hold for transport processes in electrolyte solutions™~.

For a one flow-one force system equation (2.19) becomes

. '* V
I o= LX . (2.20)

where L;; is a specific measure of the mobility of species i.
From equation (2.20) Ohm's law and Fick's law can beAeésily
abstractéd by substituting thé app;oPriate'Qalues for the force, Xi.
In a systém of two components, for éxample a binaiy electrolyte

solution on a solvent fixed frame of reference, equation (2.19)

- becomes '
= Ik o+ L%

. (2.21)
J LnX + Ik

2

Here the direct coefficients Lll‘and L22_remain, and in addition

10 and Lzl‘are introduced. These cross

. or coupling coefficients are a measure of the interaction between

two cross coefficients, L

species 1 and 2. For example, when X, is zero Ly, controls the
magnitude of the flow of species 1, Jlg caused by the non~zero

‘force, x2,.on species 2,

The coefficients of equation (2.19) are independent, but

i
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ﬁhe absolute magnitude of the cross coefficients Lik’ is restricted
by the magnitude of the direect coefficients, Lii’ as a consequence
of the-requirement that entropy production should be positive. In
the binary case equations (2.14) and (2.21) give

2 2 '
¢ = L X% o+ (L12 + LZl)xlx2 + L,,%," >0 (2.22)

- Equation (2.22) must be true for all positive or negative values of
X, and X, provided both are not zero simultaneously. Setting

first X2 and then X1 equal to zero gives

;11 >0 and L,, >0 ' ' (2.23)

Given the inequalities (2.23) the left hand term in inequality

(2.22) can only have imaginary roots. This can only be true if

(Lyp +1p)% - 411, <0
or MLy Ty > Ly + 1) - a)

The above conditions are easily generalised to the n-component
case, where the constraints on the magnitudes of the various
coefficients are

L; >0 (i=0,1, 2 ees 0f | (2.25)

AL L > (L + Lki)2  (i =0, 1, 2 ...n) (2.26)

i.e. the direct coefficients are always positive but the cross

coefficients may be positive, negative or zero.

. "As formulated so far the application of the phenomenological
laws to a syétem of n flows and forces requires the determination of
n2 coefficients from n2 independent~experiments._ However Onsager

has shown, using the principle of microscopic reversibility, that
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the matrix of phenomenological coefficients is symmetric, i.e.

Ly = Ly ik = 1,2, 3 esen (2.27)

The equations (2.27) are commonly referred to as the Onsager -
Reciprocal Relations (CRR). The ORR reduce the number ofv
indepéndent coefficients required to characterise a system of

n flows and forces to 4n(n + 1). The ORR were proved, by Onsager,
only for systems verj close to equilibrium, but experimental
evidence indicates that they are valid well beyond the range of

theoretical justificationl3’14’15,_

The physical interpretation of the mobility coefficients,
Lik’ for electrolyte solutions will be considered. in detail later..
Briéfly, however, the direct coefficients, Lii’ are taken as a
measure of the intrinsic'mobility of species i in the absence of ‘
interactions with species L, whilst the cross‘coefficients, Lik’
give a measure of the kinetic coupling between the two species, i
and k. All the coefficients are dependent on the frame of ieference
chosen forvthe flows, and therefore on the solvenf figed reference

frame. Both direct and cross coefficients contain contribntions

from the solvent.

2.2.1 The Inverse Form of the Phenomenological Equations

The inverse form of equation (2.19) is

_

Z R,
k=0 ik

.*

X = J i = 0, 1,‘ 2, see I (2.28)

i
in which the flows are referred to an arbitary reference frame.

"The coefficients, Bik’ are frictional rather than mobility coefficients.
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In an electrolyte solution the direct coefficients, Rii represent
frictional interactions between like species,.and the cross
coefficients, Rik’ interactions between the two different species

i and k.

The coefficients in equation (2.28) are not uniquely
defined as neither the flows nor the forces are independént; v
.However, the condition that there shall be no dissipation of free
energy when the velocities of all species are equal implies

equation (2.24.)16’]"7

n

I CR, =0 (i=0,1,2 ... n)- (2.29)
k=0 k ik T

The Ri. now become uniquely specified and reference frame independent.
Thus multiplying equation (2.29) by (vi - v ¥, where v, is the
- velocity of species i and vx is the velocity of the arbitrary

reference frame, and subtracting from equation (2.28) gives

‘n . g
X, = I Rik.Ck(vk - vi) (1=0¢,1, ..o n) (2.30)

k=0

Since the v, have cancelled out the R., are reference frame independent.

ik
As wifh the mobility coefficients, the frictional coefficients can be

shown to obey the ORR -

Ry = Ry (i,k =0, 1, eee n) (2.31)"

It can also be shown that the direct coefficients are always positive

whilst the cross coefficients can be positive, negative or zero, i.e.

R, >0 (1=0,1, ... n)‘} A (2.32)

ii

4.17‘15.“1:1@:’ > Ry + Ry (k=0 '1"_‘--- n)

[
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For a binary electrolyte system with flows defined on
a solvent fixed (SF) reference fiame Jo becomes zero and an

independent set of equations can be written

X R,-J; + R,.J

(2.33)
2 21°1 22°2

Equation (2.33) is the exact inverse of equation (2.21)
and can be obtained from it by matrix inversion. Thus the
frictional coefficients can be expressed in terms of the mobility

‘coefficients. The results are

L L

22 22 S
By = qu B2 = | (2.34)
Ly Ly
By, = I Ry = 70T
where [L} = Lyiloy = Lpolyy (2.35)
Combining equations (2.29) and (2.34) then allows R, Ry and B,

to be.calculated.

2;3A' Measurement of the Phenomenological Coefficients - Analysis of

Transport Experiments in Aqueous Electrolytes

We consider the isothermal system of a binary electrolyte
in a neutral solvent which exists in solution as

' 2 2
Cp Ay = r,C 14 r A O (2.36)
-1 2 : :
Here ri and tb are the stoichiémetric‘coefficients for ionisation
of the salt into cation, C, and anion, A, with signal valencies 2

-and 22 respectively. It will be shown later that the following
- ,
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®

derivations are also valid for a system where ion association is
present if C and A represent the cation and anion constituents '
respectively instead of the simple ions. The cation or anion
constituent is the tetal amount of cation or anion wﬂich would be
‘presenf if all associated species of the type Cnl An2 (Zlnl + Z2n2)
were completely dissociated. From equation (2.36) the electro-
chemical potentials of the ioms, &l and (., and the chemical
potential of the electrolyte as a whole, o9 aTe seen to be related
by " " '
Mg = T + Tl - (2.37)
whilst electroneutrality requires that

rlzl_ + I'2Z2 = ’0 . ' (2037)

The SF reference frame is chosen and the phenomenclogical
equations (2.21) used where the thermodynamic forces, X;, are

identified as the negative gradients of electrochemical potential.

n . :

X, ="¥; - 9 4 gp ¥ 5 _3100 (2.38)

1 — 1 oxX .
ax 3xX T ,

where xis the distance parameter. The l-dimensional case oaly is

considered as this corresponds to the normel experimental conditions.

The 2Mi are gradients of chemical potential of the ions in joule

X

mole em ™+ and g—;{’ is the gradient of electrical potential in the

system in volts cm_l, and F is Faraday's constant in qﬁlomb equiv-l.
The four iﬁdependent experimental quantities r;eédea to
'evaluate the four Lik eoefficients-are the equivalent eonducfance,‘A,
the diffusion coefficient, D, the Hitterf transferehce number, tih,'
and tﬁe emf transport number, fic.‘ The ORR imply that ene'of these
experiments is redﬁndant, and it wil;'be shown thaf the ORR imply

- . that the Hittorf and emf tfansference'humbers'are identical.
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2.3.1 Electrical Conductance ‘The electrical conductance of

an electrolyte sclution obeys Ohn's law 3

ax

‘'where I is the current density in Amp cm"2 and « is the specific
conductance in Ohm-lcm-l. In terms of flows of ion constituents I
- becomes

I = (zlJ1 + ZJ2)F | (2.40)

in a conductance experiment the concentration is uniform throughout
the cell and therefore the chemical potential gradients vanish and
Xi'becomesséquation (2.41)
— -a v' -—
X = ZiF_ -—ffax i=1,2 ‘(2.41).
Substituting equations (2.21) and (2.41) in (2.40), rearranging,

arid comparing the result with eéuation (2.39) gives equation (2.42).

' 2
o= (30 BByl + Iy) ¢ 5L (2042)

The more commonly reported experimental quantity is the
equivalent conductance, defined by equation (2.43)
1000 K ' Ly -
B S~ : S (2.43)

where N is the concentration in equiv l-l, and 1000 is really

1000 cmslfl. Comblnlng equations - (2.42) and (2043) gives
. , . ,
n = 199%25_ | | - (2.44)
where ' '

A 1Zp(Lyp + L21) +32 2L22 (2.85)
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A is normally measured on an apparatus fixed reference frame,

but can be shown to be reference frame independent;s.

2.3.2 The Hittorf Transference Number The Hittorf transference

number, tih, is defined as the fraction of the total electrical
current carried by the i th ion constituent in a solution of
constant composition. It is defined_on a SF reference frame. In’

terms of flows this definition becomes

* i _

Combining equations (2.21), (2.40), (2;41), (2445) and (2.46) gives

h

for the cation transference number, t1 ’

.+ h 2 ' o

1= 2 Lyg + 550, (2.47)
« ’ _

It is easily verified that in a binary electrolyte solution

+t, =1 ' (2.48)

2.3.3’ E.m.f, Transférénce Numbers An electrochemical cell

with transference éonsists of two compaitments each containing an
identical electrode and an electrolyte. " The concentration of the
electrolyte in each compartment is different, and the two compartments

are joined by a liquid junction. Such a cell is represented by

- Ag/Agl .znclz(cl)‘»[l Zn012(c2)' AeCl/Ag

are concentrations with C,> C,. Diffusion occurs

2 2 1°

across the liquid junction, and as a result of the unequal ionic

where Cl and C

mobilities charge separation occurs. In a very short time (16-93 or
 1ess) powérful q&lombic effects slow the faster ions and speed up 
the slower'ioﬁs so that no net current flows and a liquid junction
potential is set.up. Thus | |

I = 23, + 2,J, = 0 - (2.49)



19

The gradients of chemical and electrical potential are
non-zero. Substituting equations (2.21) and (2.38) in equation

} (2.49)-ahd solving for F‘(-éef) éives

FX)- Galin * Bolyy amy o (Blyp * Bolpy  amp
o ‘ a 3 X ' 3 X
o
(2.50)
We can define the cell or emf'cation‘transference number tlchas
. 5 |
‘ Z.°L + 2.2.L
tlc - "1 711 . 12721 ‘ , (2'51)

and similarly for the anion transference number, tzc. Substituting

in equation'(Z.SO) gives the classical equation for the diffusion

potential
: t% o L TR
¥y 2 1 2. =<
P-5 ) = L ax t I, = (2.52)

Equation (2.25) must be transformed by including the
elect:ode feactions foi the sysﬁem considered. Assﬁming, as in the
cell depicted above, that'the electrode is reversible to the anion,
and integratlng from the anode, a, through the cell to the cathode, B,

the classical result is obtained

o g
‘ 1 i | RT 1 e
E = == — Lo ==, = +,~ dln
- F 0z, M2 = TF Iz 1 e
[c 2 [0 4
(2.53)

vhere E'is_thé émf of the cell at zero current and R is the gas
constant in J deg 1mol l. For electrodes reversible to the anion
subscrlpts 1 and 2 are lnterchanged.,

Experlmental values of t.  are obtained from the derlvatlve

l

of equation (2.53) by measuring the emf of cells where the concentration



of.the.solution around one electrode is varied and that of the solution

around the other is held constant. This gives
c _ »rlle a"‘E2

1 RT alna12

Equation (2.54) applies when a5 is known from other studies. It

t (2.54)
can be seen by comparing equations (2,51.) and (2.47) that the Hittorf

and emf transference numbers arc identical if and only if the ORR hold.

'2.3.4 Diffusion Isothermal diffusion occurs in the presence of
a concentration gradient. The flows of anion and cation are coupled
s0 that the net current is zero and equation (2.49) applies. When

combined with equation (2.37) this gives equation (2.55)

J J :
== = 7 | (2.55)
1 2
o J J
Here J is the flow of the solute as a whole since —— and = represent
1 2

the flows of cations and anions in the propertions found in the

electrolyte compound C. A, . The diffusion coefficient is now
, 1 72 '
defined by Fick's Law

J %g (-22)= ¥ (- %) (2.55)
‘where'(D)o is the diffusion coefficient on the SF frame of reference,
in cmzsec-l M is the thermodynamic diffusion coefficient in molg‘J“]'cm-l
s'fl _anailooo-‘is really 1000,027 ‘cmBl-l. Equation (2.55) can be
ﬁritten _
ioc)m( 3 = X 31112 §—°) (2.56)

where ( 3"12) is. given by
9 c :

; : dlny
. 8%2 = B (e gD o (2a)
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where T=T) +7T, and y is the mean molar act1v1ty coefficient.

Equations (2. 55) (2.56) and 2 57) give

D) : :
e BE)  (2.58)

1000 rRT M
(o

As a matter 6f experimental convenience diffusion
v_coefficients are normally measured on a volume fixed reference frame
and reported as such, D_. (]))o and D_ are only equal at infinite
dilution although in dilute solutions the difference is small and
c0mmonlj neglected. This is not valid in concentrated solutions

19

however, where the relation between the two can be expressed as

_ (®, D, | |
1-+ .g_%% = 1 4310y | (2.59)
- 95 lnm

'whefe,m is the molality in moles per kilogram of solvent and y is

the mean molal activity coefficient.

An expression for M or Dv in terms of the Lik is reguired.

_Eqizations (2.21), (2.38) and (2.55) give

J ‘ - -
1 1 u1 2 -
TEI T o {I‘n =% ng (53 )+ (2L + 2,L,) F <-§'§/>

(2.60)

By substituting for F (é-g%g) from equation (2.50) and rearranging
equation (2.61) is obtained, which, when comparéd with equation (2.55)

gives equation‘(2.62)

T = - | It 22 fola1 | (- M2y (2.61)
, Y _
) n | '
M =_ &% |aloy = Iyolo (2.62)
T, L L ’ :

On substituting from equations (2.58) and (2.59) equation (2.63)

is obtained
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1000rRT
b, = c ( 1+

e R S B V3
04

SN (2.63)

alnm )

2.4 Calculation of the Transport Coefficients from Measured

ggantities

The mobility coefficients, L’k’ are obtained from the
measured transport propertles by the s1multaneous solution of
equatlons (2.44), (2.47), (2.51) and (2 63). The result is

C
Loy b A 1% Dy (i,k = 1,2)

~ = 3 2 + 3
10°F°Z, 2, 10 RTrrlzi(l + dlny )
’ - Plom (2.64)

" If the ORR are assumed the distinction between t and ¢ can be
omitted. VWhen the physical constants have the units quoted in

section (2.3) the units of Cik are mol 1,0 em s tequiv C. The

'Lik are divided byvthe equivglent concentration to reduce fheir
concentration dependence and give them a more readily-appreciated
physical significance, just as the equivalent conductance, as oprosed
to the specific corductance is choseh for comparisons between
electrolytes. As Ji must tend to zero as concentration {ends to
zero, no matter the values of the forces,all the Lik must tend to
zero at zero concentration. Howevér, on division by N, the direct
coeffibient for any ion will tehd to a common non-zero limit no
matter the valency type of the electrolyte considered.. The cross
coefficients wlll still tend to zero at zero concentration and be
more heav1ly concentratlon dependent because 22 is negative and thus

' causes the first and second terms on the right hand side of equation

(2.64) to partially cancel.

The frictional coefficients are obtained from the Lik/
N



23

calculated from equation (2.64) by direct substitution in equations

~ (2434) and use of e@uations (2.29). The results are .

Lo | a2
MR,, = —== M, = F
S RATE Oy SRR 31
"‘Lgl Lll
R, =—% NR,, =
21 N/l(%)l 22 N /I(-l%)l
” wherel | (-%') | = fll. 222. - leLgl o >‘ (2.65)

N

'Substituting in equations (2.29) from (2.64) gives

ORyp = = (Myy + 7,WRp,) 2

Clog = - (oM, + rR)2Z (2.66)
R » 2

00 C

¥ = - (@CRy + r2c’oR20),--‘-’--

Z,
'where Z is the number of equivalents per mole of solute‘and Co is
the solVent concentrafion, given by

C, = %—3 C ' ' } (2.67)
j;k’
thé Rik”are multipiied'by the apprOpriate concentiation to give them

where M.° is the moiecular weight of the solvent. As for the L

.a physically more realistic interpretation. The units of these

frictional coefficients are J cm.s equiv mol™217%,

2.5 The Influence of Ion Association

The principal object of study in this thesis is ion=-
‘association and complex fbrmation in aqueous binary electrolyte
solutions and it seems prudent; therefore, to confirm that the thermo-

dynamic analysis outlined above applies to such systems. Consider
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_the case of the binary electrolyte Cr Ar which dissociates formally
, 172
as represented in equation (2.36), but where complexes between cation

and anion ef‘the form CAiZl + 12, are formed in a stepwise manner.

¢+ a% = cal1 4% |

cals L2 4 4% = o)1 P (2.68)
%, + (n-1)2 .

o 1 2 Z, _ 2. 4+ nZ

ca s 472 =1t

Let the electrochemical potentials of cation, anion, and complex
species i be &c’,hA and ﬁi respectively. From equations (2.68) they

are seen to be related'by'

"\,‘+im N

BTy Tl (4=1,2...n0) (2.69)
The dissipation function for this system can be written as
n .

Te = J1x1+J2X2 ‘= chc"'JAxA 4+ I

i:X; > 0, (2.70)
= Tt

and the corresponding phenomenclogical equafions as

Jj = I‘11"}1 + L%

. (2.21)
Jp = LKy + Lk,
and
. n } , )
3g 0= L% vl 4 ki& 115 (i = cyhyleye 1)
(2.71)

s , aTe the S.F. flows of cation and anion

congtituent respectively, Xl and X

As before J, and J

o are ﬁheir conjugate forces, and

the L, are mobility coefficients. Similarly j_,J, and j; are the

flows of_fiee cation, free anion, end the i th complex respectively,
on the:SF reference frame. The conjugate forces, X, X, and X, s are

given by the negative gradients of the electrochemical potential.of
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these discrete species. | From equation (2.69) these are seen to be

related by equation (2,72)

g #1 =X, +ix, (i = Ly eee n) -~ (2.72)

It is required to show that equations (2.71) can be
reduced to the form of equations (2.21). Firstly it is noted that
the total free energy of the solution can be expressed as the sum of
‘the free energies of each of its components. This gives equation
(2.73) |
e = C ol Poch 11,2 (2.73)
Cratp = CoMe # Gy + I Gy 1=1,2...n (273
‘ i=1l :

Substituting for u; in equation (2.73) from equation (2.69) gives

equation (2.74)

- n ; n ,
Caniar = n(C. + I C)+p, (c, + = ic.) (2.74)
12712 | c e joq T A MA jo3 1

From the stoichiometry of equations (2.68) it is obvious that

n

1
rn == . (C.+ I c,)
1 Cp S -
. n (2.75)
T, = G . (CA + I 1Ci) : S

12 ‘ i=l

When equatibns (2.75) are substituted in equation (2.74) the result
is seenvto>be identical %o equation (2.37)..' This proves that

' equation (2.37) is valid foi any electroly%e in thch ion association
is present whén'the chemical'potentiais on the right hand side of the
equation are taken to be those of the free cations and anions. It
also shows that in equations (2.21) and (2.71) xi can-be identified

as equivalenf toabc and X, as equivalent to xA.

The stoichiometry of equations (2.68) also gives equations

(2.76)
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(2.76)

 Substituting equations (2.76) and (2.72) in equations
(2.71), and collecting terms in %, and x, gives equations (2.77)

which are seen to be identical to equations (2.21)

9 = BG4 DK
o (2.77)
32 =. EX1 + FX2
wheré, _
' : ' ; n o -) n n
Bz L., =1 + £ Q..+, +1 )+ © 1, -
_ L ‘ce jm1 it 7 Tie ci j=1 k=1 K
R
n o ( S ‘) n n
D=L = 1, + I 1, +3(,. +1 . + I T kl..
12 cA i=1 iA ii .c; i=1 k=1 ik -
ik
n n n
- . 1. +i(1.. +1.) + I © il,
Eflyslyetiy M i1 7 e FERERE
S ™
n .
FEL,=1,, + & |i(1,, +1 )+121- +
22 AA i=1 AL | TiA C Tii
n_ n _
z iekel
i=l k=l ik
. ik '

 Thus the derivations given in sections (2.3) and (2.4) can
be seen tokbe valid for systems. where complexing or ion association

_are present.
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Chapter 3

Preparation and Characterisation of Aqueous Solutions of Zinc Salts

3.1 ' Preparation of the Stock Solutions

- Solutions of zinc chloride, zinc nitrate aﬁd zinc
perQhIOrate were prepared and investigated. - The preparation of
each solution will be described in turn. In all cases high grade
distilled water, suitable for electrical conductivity measuréments,
~was used for preparing stock solutions. All sﬁlutions were filtered
through a millipore filter before use. This_filter contains a small
amount of detergent to facilitate flow through if, and this was |
removed in each case by pre-washing with at least 1 litre of distilled

water.

-3.,1.1 Zinc Nitrate This salt is available in high purity from
several chemical manufacturers; we obtained our supplies from Merck
' "and Co., Ltd. The salt was supplied as a mixed hydrate, making it

1mpossxble tc prepare accurate solutlons by weight.

A sample of this material Qas recrystallised from water
by coollrg a.saturated solutlon from room temperature to 0°C and
collectlng the resultlng crystals. The concentratlon and conducfanre
of a solution of those crystals in water was measured and compared
- with values obtained for solutions prepéred from the original materizl.
The agfeement was Qiﬁhin the estimatea experiméntal efror of i'C‘.OE;%,
and therefore all subsequeht S6lutions were preﬁared from the original

‘sample.
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3.1.2 Zinc Perchlorate ‘Zinc Perchlorate is also commercially

available‘in high_purity, Eut it is expensive and obtainable only
from American suppliers.. It was found to be simpler, qﬁicker,

and cheaper to prepare this salt in the labbratbry by adaing excess
spectroscopically pure zinc oxide (Koch Light) to Analarvperchloric
acid (B.D.H.) and filtering bff the unreacted zinc oxide. The
solutioﬁ pfepared in this way géve a slight ﬁilky frecipitate on
dilutioﬁ, probably due to excess dissolved zinc oxide. A sample of
.zinc peicblorgte was recrYstallised from thié solution by the method
described above. The crystals obtained were also found to give a
slight preéipitate when used té make very dilute soiutions{ | The |
o:iginal solution wés then made slightly acid (approximateiy pH 2)’by
the ;ddition of a few drops of perchloric acid and another sample
reérystéllised, Care ﬁas taken to remove as much of the mother
liquor as stsible from the crystals'to ensure tha£ no eicess acid
was carried forward. These crystals gave clear solutions at all

" ~dilutions and‘this.method of recrystallisation was therefore adopted

for the preparation of the experimental material.

3,1.3 Zinc Chloride The preparation of exactly stoichicmetric

solutions of zinc chloride presents gfeat practical diffiéulties,’
mainly Occasionéd by the fact that, because of its enormous solubility
in water and éther common’ solvents, zinc chloiide is ?irtually
impéssible to recrystallise, even from highl& acid solutions. Zinc
chloride of clailﬁed high purity is readily available comerciany, but
in ail cases it was found to contain'excess zinc which is precipitafed
as the insoluble pxychléride when the cleér'concentrated solutions

* formed by commercial zinc chloride are diluted.
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3.1.3.1 Methods of Preparation described'in'tHe Literature:

A fair émount ofvwork has been done on zinc chloride and
several methods of prepesration are described in the‘literature20~24.
Hamilton and Butlerzo passed dry hydrcgen chloride gas through dry
ether covering zinc metal. Zinc chloride was formed and dissolved
in the ether. When solution of the metal was complete the ether
was evaporated under vacuum and the product gently warmed to remove
thé last‘traces of ether. The zine chloride foiﬁed was cléimed to
N give cleaf.dilute solutions. The méthod does not,vhpwever, seem
suited to fhe preparation of large quantities of zinc chloride, and
was édnsequently not investigated any further. A similar method
» waé used by Lunden21. He passed dry chlorine gas over strongly heated
zinc metélyahd obtained zinc chloride. Again this method does not
seem ‘suited fo the preparation of larée quantities of material,“and,
since Lﬁnden was working with molten salts, no evideﬁce exists as to

whether or not his material would give clear solutions.

‘Mosﬁ workers have prepared their zinc chlofide by adding
hydrochloric‘acid to zine oxide or commercial zinc chloride. Scatchard
and Tefft22 simply added excess zinc oxide %o hydrochloric acid and
corrected their resuits fér the presence of excess zinc (they were
measurirg the emf of cells of the type Zn/Hg zincl.2 Ag/AgCl). Harris
and Parton24 and Robinsen and StokeszB, each analysed commercial zinc
chloride for zinc and chloride content, and added a calculated amount
of hydroghioric acid to the solution to neutralise the excess zinc

oxide. Robinson and Stokes were not,'however, satisfied with this

solution and prepared another batch by adding just enough hydrochloric
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acid to a solution of commercial zinc chloride to avoid precipitation
of oxychloride on dilution. This solution they estimated to

~eontain zine and chloride in the ratio of 1.0055:2.

3¢le3.2 Selection of a Method of Preparation: Several methods

of preparing zinc chloride were tested in this work. vThe obvious
starting point was to try the direct addition of zinc oxide to hydro-
chloric-acid in the éuantities required for direct neutralisation.
vSpéctroscgpiéally pure zinc oxide was dried By roasting in an oven ét
900°C for 24 hours and stored in a vacuum dessicétor over phosphorous
pentoxidé to give amoisture free product which could be weighed as Zn0.
Analar concentrated hydrochloric acid was diluted with an equal
volume of distilled wafer, and.the concentratién of,this aci&
determined by measuring the electrical conductivity of diluted samples
of the solution, using the published data of Stokes?”. The calculated
weight of dried zinc oxide was.then‘added t0o a weighed amount of
h&drochloric acid (calculated from the published dénsity data26) and

the solution left aside for a few days for reaction to take place.

The resulting solution was clear with no trace of oxide
remaining, but had a pH = 2.5, indicating thaf‘excess acid was present.
As the solution was approximately 2.5 molar in zinc this corresponds
to an error of only 0.06% in the quantity of acid added. The amount
of zinc oxide required tovneutralise the remaining acid was
calculated and added to the solution. This dissolved completely to
givé a soiution whose zinc to chloride rafio was 1:2 within the
estimated experimental error of 3.07%.. This solution, which was

approximately 2,5 molar, had a pH of four. TUnfortunately a faint



31

.precipitate of zinc oxychloride was formed on eitreme-dilution,
“indicating a slight excess of zinc in the solution. Similar results

were obtained when the preparation was repeated.

"Thus the "stoichéﬁetric" method of preparing zinc chloride
was founa to be unsatisfactory because a very small error in the
pfepa:ation.caused excessive pH variat}ons. The_next method +to be
tried was the technique of Robinson and Stokes of adding small
duantities of acid to these solutions until no precipitate is formed
on diiution. This was done for three separate solutions, hydrochloric
acid beingkadded dropwise from a fine Pasteur vipette. In each case
the pH of the final solutioh was around four, and the stoichiometric

ratio was 1:2 within experimental error.

The most sensitive test of whether or not these three

Soiutions were ideﬁtical was considered to be the identity or othefwise
of their electirical conductivities at the same concentration. This
property'sh0u1d~bé extremely sensitive to the presence of even a
, slighf excess of acid in solution owing to.the exceptionally high
mobility of hydrogen ions in aqueous solution. Therefore the
“specific cohductances of several dilutions of each of the solutions

A, B éndrc were measured in the concentration range 0.3 to 0.7 molar.
The results'weré compared graphicaily as shown in Fig. 3.1, where‘the
points from the three different solutions are shown‘labelled, along
with thé best line through the points, obtained by a computer |
executed least sqﬁares curve-fit.v It can Be seen that the points ali
lie very close to the line, and the computer calculation indicates

that the standard deviation of the points from the line is approximately



0.05%, which corresponds to the expected accﬁracy of measurement
of the concentration of the test solutions. Thus the solutions

have been shown to be identical within experimental errcr.

The abbve method was adOptéd for the preparation of all
subseénent,solutions, with the minor glteration that in some cases
extra acid was added to solutions of commercially obtained zinc
'chloride. The results shown in fig. 3.1 were taken as standards;
Aand the solutions being prefaied were‘adjusted fof ziné or chlqride
content until the specific conductances of diluted samples fell on

the curve fit line within experimental error.

Another method of preparation: tried, and subsequenfly
rejected, deserves a brief mention. The idea was.to form zinc
chloride'in,éolutioh by the disflacement Of c0pper ions from cupric
chloride solution by addition of zinc shot. The réactioﬁ was tried,
and found to proceed vigorously %o give a colou:less solutién gbove
 a dense white precipitate whigh'was not positively identified, but
pfobably consisted of a mixture of zinc cxide and zinc oxychloride.
Cuprous chléride could also have been present, as the conditions in
the ‘-reacfion'flask, viz a boiling, acidic sblution of cupric chloride
in the presence of céppei, were ideal’for its formation. The
solution was filtered and left for 4 few hours over zinc shot o

ensure that any cuprous ions in éolution wereireacted. The resulting
solution was ﬁerfectlj clear aﬁd had a zinc to}chloride ratio of 1:2
within experimehtél error; buy if gave a vhite precipitate on
dilution. The electrical con@uctapce of the solution was‘measuréd

‘and found to be significantly below the standard curve, implying the
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presence of excess zinc. Therefore this method gives similar
results to the direct addition of zinc oxide to hydrochloric acid,

and was pursued no further.

3.2 Analytical Methods All the methods used weré standard
volumetric iechniques described by Vogel. All items‘of volumetric
glassware used were pyrex grade A, and.were all'calibfated as
deécribed’in Voge127a by weighing the amount of distilled water théy
deliQered or coptained. The coiréction factors were all found to be
within grzde A limits, but were nevertheless always applied. leume
.measurement exrrors were further reduced by carrying ocut all volumetric
operations in a room maintained at a consfant temperature of 2500 *1%.
The reproducibility of duplicate calibrations was T 0.05%. Most of
the énalyses for zinc were made by standard E.D.T.A. titratibn, |
alfhouéh a few were carried out potentiometrically using potassium
ferrocyanide as reagent. The chloride estimations were all made

" using a potentiometric titration with silver nitrate as reagent.

342,11 Estimation of the End Point of a Potentiometric Titration:

. Q
This was done using the linear plot method of Granz“’29,

by
which the titration curve of emf (or pH) plotted against volume of
titrant édded‘can be transformed by a numerical manipulation into
straight linés intersecting at the equivalence point. The derivation
of the function to be plotted against titre to give a straight line is
,straightfqrward but rather lengthy, and therefore only the relevant
result is quoted here. It was also found that. in the systems used

accurate, stable, potential readings were more conveniently obtained

after the equivalence peint, and therefore only one line was pldtted.
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The appropriate Gran function is given by :=-

F = (V,+7V) entilog ;17 (k - E) | (3.1)
where Vb is the initial sample volume, V is the fitre, E is the
corresponding potential reaaing (E is taken always as +vé), and k
is an arbitary constant greater than the largest value of E obtained
after the equivalence point. A plot of F against titre should give
a straight line which when extrapolated to F = O gives the titre
A correspon@ing to the equivalence point of the titration. . 1In all
experiments Vo was kept much larger than the titre, V, and therefore
the factor (Vo + V) remained approximately constant throughout the

titration and could be omitted.

342.2 Estimation of zinc by EDTA titration E.D.T.A. solutions

were prepared by dissolving a weighed quantity ovanalar disodium
dihydrogen.ethanediaminetetraacetate in distilled water in a graduated
flask, and standardised by titration with a solution of known zine
content. This standard zinc solution was prepared by dissolving a
weighed spectroscopically pure zinc rod in excesé hydrochloric acid
and diluting to the mark in a gradvated flask. The solutions to be
titratgd were diluted to 200 mls with distilled water and buffered to
pH IC with an ammonium chloride/ammonium hjdrochlofide buffer. The
indicator used was eriochrome black T. Duplicate analyses normally

agreed to better than 0.07% and were rejected if they did not.

The maximum useful concentration of E.D.T.A. solution that
can be prepared is about 0.15 molar, which means that for the more

 concentrated zinc solutions studied the sample volumes required to
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‘give réasonable titres were rather small., For these solutions it
was judged to be more accurate to weigh out the sample and uée the
éccurate density data being obtained at the same time to give the
volume. This procedure was also followed in the analyéis of.
‘Hittorf transport number experiments where fhe'number of moles of
solute associated with a fixed weight of solvent was required. The
concentration of a solution estimated-in this was expressed in unité
of moles/Kg. (mmoles/g ) and converted to a molarity by multiélication
by the solution density; obtained from a least squares curve fit
' po1ynqmial of denéity as a function of éoncent:ation in uhits»of

moles/Kg.

é?c

3.2.3 BEstimation of zinc content by Potentiometric Titration®'

Potassium ferrocyanide and zinc ions react to give a

sparingly soluble precipitate of potassium zinc ferrocyanide.
3 zn’t 4 2K-4Fe(CN)6 K2Zn3 [Fe(CN)G] o + 61{‘L

The reaction can be followedvpofenﬁiometrically if a little
‘potassium‘ferricyanide is éresent to form a redox couple with the
ferrocyanide. | Zinc ferricyaﬁide is~more.soluble than the ferrocyamide,
aﬁd is not, therefore, precipitatéd under the reaction conditions,
Thus the concentrationAof ferricyanide ion remains fairly constant
throughout the titrafion whereas that of the ferrocyanide ion rises
sharply at thevend point, giving.a correspondinglyxfapid rise in the
.iéduétion potential sensed by a platinum electrode placed in the

»reaction flask.

A diagfam of the experimental apparatus is shown in Fig. 3.2.
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The titrant, potassium ferrOcyanide solutionAcontaining a trace of
ferricyanidé, was contained in a 25 ml grade A burette which had a
platinum wire sealed into its tip below the stopcock. The tip of
the burette dipped into the titrand, which‘consisfed of a zinc
solution sample acidified with-50 ml of 4N sulphuric acid, diluted
to 200 ml with distilled water, and treated with 1 gm of ammonium
_sulphafe. The solufion was stirred by a magnetic stirrer and had
é bright platinum electrode dipping into it. ~ The two platinum
electrodes Qere connectéd to a Solatron IM 1867 Digital Voltmeter

which read the enf of the cell directly.

Thevtitration was carried out by running the ferrocyanide
solufién fairly raﬁidly from the buretie until a rise in the rate of
change of the digital voltmeter reading showed that the end point
‘was near. The.zinc sample was chosen sc that this happened after
_approximétely 20 ml of ferrocyanide sélution had been added. After
.vthoﬁqugh mixing of the solution the stirring was étoypéd and the
systém leftlfor a few mihutes until a sfeady reading was obtained on
' the §§1tmeter." This potential, along with the corresponding burette
vreadlng, was noted, and the orOCed re repeated about 10 tlmes until
the.last 5 ml or so of reagent had been added. The end point of
the titration was then determined by a Gran plot. A typicai plot
for the titrétion of potassium ferrocyanide and a zinc standard
solution is shown in Fig. 3.3. Duplicate analyses were found %o

agree within ¥ 0.05%.

3e2.4 Choice of Method for Routine Analysis of Zlnc Both methods

of analysis gave acvurate, reproduclble, results, which were von31stent
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with one another well within experimental erfor.- Most of the
routine ahalyses were done by means of E.D.T.A. titrations as a

- matter of convenience. In cases where the concentration had to be
4determined with the highest possible accuracy, €.g. in the analyéis
of Hittorf éxperiménts or the measufement of electrical conductance,
titrations were performed in triplicate, and the results rechecked |

if they deviated from the mean by more than 0.05%.

274

3¢2.5 Estimation of Chloride Content This was done by

potentiometric titration of the sample with silver nitrate solution.
The aﬁparatu§ used was identical tolthat shown in Fige. 3.2 except
that'thg platinum électrodes were replaced with silver. The chloride
solution was diluted to 200:ml with distilled water and titrated as
describgd above. The system formed a concentration cell with the
liquid junction at‘the burette tip,‘and the emf of this cell fell
rapidly.at‘the_end poinf as the concentrafion of silver ions in the
titration vessel increased. The end point was detérmined as above
: by means of a GranAplotf ?he silver nitrate solutions were
standardised against weighed amounts of dried, thrice recrystallised
potassium chloride solutions. The reproducibility of the results

was ¥ 0.07% as before.

3;3 Measurement of Density The density of the test solutions as
a function of concentration was reqﬁired in order to #llcw conversions
to be made between the. various concentration units used.’ Fivé
'pyknometers, each'with a capacity of apprbximatély BO‘ﬁl,-were used, .

each being balibrated'with distilled water.

The pyknometer was weighed clean and dry, filled with cool
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distilled wafer, and suspended for a few hours in a watef bath whose
temperature was maintained at 25°C X «005,until thermal equilibrium
had been obféined. ‘The pyknometer was then removed, rinsed‘with
cold wate: to contract the contents, dried by rinsing with Analar

- acetone, and reweighed. The weight of the contents was corrected

27

to vacuum e,and used to calculate the volume of fhe pyknometer from
the known density of water. Unknown solutions were treated in the
same way to determine the weight of solution contained by the

pyknometer, and hence the density of the solution relative to water

at 4°C. Duplicate measurements or calibrations agreed to I ,02%.

‘The results arélgiven in table 3.1 as values of the density
at round number molarities. These were calculated from least squares
curve fitv¢xpressions of density v molarity which repfoduced the
experimehtal data within the expected experimental uncertainty of I 0.05%.,
The major part of this uncertainty arose from the measurement of

:Qoncentration.:  A1l the §urve fit exﬁressions are polynomials of the

form of equation (3.2)

y = I aixl ' (3.2)
- i=0 '
The coefficients, a;s for the three salts are given in

table (3.2).

V 5;4 Measurement Qf Electrical Condﬁctance‘ The electrical
~conductancé of an gleétrolyte solution represents one of the\tiansport
properties required for a complete irreversible thermodynamic analysis.
In the case of zinc chioride it was also used as a measure of the
reproducibility of different batches of solution. . The methods of

| sthors30r31132

measuring conductance have been-reviewed by several authors

and require no general description here. The techniques and apparatus
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. Table 3.1 . Density of Ziﬁc Sait:‘Solution

- Density | Kg 1t

Molarity v

‘ ' Zinc Chloride Zinc Perchlorate Zinc Nitrate
o 99707 99707 o .99707
0.1 ©1.0099 1.0172 0 1.0124

0.2 1.0214 1.0369 1.0276

0.3 11,0328 1.0566 1.0428
0.4 . 1.0441 1.0762 » 1.0579

0.5 - 1.0552 1.0958 . 1,073%0
0.6 1.0662 1.1154 ~1.0880
0.7 . 1l.07m 1,349 1.0300
0.8 1.0879 1,1543 C 10179
0.9 1.0985 | 11737 1.1328
1.0 . 1Ja09 11951 . 1.1474

1.2 1.29 1,237 1.1771
1.4 1.1502 1.2701 1.2064

1.6 .1a702 1.3085 1.2355
1.8 ~1.1900 1.3464 . 1.2644
2.0 1.2094  1.3844 ~ 1.2930
2.5 1.2571 1.4785 | 1.3638
3,0 1.3038° 1.5718 C1.4332
3.5  1.3503 - 1.5014

4.0 1.3971 - o 1.5682
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- Table 3.2 = Coefficient of Least Squares Curve fit of

Density v Molarity

2, R & B ag

Zinc Chloride
Zinc Perchlorate

' Zinc Nitrate

.998163 117757 -.00763%24 = .0007811

.997401  .198624 =.0024274  <00007893

1.997037 © .153368  -.00275389 .00002544
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used in this work were basically these described by Jalota33’34 in

an earlier thesis produced in this department.

34441 - Conductance Cells The conductance cells, a typical

example of which is shown in Fig, 3.4, followed closely the design
of Jones and Bollingerss.‘ The filling and contéct tubes were kept
~as far apart as possible to reduce the capacitance between them, and

~ the shunt effect-whigh this causes. The filling tubes incorporated
bulbs which facilitated rinsing and filling the cells, and also
allowed mixing of the contenté during measurements to eliminste any
'concentrationAchanges causéd‘by adsorption on the electrodes or the
Soret effept25’36. Thevelectrodes were ¢ircular pieces of platinum,
16 mn in diameter, and were connected to the contact tube by a
platinum wire sealed into the glass of the cell and further sealed
with aralditebon the side remote from the solution.  The contact
tﬁbes were filled with mercury‘into which»dipéed the 00pper'r6ds used
_‘tbymake contact with the leads of the conductivity bridge. Féur
cells, each with a differént cell cohstant, were available, the cell

constant being varied by changing 1éng£hs and diameters of the céntrél

portions of the cells.

3.4.2 Platinisation of the cell electrodes This was done to

minimise the effect.of polarisation at the electrodes. The piatinising
solution was .025 M hydrochlorié_acid cbntainihg 043% platinum chloride
and 0,025% lead acetate37. © '8ix culombs of electriéity per-cm2 of
electrode area were passed using a constant current of 10 mA cn™?

prbvided by a Solartron P.S.U. AS1413 current source. The polarity

of the electrodes was reversed every ten seconds by an electronic

i
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sWitching device. After platinising the cells were well rinsed
with distilled water and were always stored in it. The electrodes
were replated from time to time, especially after a period of heavy

use.

3443 Temperature Control- As the temperature coefficient of

conductance is very high, amounting to some 2% of the total value
for a 1% temperature change, precise tempefature control. is
 esséntiél’before accurate results can be obtained. Thermostatting
ﬁas éffeétea by immersing the conductivity cells in a bath of liéht
_mineral 0il whose temperature was controlled by a mercufy toluene
coiled glass thermo-regulator. The bath Qas cooled by a coil through
which passed cold water and heated by a 60 wgtt light bulb immersed
in the 6il and switched on and off by the regulator. The bath o0il
was vigprously stirred by‘an electric stirrer. Temperature_was‘
measured by an E. Mil standard thermometéf, model K1 4047, calibrated
to N.P.L. standards. - By adjusting the rates of heating, cooling,

and stirring the température of  the ﬁath was maintained constant at
25% and'temperaturevvariations were kept within ¥ .002°%. A similar
system was used for té@perature control in all other transport

experiments.

3.4.4 Conductivity Bridge Conductance measurements were made

using a Wayne Kerr digital autobalance precision bridge, type B-331.
This instrument displayed capacitance and cohductance simul taneously
on two meters and six digital decades, three for each property, and
" allowed an accuracy of 0.01% to be obtained. A "Lead eliminator®
circuit was incorporated to eliminate completely any error caused by
the finite resistance of the connecting leads. Measu:ements were

made at an AC frequency of 1591.55 Hz,
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3e445 Calibration of Conductance Cells The cells were

calibrated after platinising by measuring the:cohductivity of 1,0,
0.1; and 0.0l demal solutions of potassium chloride. Demal
solutions were introduced for this purpose by Jones and Bradshaw38,
and are defined in terms of a weight of solute (KCl) in oné kilogram
‘of solﬁtion, and are therefore independent of the atomic weight
scales or vélume definitions currently in fashion. The weights of
potassium chloride required to prepare each of thesé‘three standards

are given in table 3,3.

Conc. W. of KC1  W. of Sol. g(ohm-’l en™)
' (vac) ~ (vac)
1,00 D 7011352 100 g o .111342
0.10 D J741913° 100 g .0128560
0.0l D .0745263 100 ¢ ~.0014087
N.B. all weights are weights in vacuo
3.4.6 Preparation of Demal Solutions Potassium chloride for

preparing,thé ¢alibrating solutions was purified by recrystallising‘
twice from distilled water, drying in an air oven atllBOOC, grinding
in an agate mortar, and redrying. The salt was stored over silica
gel in a vacuum dessicétor. Approximateély seven grams of this salt
was accurately weighed in a clean, dry, stoppered flask, and the
weight correéted to-vacuum27e.‘ From this weight, and the information

in table 3, the weight of solution required in vacuum was calculated
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and corrected for air bouyancy. Distilled water of low conductivity

® ohmLom™t without degassing)

(specific conductance less than 1 x 10~
was added until this weight was attained exactly. 0.1 and 0.0l demal
solutions,were prepared by weight dilution of this solution, again

with the application of vacuum corrections. : Two sets of calibrating

solutions were prepared, enabling the cells to be calibrated twice

- with solutions of the same concentration.

Three conductanée cells, originally constructed by Jalota,
were used in the present'wérk. Two, each having ce117COnstants of
around 90 cm—l, were used for the more concentrated solutions, and
were calibrated with 1.0 and 0.1 demal KCl, while the third, with a
cell constant of around 35 cm-;, was used for the dilute solutions,

and calibrated with 0.1 and 0,01 demal KC1.

" 3.4.T7 Measurement of Conductance The cell to be calibrated was

rinsed three times with 10 ml samples of the calibrating solution

* before being filled and immersed in the oil bath. It was left for
approximately‘% hour to allow temperafure equilibrationvto;take place
and its conductance then measured every four minutes until the reading
became constant. The solution in the cell was mixed to ensure
uniform concentration and the conductance remeasured. No change in
the conductance was observed showing tha£ polarisation effects were

absent.

The specific conductance of the water used to prepare the
‘solutions ﬁaé measured, using the approximate cell constant available,
and added to the known specific conductances of the calibrating sclutions.

The cell constant was then calculated using the relation :-
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kL, =k o v (53)
where k is the cell constant, L is the observed conductance and

K. is thc<total specific conductance of the solution. The measured

cell constants were all reproducible within iV.OZ%.

34448 Measurement of conductance of zinc salts solutions Specific

conductance was measured as a function of concentration fer all three
zinc salts. The conductance measurements were carried out as
described for the calibration and the specific conductance'calculated
from equa%ion (3.3). From this value the specific conductance of

" the water used in preparing and/or diluting the stock solutions was
subtracted to give thevexperimental specific conductance due %o the
salt. A few of the ﬁore dilute solutions were swept clear of
dissolved air and carbon dioxide with nitrogen, but since this was

found to have no significant effect the practice was discontinued.

Since the specific-conductaﬁce was tp be measured to
within i‘.02%, every.attempt was ﬂade.to approach this accuracy in
the measurement of concentration. = The concentration of a
concentrated stockvsolution was.determincd by titrating several times
with E.D.T.A. solution. Several weight dilﬁtions of this stock were
prepared, and their concehtrations checked by titration with E.D.T.A.
The agreement was generally better than 0.05%, and'if‘not.the

solution was rejected. The conductance of each solution was then

" measured.

36449 . Results The specific conductance, and the eguivalent
conductance, were Obtained over the concentratlon range .03 M (. 1 No*mal)

to 4‘Molar for zinc chloride and zinc nitrate, and over the range
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Conductance of Solutions

Zinc Perchlorate-'Zinc Nitrate

99.153

94.664

Concentration Zinc Chloride

mol 170 < A < A <
0.0 0.0 129.15 0.0 120.16 0.0  124.26
0.1 17.861 89,307 17.514 87.571 17.705 88.525
0.2 32,122 80.431 32,662 B81.654 32.296 80.740
0.3 43.996 T3.327 46.589 TT7.648 45.450 75.750
044 54.217 6T.T7TL 59.615 T4.519 57.593 T1.991
0.5 62.558 62,559 TL.664 TL.664 68,608 68,608
0.6 69469 57.891 82,784 6€8.989 78.650  65.525
0.7 754201 53.715 93.028 66.449 87.838 52.741
0.8 79,970  49.981 102.446. 64,029 96.237 = 60.148
0.9 83.954 46.641 111,113 61.729 103.856 57.698
1.0 87.538 43.625 119.048 59.524 110.719  55.360
1.2 92.473 - 38,571 132,666 55.227 122.272  50.947
1.4 96.537  34.462 143.352 51,197 151.094 46.819
1.6 99.673 31,097 151.184 47.244 137.%282 42,932
1.8 102.010 28,295 156,259 43,405 141.335  39.260
2,0 103.663 25,912 158,694 39.673 143.213  35.803
2.5 105.460 21,092 154,162 30.832 140.462 28,092
3,0 ' 104.875 17.481 136,676 22.779 129.550  21.592
3.5 102.682 14.669 - - 113,409 16.201
4.0 12,426 = - - 11.833

The units of «-are lOBOhm_lcm

-1

kand of,Aiare‘cmzohm—lequiv-;>_
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+03 Molar to 3.2 Molar ‘(saturation) for zinc pérchlorate. ‘The
results are shown at round number moiarities in table 5.4 and in
table 3.5 the coefficients of the curve fit expressions between
specific conductance and molar conoéntrafion are given. The
results are also shown graphically in Fig. 3.5 as a plot of the
equivalent conductance against molarity. Also shown in Fig. 3.5
are thérexperimental results of Rabincwitsch39 for zipc chloride
and Jones4o for zinc nitrate. In neither case is the agreement
Vifh the present Qork ver& good. Jones' resulté are abou£ 196
lower fhan-the present ones and must be considered seriously in
error, whereas Rabinowitsch's results for ZnCl2 are onlyil% lower
than the present work. Although it is not entirely clear how
Rabinowitsch prepared his solutions, it seems likely that the major
éausé’of fhis discrepancy is an incorrect Zn:Cl ratio in hisv

solutions.
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Chapter 4 _ The Measurement of Diffusion

Several excellent reviews of the measurement of diffusiiity
' iy 1 :

- are avallable4 ’42’43’44, and therefore only the more important will

be mentioned here. The quantity of interest is the diffusion

coefficient, D, which is defined by Ficks lst and 2nd laws i—

oC

J =D -—a—x) (4-?-)
'g—i.= 'g; D"('g-:‘() - (4.2)

The diffusion coefficient is in general concentration dependent;

b, defined ab0ye is specific to one cdngentration, Cy and is called
the differential diffusion coefficient. All the important methods
for measuring the diffusion coefficient depend on a solution of

* equation (4».2) 'with suitable kboundary conditions. In free diffusion
methods one.bf the conditions is that the concentrations at the
extremitiés of the diffusion cell should remain constant with time,
whilst in restricted diffusion methods these concentrations must

change with time,

4.,1,1 The Diaphragm Cell Method4l’45 Diffusion takes place in

| a vertical cell divided into two compariments by a porous diaphragm.
The lower compartmeﬁt is filled with the more concentrated solution,
and the top with thevmore dilute. Both compartments are well stirred
. 80 that the diffusion process is confined to the diaphragm pores.
-This~has ﬁhe advantage of reducing the adverse effects of vibration
,;nd teﬁéeiature fluctﬁafion, but does mean that the method camnot be

absolute; calibration with a solution of known diffusion coefficient
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is required. The method is unsuitable for the study of dilute
solutions because of adsorptlon effects on the large surface area

of the dlaphragm pores.

4.1.2 The Porous Frif'Method42’46 This is a restricted diffusion

method. ; A poroﬁs frit is soaked in solution and suspended from-the
arm of a balance in a bath of solvent or dilute solution. As
‘diffusion from the f;it proceeds the weight of the frit falls. From
the change of weight with time a value for the diffusion coefficient
of the soiution in the frit can be obtained. = The method is quick
and moderately accurate, and has the advantage of cheapness since no
special equipment is required. For these reascns it is most suitable

'for a rapid but approximate survey of diffusion coefficients.

4.1.3 The Harned Conductimetric Methoatl?42143:47  qmig ig 4

restricted diffusion method. Avconcentration gradient is formed in
a closed rectangular cell and the concentration changes with time near
the ends of the cell are measured by the change in electrlca_ conduct~
ivity of the solution by means of electrodes placed at these points.

"~ The method is very accurate but requires great care experlmentally

and is confined to very dilute solutions by problems with the

electrodes.

" 4.1.4 Optical Methods it 142143944 There are a great nmumber of

these, mOSt of which have been surveyed by Longsworth4 All make use
of the fact that for most electrolytes the refractlve 1ndex of a
solution is very nearly a linear function of its concentrationJ Thus

measuﬁement of the refractive index profile of a diffusing system

i



gives a direct measurement of the concentration profile in that
system. 4The various optical methods differ mainly in thé exact.
Optiéal_system uéed to measure the refractive index profile, and

in the choice of free or restricted diffusion as the boundary
‘condition in the solution of equation (4.2)s The two most important

optical systems are the Rayleigh and the Gouy systems.

4.1.4.1 The Gouy Interference Method48’49’50 Monochromatic

light from a horizontal slit is passed through a vertical cell in
which a concentration gradientbis present. An interference patte:n
contéiningié finite number of lines is preduced. The depth of the
interference bénd is dependent on the maximum value of the refractive
index between the top and bottom of the cell. The Gouy method is
used fo study free diffusion., It is capable of high precisioh; but

is not applicable to dilute solutions.

4.1.4.2 Tﬁe Héyleigh Interference Methodsl’sz’s}’54 - Monochromatic

' light fr§m a point source is split into two beams. One beam is
paésed through a cell containing a concentration gradieﬁt and the
other passed through a medium of constant refractive index. The two
~ beams when recombined give a band of interference fringes whiéhvforh a
direct map of the refractive index gradient in the cell. This method
53

is capable of high prebision and has been used to study both free

" and restricted”” diffusion.

4.2 Choice of Method

The ﬁethod chosen for this study was Rayleigh interferometry

appliéd to restricted diffusion. Rayleigh interferometry has been



applied by LOn_gsworth53 to the study of free diffﬁsion, and recently
by Chapman and Nevman’# to the study of restricted diffusion.

' Chapman and Newman showed that this method was capable of giving

a well defined differential diffusion coeff1c1ent for one concentration
$o an accuracy of 0.2% from one experiment, and was applicable over a
wide‘range of cohcentrations. The equipment required was a‘standard
Tiselius electrophoresis épparatus whiéh was made available to us

through a grant awarded by the S.R.C.

The diaphragm cell technique was considered,vbut was thought
to be less suitable as it is not an absolute method, and is less

accurate than the Rayleigh method.

4.3 The Theory cf Restricted Diffusion

In the normal experimental set up restricted diffusion tzkes

plaée in one dimension in a closed vertical cell of height, a, (see

© Pig. 4.1).
‘ . .
L ——— optically flat
/ ‘ i " fuces .
a T R e
—
§

Fig. (4.1) Diffusion Cell
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Free dlffusmon takes place from an 1n1t1ally sharp ‘boundary between
 '301ut1ons of dlfferlng concentratlon until the concentration changes
reach the top and bottom of the cell and the concentration profile

~ becomes symmetricai. When this happens the conditions for

restricted diffusion are obtained. These are

X _ o,

r for x=0 and xX=a (4.3)

Harned assumed that D was independent of ¢oncentration, in which

case the solution of equatiOn (4.2) is a Pourier series of the form

C=C,+ I B exp(--’l-"—z- . cos (EX) (4.4)
- n=1

where C is the concentration at time, t, at a position, n, in the cell,

Co is the uniform which will be obtained in the cell after infinite

time, and the Bn are constants. The difference 1n concentration

between any two symmetrical points in the cell, X = E‘ and X = (a-E)
is therefore given by :- ,

n’r?
2
a

cos ( ﬁ— (a -¢)) (4.5)

AC=Q§-Ca_~£= nél BnAéxp(‘- D) cos (2-.E) -

Harned observed that all the terms of even value of n in
eqﬁation'(4;5) vanish and that a choice of & =a/6 would also cause
the n = 3 term to vanish. Equation (4.5) then becomes :-

f?Blevxp.(-;-é- .Dt)-/3—35e;r.p(,- z e Dt ) 4 ——— |
| S (4.6)
The higher terms in eQﬁation (4.6) quickly become negiigible as the

value of t rises until at suitably large times only the first term is
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- important.’ Taking logarithms of equation (4.6) for the first term
.only gives

2

In (&) = (/3 B) - (BF). ¢ (4.7)
a :
Thus a plot of 1n (AC) against time should give a straight line of
5 ‘ :
D . . . '
slope, - GLE- » The linearity or otherwise of such a plot will
2% -

be proof of the assumptions made in the derivation.

The results derived above were used by Harned only in very
dilute éolutions where volure changes and frame of reference effects
on diffusion are negligible. Chapman and Newman héve‘carried out an
analysis of restricted diffusion in concentrated solution354, taking
those effects into account, énd their results are.stated here., Their

equfvalent‘expression to equation (4.6) is

' ' . Dw 7(2 .
AC ’==»A1f3—exp (- 3 v.t)+A2e;gp
0 _ 2
(..}D__;_S—'t).*._
a
_ (4.8)
where Al and A2 are constants for any one experiment and are dependent

on the initial conditions in the celil, D® is defined in the analysis
as the volumé fixed differential diffusion coefficient of the uniform
solution present in the cell after infinite time (or thorough mixing).

25

The second term in equation (4;8)Ais of order e’ rather than e>2 as
- suggested by ﬁarned's énalyéis, but it will,_however; still begbme
negligible at sufficiently large times. Chapman and Newman have thus
| shown that'restricted diffusion.can be applied to binary electrolyte

solutions of any concentraticn to yield directly a differential

diffusion coefficient.



4.4,1 : Rayleigh Interferomefry

The basis of Rayleigh interferometry is the ability of
two cdhgrent beams of light to interfere constructively or
destructively dependihg on the phase difference in their waveforms..
A simple érrangement for producing interference fringes is to pass
coherent light through two parallel slits in a mask ana iet the
resulting light pattérn fall on a screen, és shown in Fig. 4.2.
Consider the point M on the screen at distance y from the optical axis.
M receives light from both slit A and slit B, but the light beanm
from siit A has to traverse a distance d sin 6 greater than that from
slit B (where 9 = tan™t y/R; R being the distance from mask to
screen). The two beams of light are in phase at the mask, and they
will be in phase at M, and hence produce an intensity maximum; if |

and only if d sin & is an integral number of wavelengths A .

. Now consider the case when two optical samples A and B of
thickness 1 and refractive indices n, and ng are placed in front of
slits A and B respectively. The optical path length in any medium

is the actual length multiplied by the refractive index, and hence the

condition for constructive interference at M becomes
d sin 6 + l(nA-nB) = mA m=1,2, ece (4.9)

Now consider the effect of changing the ;efractive index'of sample A
fromlnA,to QA + AnA whilst keeping that of B constant. The
difference in oPtical'path length between the two beams converging at M
will chaﬁge, and in general there will no longer be an intensity

maiimum at M. The situation at M is now described by
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d sin 6 + l(nA - nB) + l_AnA = (m +.Am)>\v m=1, 2, ... - (4.10)

where Am is an increment in m, not necessarily integer. The
product, AAm, is a measure of the displacement of the intensity

maximum originally at M. Equations (4.9) and (4.10) combine to give
lAn, = AAm ' (4.11)

" Thﬁé by measuring the displacement of the ﬁayleigh
interferénce paftern the change in refractive index of sampie A can
be estimated. Since the wavelength, A , is constant, Am, the number
Aof "fiinge shifté" in the interference pattern between any two points
can be takén as a direct measure of‘the difference in refractive index

between those two points.

If the change in refractive index at A is caused by placing
‘solutions of different concentrations, C,, at A, equation (4.11)
~ becomes

l1.p.4 C, = Am - ‘ (4.12)

where p is a constant if, as is true for most slectrolyte solutions,
refractive index is a linear function of concentration. Thus the
shift in the interference pattern is directly proportional to the

change in concentration.

4.4.2 A Simple Rayleigh Interferometer The basic form of the

Rayleigh interferometer after the model of Phillpot and Cook? is shown
in Fig. 4.3. Monochromatic light from the point source P is focussed
by lens L onto the screen. The mask M is inserted into the light beam

and cells C and C1 are placed in front of the slifs. In the absence

;
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<of the cylindrical lens K the interference pattern préduced will be
focus?ed‘in a small image centred at point F. The cylindrical lens
spreads this image cut in a vertical direction without distorting it
in the horizontal direction’ 2, If cell C contains a solution in -
which there is a one dimensional concentration gradient and Cl contains
'a uniform reference solution this arrangement will produce a direct

map of the refractive index gradient in C as the interference’pattern

is shifted by varying amounts by the varying refractive index in C.

The system described above produces a rather narrow pattern.
A much broader and brighter pattern resulfs if a multipcint source is
usedss. If the pointsAare properly spaced to reinfbrce one another .
the effect is to superimpose the m'th fringe of one pattern on the less
intense (m’+ 1)th fringe of the adjacent pattern, and the still less‘

intense (m + 2)th fringe of the next pattern, etc.

4.4.3 Precision of the Method The precision of this method can

be easily estimated. The sodium D line was used as a light source,

therefore A is 589 nm, p for most electrolyte.solutions is of the order

2 1

of 10°°1 mol ~, and the pathlength used was 2.5 cm. Substitution of

those values in equation (4.12) shows that one fringe shift corresponds
to a concentration change of approximately 2 x_].(')'-3 mol 1L, Fringe
shifts can be estimated easily to T% fringe, thus giving a precision

of 2 x10 4 mo1 1% in acC.

4.5 Eiperimental Apparatus and Technigque

4.5.1 Apparatus Experimental measurements of diffusivity were made

using a commércially available electrdphoresis apparatus viz the
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MSE EiectfoPhoresis apparatus model 5, ﬁu:chased from Measuring &
.Scientific Equipment 1td. The apparatus offefs-a choice of a Schlieren
or a.Rayieigh optical system, and therefore the exact Opticél
airangement is slightly different from that of the simple Rayleigh
interferometer described above, although the end iesult is the same.

The optical arrangement of the machine is shown in Fig. 4.4.

Monocﬁromatic light from the sodium lamp is passed through
a condenser lens, and the resulting beam deflected along the §p£ical
path by the mirror. This beam is passed through a diffractioﬁ
grating which acts as a multiple point source of light. The beam
then passes through a collimating lens and a plane window into the
thermostaf bath. In the bath are the 6ptidal cell and slit aésemblies,
and after passing through these the beam passes out of the bath and
through another collimating lens and is brdught to focus by an
objective lens onto the film plane of a 35 mm camera. A cylindrical
lens between the objective lens and fhe camera‘spreads thefimaée
| vertically. A movable mirror allows the final image to be observed
- through the eyepiece for focussing and visual estima{ion of the

progress of diffusion.

4.5.2 Optical Cell Assembly and Holder The optical cell assembly,

shown in Figs. 4.5 and 4.6 s basically a standard Tiselius cell, and
is separated into three main sections, top, centre, and bottom, which
fit together by means of flat ground glaés plateé. ‘The middle section
consists of fwo vértical, parallelopiped channels or limbs held
together by, two horizontal flat ground gléss plates;‘v The two narrow

vertical faces of éach iimb are oPtically flat and parallel. On one
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Slit Assembly

Plungers

Fig 4.5
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of the faces of each limb are etched tw fine horizontal lines,
approx. .02 mm thick,exactly-% of the total cell height from the top
" and bottom of the limb. The bottom section consisfs of a U tube
held in a flat ground glass plate. The tips of the U tube channel
are set to be able to connect exactly the two limbs'of the middle
portion. A cqnnection is set into the bottom of the U tube to allow
solution to be led in from an exterhal reservoir‘via a flexiblé
connecting tube. The top section consists of a flat ground glass
plate supporting a reservoir above each limb. Each reserveir was

closed by a teflon stopcock.

The optical cell assembly is held in a metal supporting
frameﬁork shown in Fig. (4.5). This support has a system of plungers
which are used to displace the centre éection of the cell sideways to
isolate it from the top and bottom sections. There is also an
asSemBly on the cell holder consisting of four vertical élits in a
metalvplate, Those slits can be blocked off in any combination vy a
selector mechahism to produce the beams of light through the cell limb
and surrounding solution which produce the interference pattern. The
slit assembly can be shifted laterally to keep it in line with‘
céﬁtre section of the cell. The cell assembly is,supported in a
large thermostat bath of‘aistilled water maintained at a constant
température to O.OOZOC by means of a thermostat controllied by a

mercury toluene regulator.

The Rayieigh patterﬁ is produced by interference between a
beam of light passing through the cell limb and a reference beam

passing through the liquid in the thermostat tank.
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If the difference in refractive index between the solution
in the cell'and the liquid in the tank is too great.an indistinct
patfern is produced due to the slight inﬁomogeneity of the sodium
iight_source52. The pattern méy be éharpened by matching the optical
path lengths of the two beams. This was done by adding ethylene

glycol to the bath water to increase its refractive index.

4.5.3 Settinz Up a Run The glass parts of the cell were cleaned

in Decon 75 solution, well rinsed with distilled water, and dried
after rinsing with Analar acetone. The ground glass surfaces were
cleansed of grease by wiping with a tissue soaked in cyclohexane.

Thé ground élasé sﬁrfaces of the three sections were lightly smeared
with a light.siliéone grease, pressed together, and slid to and fro
ﬁntil no air bubbles remained trapped in the grease between the ground
glass plates. The glass assémbly was then mounted in the cell
holdei;and.the flexible tube of the external reservoir attached to
:'the’bcttom of the U tube. The plungers were tested to make sure <hat

the centre section of the cell was free to move.

The bentre section was pushed to the right thus closing off
* the tops of the U tube. The external reservoir was fhen filled with
degassed test solution. The centre section was moved back to open
the tops of the U tube and solution allowed to flow genfly into tﬁe

U tube by opening the stopcock in the external reservoir. - Solution
was allbwéd to flow until the U tube was full and solution had started
Yo flow into the éentie section. The centre section vas slid back
to close‘off the T tube,égain, and the small amount of solution

remaining in the limbs of the centre section with-drawn with a syringe.
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The limbs of the centre section and their associated reservoirs
were then filled with solutions Qhose concenfrations weie slightly
'iess_than’the solution in the external réservoir, each solution
having been degassed ahd having a slightly different concentration
‘.(Fig.v4.6A). The exdact values of the threeAconcentratiéns did not

need to be known.

The cell and holder were then placed in thé thérmostat
tank and positioned so that the cell lay in the 0ptlca1 path of the
machlne, and left for some hours until thermal eoulllbrlum was
obtained. Three photographs of the Rayleigh pattern produced by
each limb of the éell were taken. These Rayleigh patterns should
consist'of-paraliel vertical straight lines, and anj deviation was
assumed ﬁo be caused by imperfectibns in the 0pticai faces of the limbs
and cérrécted for whenimeasuring-the experiméntal films. The stop~
cocks in fhé three reservoirs wérevclosed and the centre section of
the glass cell slid to the left so that the chammels of all three
parts of the cell were aligned (Fig. 4.613)‘. ‘The slit asseuibly was
also shifted to the left to keep it in alignment with the cell limbs.
This.produced a sharp coheentratioﬁ boundaryvin the limbs at the

Junction of the bottom and centre portions of the glass cell.

These boundaries were then shifted, one at a time, until
they were'in the middle of the limbs of the cehtre sectioh, as observed
wifh the érbsswires inltheveyépiecé. The.stOPcOCk on the left hand
reservoir was opened that of the rlght hand reservoir being kept shut.
The st0pcock of the external reservoir was then 0pened gently and the

boundary in the left hand 1imb of the cellvallowed_to rise slowly.
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This was followed by,obserﬁing the Schlieren pattern in the eyepiece.
ThefS¢hlieren patterﬁ, which giveé the gradient of reffactive index
in the SOIution, was found more useful for setting the béundary as
it consisted of a sharp peak. When the peak was centred 6n the
érosswire'in.the eyépieée the stopcocks on the external and lef% hand
resérvoirs were closed. The process was'repeated in the right hand
limb., At this stage the boundariesvc0uld be sharpened, if requirea,
by insertiﬁg a fine syringe needie into the Cenfre of thercéncéntration
bOundary,and gently with-drawing about 5 ﬁl of solution from the
boundary region. Nofmally this was not necessary. The centre
.seCtion of the cell was displaced to the lef%, thus qlosing the limbs
at the top and bottom (Fig. 4.6C), the slit assembly moved into
position, and the timer started. The conditions for restricted

v diffusion were fulfilled when the concentratioh gradient reached the
ends of the limb, and measurements could then be started. This
normall& took about 2 days. A typical run took about twelve days

| fiom setting up the boundary to the end of the run, and normally two

pictures of the Réyleigh pattérn were taken per day in each limb,

4.5.4 Analysis of Solutions At the end of a run the cell in its
~holdér was removed from the thermostat bath, rinsed with distilled
water, and élldwed tc dry. The top reservoirs weie emptied and dried
with paper tissues to remove any last dIOpS of solutlon. With the
‘centre section held in. p031t10n the top sectlon was slid over to open
the tops vathe llmbs.:‘.The solution in each llmbvwas ‘well mixed
with a cleah dry syringé;Aand'then transferred, using the syﬁinge, to

a clean, dry, weighed flask. The concentration of the mixed solution
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corresponded to the concentratioh which would be attained‘after
infinite tlme, and is the one to which the measured diffusion
'coeff1c1ent corresponds. The flask plus solution was welghed, and
.rewelghed after the solution had been diluted w1th distilled water.
The»concentratlon-of this solutlon was determlped by titration with
E.D.T.A. solution in the normal way, and the concentration of the

solution in the limb calculated.

4.5.5 . Measurement of the Films  Each exposure of the film gave

4a'pictore.of the refractiveAindex‘profile of the solution in a limdb
of the celi at a specific time. Typical examples of the'pictures
obtained at the beginning, middle, and calibration of the cell _

" are Shown'in Figs. (4.7), (4.8) and (4..9). The measurement required
_from the fllms is the net displacement undergone by a fringe between
the two reference llnes, A and B, etched on the cell, given by wAml
where w is the width of one fringe and Aml is the number of fr1ng°

_w1dths by which the m'th frlnge 1s displaced on going from line A %o

line B, = w will be a constant of the apparatus.

The films were measured using a Nikon Model oC profile
projection ﬁicroscope. This instrument had a stage whose lateral and
longitudinal movements could Ee measured byvverniervscales capable of
. reading‘to 0.001 mm. kThe film was sandwiched'between two sheets of
Optlcally flat glass and placed on the mchOSCOPG stage. Usihg the
CIOSSW1+eS in the centre of the screen the left hand reference line A
on the film was made perpendicular te the longitudinal drive direction
- of thedstage; The crosswires were central on a position where the top

of a dark fringe crossed the reference line, and the width of 25 fringes
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Fig A8

Final Concencentration Gradient
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Fig 4.9

Cali bration
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meaéured by displacing the micrOScobé sfage in the’lateral'direction.
This ga#e a measure pf the avérage width of a fringe, w. This |
varied slightly from frame to frame having a standard deviétion of
around 0.5% over all the films measured. »The deviation in duplicate.

measurements of the same frame was never greater than 0.2%.

The croéswires were again centred on-the intefsection of
a fringe top with reference line A and the stage moved in a iongitudinal
direction until reference line B was reéched. The number of friﬁges
crossed while doing this was noted. This-procedure was equivalent
to ﬁoving the stage.latérally froﬁ this position and‘counting‘the
number of fringes crossed until the original fringe was reached. The
residual fraction of a fringe ciossed,kbut.not countéd, was estimated
ﬁy displacing the stage laterally to the‘t0p of the néxt fringe top and
,measuring the dicblacement. This, diﬁided by thé averége width of a
frlnge, gave the remaining fraction of a frlnge, which was added to the

1ntegra.l tota.l to glveAml.

The calibration pictures‘taken at ﬁhe start of each run
were‘always.measﬁred first. ’with an optically perfect'system these
frames would show no defleétion of the fringe pattern, i.e.d n* would
be zero, but in practice a constant shift of about half a fringe was
observed. This was ascribed to optical lmperfectlons in the glass ceTl,
and the:éxperimental results were corrected for it. The standard
deviation‘of twelve measuremenfs of thisvcorrectioﬁ factor was taken
as representative of the:accuracy with’which Am; could be estiméted.

This deviation was never gieatér'thén 0.l of a fringe and waé'usually

rmﬁch émaller.' As the value of’Am1 during a run changed typically from

i
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ar0und’40 to around 20 this precision eorresponds to about 0.3% in -

a single measurement.

4.6  Calculation of the Diffusion Coefficient It was shown above

that An&'is directly proportional to the difference in the refractive
indices of the solution at points A and B in the cell ( An = n, nB)
'The quantlty required for substitution in equation (4. 7) is the
concentratlon difference betweenvthose two points, Ac, and it remains
to be shown that Ac is directly prepqrtional to A n for the two
systems studied. To do this the refractive index of aqueoﬁs solutions
of zinc chloride and zinc perehlorate was measured as a function of
concentration over the whole coneentration range studied using an

Abbé iefractometer. All measurements were carried out at a constant
temperature of 25°C. The results'are,shdwn in Fig. (4.10) as plects

of refractive index against molarity.

It is obvieus f‘r,omyFig. (4.10) that for these salt’s the
~refractive index cf an aqueous solﬁtion is not diiectly proporticnal to
molarity, and therefore we cannot>simpiy write Ac = A An. lHarned has
shown however, 47,51 that such a relation will still be true prov1ded
the quantlty measured is a symmetrlcal function of concentratlon.  That
this is the case for the two salts studied is shown by the results in
table (4.1). The first column shows values of C; - C, centred about
a mean concentration of (c; + C2)/2, the second column shows the |
corresp0nd1ng value of n1 - Dy and the third column shows the value of ’
the quotlent (C -'02)/(n - n2). The constancy of the values in the
third column at each mean concentratlon is proof of the relation Ac = AAn.

Substltutlon of thls relatlon into equatlon (4 7) glves s

7
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Table 4.1
Salt G +C G =C myen, o - °2/
. 2 , -
i Bl
1.0 1.0 © 0.0207  0.0207
2nCl |
| 1.0 0.5 ©0.0104 © 0.0207
2,0 1.0 0.,0178 ~ 0.0178
ZnCl,, | | | -
‘ 20 0,5 0.0088  0.,0176
| 2,0 - 1.0 - 0.0173  0.0173
2nCl, | | | |
, 3.0 . 0.5 0.0088  0.,0172°
1.0 10 0,0222 0.0222
7n(C10,), o .
| 1.0 0.5 ~0,0112 10,0224
2.0 1.0 0,027 © 0.0217
2n(C10,),

2.0 05 . 0.,0109 0,028
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- gl 42 | | | .
iIn( 4n) = B T -lna-(Z2) | .  (4.13)
and since M is directly proportional to Am* we have P B
1, _ 111 C\2 - , o .
n( 47) =B - () | - 4a19)

‘Thus a plot of log( Aml) against time should give a straight line of
‘slepe'- 2.30§D(.§?)2. TaBle 442 gives a typical set of results for
one limb of .2 run, The measured value of Aml was corrected, the
logaiithm taken, and the value plotted ‘against time fo,give the straight
line graph shoﬁn in Fig._(4.ll); A computer ﬁrogramme writfenAto
perform most of those calculations isrreproduced in the Appendix.

This programme read in as pairs of An} end time, and then read in

the correction factor. It then calculated the natural logarithm of
the corre~+ed value of Anﬂ'and produced a straight line fit of thln
‘agalnst time by the method of least squares. The,programme then
echecked if any of the experlmental p01nts dev1ated tco far from the
‘-least squares line, reJected any that dld, and repeated the calculatlon
with those remalnlng. The programme then calculated and printed out |

-the value of the diffusion coefficient.

‘Most of thevdeviant~poiﬁts were found to lie‘at the_beglnnlng
or the end of a run. | A deviafion at the beginning of a run was
.'cons1dered to be caused by the elapsed tlme being too sbort to allow
the hlgher terms of equation (4.8) to become negligible, and deviation
at the end of a run was con51dered 10 be caused by the onset of '

convection currents in the cell because the den51ty gradlent was too low

to overcome the effectslof v1brat10n.

4.7 Resulte . The experimental results are shown in table 4.3 for

zinc cthride‘aﬁd”zinc perchlorate;" In table 4.4 are given the




82_

1y "Big
(g OLx 995) dwWiL

G0

| ‘(v)ﬁd“l_'

- 07




83

Table 4.2  Analysis of a Typical Diffusion Run with Zinc Chloride

Displacement of Fringe Pattern with zero concentration

~ gradient = 0.25:7. 05 fringe

Displacement of log A

Time (secs) . Pattern { 4)

74100 , 78.94 - . 1.8973
252600 64411 1,8069
363350 . 56432 1.7507
415900 L 5204 1.7221
498100 47.85 - 11,6799
587950  sa L6346
607460 42,12 B 1.6245
674550 38,86 | 1.5895
692200 - 38,08 SR 1.5807
754400 - 35.22 o - 1.5468
932600 28451 , - 144550
1016950 . 25.90 :  1.4133

Molarity of final Solution = .17484M |
S

2

| Diffusion Coefficient ~ D= 1.01803x107°cm
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Table 4.3 Experimental Diffusion Coefficients
Zinc Chloride Zinc Perchlorate
Molarity . Dx 10° Molarity D x 10°
| crn2 's-lv ' ‘ ' cm2 s_l
-0 , 1.209 4 0 _
.0499 1,048 - 0255 - 1,046
1748 1.018 L0416 1.054
«2477 1.005 . .0823 1.030
«2796 | 1,002 00915 1.034
3254 .995 o ages 1,085
6137 2979 ' <3525 1.119
7442 967 . W3632 . l.127
«7651 975 6198 1.214
«9096 W9 6426 1,222
1.2829 1,007 15136 14493
1.3115 1,012 15677 11,507 .
1;8114 1,042 | - 2.1701 1.574
1.8313 1,050 C2.2175  1.564
2.3569 | 127 | 25495 . 1.5%9
12,9948 1.206 | 3.0727 1.328
| 3.0946 ' 1.204 | 31705 14347
344419 1,248 o |
o 3.9067 0 L.2m
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Table 4.4 Coéfficients of Least Squares curve fit Expressions

of D v /C
Coefficients
0 1 2 % % =
ZnCl, 1.21034  <1.52779 3.91632 =6.17783 4.65707 =1.29486
0.0-1.5 M | |
aniz S L3.164110 2.240 o0 468191 | ‘

‘ o3| - o’ =0, - -
loa.gu 239104 -3.164110 2.240799 0.4 o
zn(c10,) o : -

472 11157  -0.705702 1.831215 <1.511311 =0.882843 =0.260420

 .03-3,15 M
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coefficients of the least squares curve fit of the diffusion
coefficient against the square root of molarity for both salts.

The standard deviation of the results is O.S% in each case.
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Chapter 5

The Measurement of Transference Numbers and‘Potentiometric Measuremenfs

5.1 ;Measurement of Transference Numbers

The measurement of transference numbers is an eesential part
of an irreversible thermodynamic‘analyeis. The»traneferenCe number
represents one of the three independent transport properties required
for the calculafion of mobility or frictional coefficients,when the
Onsager reciprocal reiations are assumed. iFurthermore the identity
or otherwise of the cell emf transference number with'fhe_Hittorf
(or moving boundary)btransference nunber provides a test of these
relations13’14’l5. There are three major techniques for measuring
'transference nunmbers, and'as they have‘all been described eomprehenSively

58,59,60,61

elsewhere only a brief sumary will be given.

- 5.1.1 Moving Boundary Method558’59’60’61 ~ In these methods a

‘sharp boundary petween two electrolyte solutlons is formed in a narrow
tube. The two solutlons must possess a common ion, and the two non-
common ions should have 51gn1flcantly dlfferlng mobllltles. If an
v;electrlcal current is now passed the unequal mobilities of the
non-cOmmon ions W111 cause the boundary £0 move along the tube. = The

volume by Wthh the boundary is displaced by the passage of a known

N quantlty of electrlclty is srmply related to the transference number

| of the more moblle of the non—common Lons. The maln dlsadvantage of

.i the technlque is that a frame of reference correctlon is requlred. The

mOVement of the boundary is measured relatlve to the experlmental

apparatus, whlle the transference number is normally requlred on a
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solvent fixed reference frame. This correction becomes
‘progre331vely larger and more uncertaln as the concentration of the

solutions studied increases.

5.1.2 Concentration Cell emf Method58’59’6l The basis of this ,

method is that the emf of a concentration cell with transport is a
funetion of the transference numbers of the ion censtituents in fhe
solutions concerned. The method requires that electredes can be
found which are reversible to a# least one of the ienic species in
solutien, and that activity coefficient data are available as a
funcﬁion of concentration for the electrolyte.concerned. There is
no_limit‘to.the eoneentratidn rangeiwhich ean be studied es long as _

suitable electrodes are available.

 5.1.3  The Hitborf Method’0?77'®l  Thig is the oldest of the

techniques for measuring transference numbers. A measured quentity
of electricity is passed through the solutlon concerned and the |
change in concentratlon in the regions near the electrodes determlned.
,The~electrodes need not behave reversibly o) the_constituent ions;
but they should{be capable of passing a fairly‘neavy current without

' excessive heating or gas evolution. Any‘concentration range from

0,01 Molar upwards can be studied.

5.1.4 Selection of Methods In chapter (2) it was shown that

: transference numbers measured by the Hlttorf or mov1ng boundary

, methods, tlh, and transference numbers measured by the cell emf method,

tlc, are identical only when the Onsager reclprocal relatlons are

valid.  The ORR can only be proved theoretlcally under the llmltlng

"condltlons of vanlshlngiy small thermodynamic forces, and must therefore
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be verified experimentally. Consequently two of the three
techniques outlined above must be used. As the mofing‘boundary
method becomes unreliable at the concentrations studied here the

two methods chosen were the cell emf and Hittorf methods.

- 5.1.5 Selection of Zinc Salts for Study The primery objective

of this thesis is to compare the transport properties of zinc
chlorlde solutlons, which show heavy ion COmplexlng, wlth those of
another zinc salt in whlch complexing is absent. The most suitable

choice for this second salt would appear to be zinc nitrate, as

Raman studie362 have shown complexing to be absent from its solutions.

Unfortunately it was found impossible to produce eleetrodes,that .
wvould behave reversibly in zinc nitrate soluiions, or even pass &
current without excessive gas evolution. It was; therefore,'not}v
possible to measure traneference nunbers in zinc nitrate solutions.
_ For thisvreason zinc perchlorate was studied instead. There is'nql
. direct evidence for the absence of complexing'in solutions of thisb
salt, bﬁt as the perchlorate ion is generally considered to be an

extremeiy poor ligand complexing was essumed to be absent.

Transference number data are avallable in the llterature

63

for both zinc chloride and zinc perchlorate.- IIarrls and Parton

measured the cell transference number of‘zinc chloride in the

‘concentration,range 0o 5 - 12 mol Kg’l'of SOlvent, and Stokes and

64

Levien. for zinc perchlorate in the concentratlon ‘range

meaeured tl
0'1 - 4.0 ‘mol Kg 1of solvent. . In addltlon a few early measurements

of tlh at 18 C by Hittorf65’66 are also. avallable for z1nc chlorlde.

e experimental work consisted of determining ‘the Hittorf transference
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numbers of zinc chloride and zine perchlorate solutions in the
concentration :ange 0.1 - 4 mol'Kg7l of SOlvent; and of aetermining
the cell emf transference numbers of zinc chloride solutions in this
concentration iange. This duplication of the publishedeork63 over
a large sectlon of the concentration range was seen as a useful
verlflcatlon of earlier data, partlcularly since the preparat;on of

zinc chloride shows certain variations from one study to another.

52 Measurement of the Hittorf TransferencévNumber

5¢2.1 Apparatus = The Hittorf cell used was of a similar design

to that introduced by MacInnes and Dole67'and used recently by Pikal

and Miller68’69.
¥ig. 5.1. The cell was constructed of 10 mm bore pyrex tubing in
two éectipns coupled together by a Bl4 Quickfit joigt. The assembled
cell could bé separated into three compartﬁenfs tsing two large bore
StQPdocks A and B. Each of the electrode compartments had a'vp;ume
of approximately 25 cm3 and the volumé of the whdle cell was

3

approximately 100 cm”.

For the ana1&51s of a Hittorf experlment it is essentlal
that the concentratlon changes produced are confined to the two
elect:ode compartments, and for thls_reason every precaution was
taken to prevent thermal ahd gravitafional convection.currents within
the'cellr The cell was bent in several places to break ﬁp‘anyosuch :
currents and the barrels of the stOpcocks were made hollow to allow
00011ng water to clrculate through them and prevent any local Joule

heating. The cell was held rlgldly in a SPeCl?1 holder and was

‘.

A photograph of the cell in its holder is shown in
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immersed in a water bath maintained at 25 £ .005%C as deseribed

in section 5.4.3. To minimige v1brat10n the water tank was placed
- on rubber pads, and the thermostat stlrrer motor was supporied on a
separate stand, also sitting on rubber pads, which did not touch
the water tank., Finally, to :;void density mixing’, the polarity of
the electrodes was arranged such that the anode (round which the
concentration is expected to increase) was situated ét the bottom

of the cell, and fhe cathode at the top.

5.2.2 Electrqdes - Both electrodes consisted of short lengths

of spectroscopically-pure zinc rod sealed into a B14/20 Quickfit
cone with Araldite. Before each run they were cleaned Ey dipping
them into strong nitrie. acid for a few minutes to remove any possible
oxide film, and finally rlnged with distilled water, and dried w1th
a cléan tissue. Dur;ng the preliminary runs w1th zinc chloride
solutions using electrodes treated in this way it was noted that
 there was substantial gas evplﬁtioa at both cathode and anode. It
was aiso-noted that a white film, presumably of zinc oxide or
oxychl@ride, formed 6n the anode, and that after passing current for
15 hours or more the solution around the anode started to become
cloudy- due to preb:pltatlon of zinc oxychloride. These side reactions
were greatly reduced by using amalaamated electrodes. These were
prepared by dipping the cleaned electrodeg into dilute mercuric
chloride soiution for a few minutes, rinéing with distilled water,
"and pOllshlng gently vzth a clean tlssue. Electrodes treated iﬁ.
this way were v1rtually free from side reactlons prov;ded the

electrolysis was not carrled on for too long.
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5.2.3 - Current Supply A Solartron P.S.U. AS1413 cﬁrrent :

source was used to supply a cohstant cﬁirenf fo the cell., This
instrument ha@ an output voltage of-4OV, and was capable of
supplying to the cell currents of either 5.8 or 15.8 mA constant

to I 0,19, ‘Both‘values are safely under the maximum current

values recommended by Pikal and Miller68. The current was monitored
when entering and leavihg the cell by measuring the‘potential drop

across two 10 ohm standard resistors placed in series with the cell.

No lezkage of current from the cell te the thermostat tank was found.

5.2.4  Experimental Method The two parts of the cell, with the

electrodes in position, Were weighed clean and dry. The test
solution wes swept clear of dissoiVed oxygen by passing nitrogen

gas through it for about 30 minutes. ' The celi was'aSsembled1in its
holder, filled'ﬁith solution, and left in the thermostat tank for

one hour to allow thermal equilibrium to be attained. The electrodes
~ were then connected to the eurrent,souree and the current switched-dﬁ
at a noted fime; The duration of a run was anything f;om five to
fifteen hours depending on the current used and the amount of
electrolysis possible before side reactions at the elethodes became
treeblesome (see section 5. 2.7 for more details). In any case the .

concentratlon change in the electrode compartments vas restricted to

a maximum of x 10% to minimise the risk of concentratlon changes . -

outwith the two electrode compartments.

' At the end of the experlment the current was switched off,

and the total elapsed tlme noted. The e;ectrOde compartments were

then isolated'by'01°sing the two stopcocks, A and B. The cell was
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then removed from the thermostat bath and the exterior cleaned‘and |
dried. Three samples of solution were taken from the central
section of the cell; one from the region close to the anode
compartment, one from close to the cathode compartment, and one from
the centrg region. The electrode compartments were each weighed
with their contents, after which the contents.of each compartmeﬁt‘
were thoroughly mixed and transferred to clean, dry; stoppered flasks
'to awalt analysis. The weightsvof the electrode compartments were
corrected for the weight of zinc transferred from the anode to the
cathode during‘electrolysis, and the weights of solution in each

compartment at the end of the run calculated.’

5.2.5 Analysis of Solutions This was carried out, as described

in Section (3.2.2), by triplicate E.D.T.A.'titration of weighed
_samples of solution. The concentrations of the three samples from
the’central portion of the cell were determined first. Any
_discrepancyvin those three'concentrations was taken as an indication
that concentration changes during tﬁe run had not béenvéonfined>to
the electrode compartments, and that the experiment must be discarded.
Wheﬁ'theiconcentrations of the three samples agreed within the
expeéted experimental efror (0.07% or less) they Qere averaged. The
concentrations of the samplés from the anode and cathode compartments

were then determined in a similar manner.

5e 2 6 Calculation of the Transference Number From the definition

of transference number5 the number of mlllxxmlombs carried by the
zinc species in solution is ¥ Iﬂ”, where I is the current in mA and o

is the tlme of the run in seconds. Therefore the amoun+ of zinc
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ion constituent transferred from the anode compartment to the

cathode compartment is t+-%éi mmol. At the same time %é;- mmolés
of Zinc'are added té the solution in the anode.compartment, and
removed from the solution in the cathode compartment, as a result
of the electrode reactions. Thereforevthe change in the amountsAof

zinc ion constituent in the anode and cathode compartments respectively

are given by :~

| | Ly . IY |

An ode __ (l - t+) . ....._ (5.13,)
L Ir

Aathoge = (P4 =1)- 57 (s'lb)

,'  Those changes must be calculated with respect to a constant
-mass of s§lvent to ensure that the resulting transference npmber is
referred to a solvent fixed frame of reference. If the.average
concentrétioh of the solution 4in the electrode compartment af the end
of a run is mé mol kg‘lk‘ofv solution, and the weight of this vsolution
is Wvg, the'émcunt.of zinc present is mfw mmol, and this is aséociated
with W(1 - 10° mes) gms of solvent, where M is the molecular weight
of the solute. At the start of the Tun the concentration of the
solution in the electrode compartment was mi'mol Kg’l, from which it

~can be shown -that the amount of zinc ion constituent associated with

: m; - _ ; - :
one gram of solvent was <+/(1 ~ 10 5 miMs) mmoles.  Therefore =

| 1073 L |
Aan = m W - mW (1 - 10 meS)v . - (5.2)
1 = 1070 ) -

wo . (m

: -m)
e , £ i’
-3 .
(1 -107 mM)

An‘is pOSitivé for the anode compartment and negative for
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the cathode compartment. Combining eguations (5.1) and (5.2) gives

- t+) = =2 - - LI Imf -m,

I7 563) -
T @ -107%mm) i (53) -
: 1l S

where‘t_ is the transference number of the negative ion constituent.
Transference numbers were calculated from the expeiimental results
using equation (5.3), with‘m:.L as the average concentration of the
solution in the centre compartmen%, and m. as the concentration of

the mixed solution in either the anode or cathode compartments.

5¢2.7 Results ~ The results of the'experiments performed with

zinc chloride and zinc perchlorate solutioﬁs‘are sﬁmma:ised in tables
(5.1) and (5.2) respeétively. ‘In these tables the first column
glves theAmolérity éf the solution conceined, and the next five columns
,give thé concentrations, in mol Kg‘l, of respectively the‘centre;v:

* cathode éentre, anode centie, anode, énd‘cathode 301utions.i Thev
seventh and eighth coluﬁns’gi§e réspectively the weights of solution
in the andde and cafhode compartmenis at the énd of the run, and the
ninﬁh gives the vaiue,of’the factor %5}- which fepresents the.total
‘amount of electrolysis which has taken place. The final three
columns give the trénsference riumbers calculated from the Tesults at
the anode and cathode cémpartmenﬁs; and the average value, réspectively.
The results are esfimafed to have an accuracy of k) «01 in the avéragev

value, the bulk of this error arising in the analysis of the solutions.

The accuracféobtainable by the Hittorf method, even for
ideal systems, is llmlted by the baslc factor that the end result
‘ depends on a small dlfference between two relatlvely large concen-

 trations.‘ The speclal problems assoclated w1th the aqueous solutlons
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of the zine saltsfmake‘the situation even less.satisfactory; The
naximum cohcenfration change which could be obtained in -the
electrode compartments before side reactlons at the electrodes began
to occur was limited to 109% for the more dilute solutlons, falllng
to 3% for the more concentrated solutions. The formation of an
oxide orVOXychIOride coating on the anode was usually the first side
reaction'tpyoccur and &as the.more serious as it markedly affected-
fﬁe results. Gas evolution at the cathode only occurred in a few
cases and produced no measurable effect on the results provided it
was not excessive. In a few cases in tables (5.1) and (5.2) results
 are reported only from the cathode coﬁpértment. In each of these
runs there was a light deposit formed on the anode, but no side

- reaction at the'cathodc. In only one run, with‘the most diiute
solution used, was there substantiallgaé evolution at the cathode and
no side reaction aﬁ the anode. This was probablyscauced by the
concentrationcof‘zinc in the immediatelneighbourhodd of the cathode

V becomlng so low that the reduction of hydrogen ions in the solution

~became the avoured‘reactlpn.

?otentiometric MeasurementS‘on Zinc Chloride Solutions - Méasurement

of the Concentration Cell Transference Number

‘5‘3.1 ’Theogz The relationship between the potentials developed
~in concen»ration cells with and w1thout transport (cell A and cell B

with emf's E and Eq respectlvely) is glven by equatlon (544) which

is derlved from equation (2. 53)
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where the integration is from the anode, «, throﬁgh the cell to
the cathode, B, and tic is the local cation transference number.

~ The two types of concentration cell can be written :-

Ag/AgCl ZnCl, aq (c,) || o1, aq (1) AgCl/gg cell A
LJ
, Ag/AgCl ZnCl, (02) Zn/.Zan 2nCl, (cl) AgCl/Ag cell B
Cl <02

If ¢ is kept constant and C, is varied the cell transférence number

2
at concentration C_, is given by equation (5,5)58’59

2

v ‘t.c = dEA . | | - (5-5)

lThe enf of the cell without tiahsference, EB, is most cogveniently

obtained by combining the emf's of cells of the form of cell C.
Zn/2rHg . ZnCl, (C)  AsCl/Ag  cellc

The anion cell transference number, t2c, can be obtained

in a similar fashion, using cells D and E, with emf's E; and E

respectively. ,
Zn/znHg ZnClz(Cl) ]! ZnClz(Cz) Znﬁg/Zn cell D
Zn/ZrHg ch:12(cl) Ag/AgCl ch12(02) ZrnBg/Zn cell E

.The emf of cell E is again obtained by combining the emf's of two
cells Of'typé C, and is seen to be equal to EB, The anion trans-
ferénce number is therefore given by

‘bzc = EEQ .' ' ._ (506)
dEp
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- The first step in the measurement of the cell transference
numberiis £herefore-the measurements of the emf's of cells of types
A, C and/or D with C; kept constant and C, varied through the desired
concentration range. Unfortunately 1f the dlfferenpe between Cl and
02 becomes too large the heat of mixing at the liquid junction -

introduces unacceptably large errors into'EA and ED7O. This

diffiéulty is avoided by COvéring the "concentration range'in a
topw1se Fashlon, and us1ng the add1t1v1ty of cell potentla*s. Thus

.-for cells l 2, and 3

Zn/7ZnHg ZnClz(Ci)ll zn012(02)' ZnHg/7n - , cell 1
Zn/ZnHg ZnCl2(C2)|t zn012(03) ZrHg/7Zn R cell 2
zn/7ZnBg  2nC1,(C, ) || ch12(03) Zrig/Zn | : cell 3

the emf's are related by eduation,(S.?)

B o+ E = E | »’ - “ (5.7)

5.3.2 Experimehtal Apparatus'and Measurements

5¢342.1 Glass Cell " The glass cell used was based on the design
of Pigal and Miller68, and is shownliﬁvFig. 5.2. The cell consisted
of two ﬁal&es,'each consisting of fOur:interconnecting electrode |
comparfments, joined by a'-120o three ﬁay stopcock, C. The third
oPehiﬁg 6fustorcock c ﬁas connected to an open tube used in fi1ling,u

the‘éell.“ Stopcocks A and B were used for £illing the cell. .

| Two zinc amalgam electrodes and two s1lver-511ver chlorlde
éléctroaes'were,placed in,each_half;of the cell. Slde 1 of the cell

was filled with the more dilute solution and side 2 with the more

‘.déncentrated; and the liqﬁid junction formed inside stopcock C.
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In this way the liquid junction was stabilised againstbgravity mixing
by having the denser solution at a lower level. Using this -
arrangement four sé?arate electrOOhémical cells were formed. ‘bEach
half of the glass cell contained a cell of type C, and cells of type

A and D were formed across the liquid junction,

63

5¢3¢342 Preparation of Electrodes Zinc electrodes ’ were

prepared by sealing short lengths of spectroscopically-pure zincbrqd
ihto B 14/20 Qpickfitvcones with‘Araldite epoxy resin. The electrodes
were filed smooth, cleaned in strong hitrio_acid for a few minuteé,
‘and then anodised with a large current for a short time. This
procedurevrémoved éll'remaining’surface froughness's At this sfage
the electrodes were dark gréy in colour and had bias potentials of
approximately 1 mV in dilute zinc chloride solution. These electrodes
_were iightly amalgamated by immersing thém in a solution of mercuric
chloride for a few minutes until an even blackICQaf of amalgam formed

_ over them. They were then well rinsed with distilled water and gently
polished with a clean dry paper tissue. The elgctrodes were now
bright‘and.silvery and had stable biaé potentiéls, in the absence of
oxygen, of less than 0.02 mV. Beforé each experiment the electrodes
were cleaned with nitric acid, and ﬁre-amalgamated, before beihg
quiékly transferred to the qoncentration cell, where they were kept

under an atmosphere of nitrogen.

‘The éilver-silverﬂchloride electrodes were of the thermo-
electrolytic type, and were prepared as recommended_byvrmes and Janz7 .
A léngfh of piatinum wire was sealed into the end of a B 14/20 air -

| léak, twisted into a coilé and cleaned by flaming with ethanol. ﬁhe
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wire was coated with a pasté of spectréscoPically'pure silver oxide
in conductivity water and allowed to air dry. The electrode was
then roasted in an oven for one hour at 400°C to decompose the oxide
to sintered silver metal., The process was repeated twice more to
ensure complete coverage of the platinum wire. The electrodes were
rthen ancdised for two hours at a potential of 2 V and a current of
2.5 mA per electrode using 0.1 M hydrochloric acid as electrolyie.
After ageing for one week the electrodes had stabie bias potentials
of less than 0,02 mV. When not in use they were stored in dilute

hydrochloric acid solution in darkened vessels.

5¢3+.2+.3 Degassing the Solutions and FPilling the Cell

The test solutions were prepared by dilution from
concen%rated stock solutions and analysed by E.D.T.A. titration. The
oxygen sénsitivity'of the zinc amalgam electrodes made it necessary to
remove all dissolved air from the solutions by sweeping out with
nitrogén; The apparatus for doing this without changing thé~:
concentrations.of the solutions, and for filling the gléss 'celi under
é nitrogen atmosphere, is shown in Fig. 5.3. Cylinder nitrogen was
purified by passing through concentrated sulphuric acid, distilled
water, concentrated sodium hydroxide solution, sofnolite, and two lots
ofAdisfiiléd water. The purified gas could then be fed to any
combination of four degassing lines (Fig. 5.3). Each of ihese lines
consisted of thrée;Dreschel.bottles containing samples of the solution
0 be degasged.  On paséing through the.first two bottles of solgtion
the jurified:nitrogen became saturated with water vapour of the same

activity as that of the water in the solution. This prevented any
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concentration changes occurring in fhe test solution in the third
Dreschel bottle whilst‘it was being saturated with nitrogen. The
final reservoir was fitted with a gashead, which allowed the test
>solution to be degassed and then dispensed to the concentration céll

in the absence of oxygen.

Two degassing lines were used to set up each concéntratlon
cell.,v Purified nitrogen was passed through each solution” for half
an hour by closing the outlet tube of the gashead, opening tap D,
and openiné tap E to position 1 to allow the nitrogen to escape into
the atmosphere (Fig. 5.3). The outlet tube of the degassing line
containing the copcentrated solution was then connected to inlet A |
of the concentration cell. Tap A was opened and tap C was turned to
connect side 1 of the concentratlon cell to the atmosphere (Fig. 5.3).
Tap E was turned to position 2. Thls arrangement allowed nitrogen
to pass through the concentration cell and displace the atmOSpherié
~ oxygen., After a few minutes the eiectrodes were inserted with the
nitrogen still flowing. Tap D.wés then closed wﬁereupon the gas
pressure forced the solution out of the Dreschel bottle, through the
outlet tube, and into side lvof the cohcentration_cell. When the
cell waé fuli and free of gasvbubbles'taps c and-A oh the cell were
closed,’and tap E was furned fo position'B to alléw the nitrogen to
escape to the atmosphere. The.procedure was ;epeated,to f£ill side 2
‘of the cell with dilute solution from the other degassing line. The
s then placed in a water thermostat bath whose ﬁemperature

cell wa

vas regulated to 25°C ¥ ,005°C and left for an hour to equilibrate.

543424 4 Measurement of the emf's of the ElectrOChemlcal Cells

All the potential measurements were made using a Solartron
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IM 87 digital voltmeter to a precision of 0.0l mV. As each electrode
was duplicated foﬁr readings for‘each_emf value were obtained. These
four readings were checked to ensure that they agreed within the
uncertainty introduced by the bias potentials (¥ .02 mV) and then
averagea. In addition the bias potentials of the common eiectrodes
in each solution were checked to ensure that they remained within the
acceptable limit. In this way the effect of the bias potentiels was
at leasﬁ"partly eliminated. Ina separate experiment the bias
potentlals were checked across stopcoak C witk the same solution in

each side of the cell and were found to be norma.l.

" Potential readin.s were taken every half hour until they
were,steady,_showiﬁg that the electrodes hed fully equilibrated,with
. the surrounding soiution. This usually heppened about four hours |
after filling the cell.‘ Four sets of readings were then taken over
the next two hours, and these values averaged to give the reported
emf's. A few runs whlch were left in the thermostat overnlght
'confifmed that the'potentlals remained constant within I .02 mV at the
steady veluee obtained after a few hours. To minimise diffusion in
the liquid junction, sfopcock C was only opened wheh potential readings

were actually being taken.

5.3+3 Results The results of'the-experimental~measurements are

given in table 5.3, where Cl‘and 02 are the molarities of the solutions

in s1de 1 and s1de 2 of the cell respectively, E oL and E'2 are the emf's
of the cells of type c formed in side 1 and side 2 of the glass cell

respectlvely, and. Ei} and ED are the emf's of the concentration cells

‘with transference of type A and D respectlvely. The maximum error in
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Table 5.5  Results of potential measurements on Zinc Chloride |
' »Solution‘s J
cerzr - G S Eo1 B2 £’ e !
mol dn™> mol dm™ .
1 09877 42966  1,08136 1.03229  .03220 .01685 .
2 L0971 21586 1.08151  1.05577  .0L6724 .009037 |
3 .21554 43042 105578 1.05248  .015399 007898
4 43422 L74053  1.05233  1.01589  .011599  + .004872
5. .09788 25299 | 1.08143  1.05066  .OL9874 .010905
6  .25116 43982 1.05071  1.03243  .012275  + .006018
7 43385 1.02886  1.03242  1.00573  .019441 .007272
8 4412 1.82970  1,015779  .987252  .02379% + 004752
9  1.02687  1.81039  1.005639  .987427  .015953 .002258
10 1.03820 2.00157 | 1,005748 .983608 .019552 .oqz609
11 1.82596  2.00143 987184  .98369L 003435 .000086
L12 1.82059  2.52408  .987366 974901  .OL3874 - .001406
13 2.00665  2.52873 (983524 974821 010404 .001663
14 2.01482  2,98123 983662 .966708  .019845 -~ .002881
15  2.54098  2.99870  .974706 - .966562  .009531 - .001296
16 2.99053 3.56828 .966723  .955260 012243 .000815
17 3.54960  4.44964 955440  .95T913  .023662 = .006060
16 3.00066  4.44508 966425 957653 035938 .007083
5 .044143 ..097078  1.107394  1.081569 016080 .009724
20 1.92445 - 2.49354 .983383 .9T49T1  .009393 .000984
21 2.50726  2.977T4 . - 974958 . 966398 009735 .001148
22 2.99528  3.40550 966193  .958504  .009273 = 001580
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C

- C E

N

Cell 1 2 1
mol dm™> mol dm™> N o o g
25 3.39928  3.65169 958565 954135 005496 .001057
24 .020869 .099804  1.129957  1.082350 .031499 L016100
25 3.65605 3472739 ,9535&6 « 952588 002347 .000955
26 1.35849  2.01556 997299  .983920  .012714 .000673
27 1.36351  2.02185 997133 983535 .012578 .001020
28 2,01981  2.54603 .983839  .974880  .010165 .001183
29 135494 202527 .99T70L 983721  .013043  + .000948.
30 .86390  1.35675  1.011339  .997724 011156 .002463
31 1,35706  1.36569 997452 997277 .000025 000133
32 86415  1,36158  1.011333 .997303 .011345 .902676§:
33 69421 1.35911  1.018026  .997528 . .OL6261 .004466:£
34 69450 86394  1.018121  1.011225  .CO04974 .001554
35  .44066  .69540 ~  1.032100  1,018038  .010026 .004116
36 44141 86365  1.031950  1.011251  .014959 ¢ 005887 |
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the emf's reported in table 5¢3 is expected to be X «02 mV. This

determined primarily by the magnitude of the bias potentials between

pairs of electrodes used.

Using‘equafion (504) and‘choosing-the 0.,098%6 M solution | ;
as»the reference, table 5,4 was préduced from the data in table 5.3. |
In table 5.4 C is fhe concentration denoted by C, in section (543.1),

E, is the emf of the cell of type C containing this concentration of
solut;on, and B, E; and EC are the emf's of cells of type A, B and
L = 0.09836 M and €, = C. T, and Tz are

the‘intégral transference numbers defined by equations (5.8)

C respectively in which C

T o= (5.82a)

T, = (5.8b)

2

FlP

Whenever there was more than one way to combine the'data in table 5,3
all possible combinations were averaged. ' The enf's in table 5.4 are
" expected to have an uncertainty of & .08 mV, and the concentrations an

accuracy of 042%.

5.3.4 Calculation of Transference Numbers  Transference numbers
ﬁereﬂobtainea ffom the potential measurements by evaluation of ?he
differentials in equations (5.5) and (5.6). Several analyticgl
méthods are available for this purpose.  The most obvious'is.tvobtain
polynomial expressions of the form
y = I a-ix ‘ i=l, 2 eee 5
i=0 ' :

| | " : | . the'method of least squares, and
_between E, and Ey, and B, and Ej, by ’



1‘1,.

Table 5.4 enf's of Zinc Chloride Concentration Cells with
dilute solution of 09836 Mol dm™>
mol :m"z’ EC FT) ?A EB T‘l T2
.020869  1,129957 - .031499 - 016100 .048490  .33203  .64960 -
044143  1.107394 - 016080 - 005724 = 025927 37505 62020
.09836  1.081467 0 0 0 - -
.21570  1.055775  .016724  .009037 025692 J35174  .65094
25208 1,050685 .019874  .010905 030782 .35427  .64564
43459 1.032390 032157  .016903  .049080  .34440 65546
.69470  1.018062 042214 .021010 (063405  .33136  .66578
74233 1,015835  .043756 - 021775 .065632 33177 66669
.8639L  1.011287 047146 022859 .070180 32572 .67179
1.03151  1.005706  .051598  .024175  .O75761  .31910 .68106
1.35625 .997626  .058267 .025307 083841 .30185  .69497
1.36168  .997268  .058516 025535 084199  .30327 469563
1.82116 987307 J067550 026480 .094160  .28122  LTA740
 2.00926 .983604 . LOTL068 026675 .097863  .27257  .72620
2,02021  .983827 071270 026232 097640  .26066  .72993
2.52492  .974853  .08l448 025043  .106594  .23494  .76410
2.98151 966296 091183  .023895 - .1I5L7L  .20747 79172
,2;99278 966605  .090946 023811 .114862  .20730  .79178
3.40239 4958535 ..106456 022315 122932 .18152  .BL7LT
3.55894  .955350 105189 L0230l 126117 - J18277 81820
3,635169 954133 «105952 .023‘._264‘ 127334 16699  .83208
444736 957783 126866  ..016887 143684 11753  .88295




Table 5.5 Coefficients of Curve Fit Polynomials of Potential Measurements on qun.nrwonwmm Solutions

Fit mo mH mm mw w» mu
-0.05V:-0.06V 0,000262 0.631785 - 0.0534551 8.189898 - -
mc v mm . : . , v : .
0.05V : 0.14 V 0.016831 0.0533332 5.695713 - 5.066991 L= . -
o m>< mw . ,
- - O.Om4< : 0.06V - 0.000304 0.367491 0.260517 IHH.mNNOb = -
E,v mw . . : . , A
0.05V : 0.14V - 0.015136 0.887446 - 5.103338 3.278092 - L -
In (C) v mm
- .05V : 0.07V - NJquwmm. 30.48875 -17.03441 = 315.18583 : - -
cCv mw . .
0.06 : 0.14 N - 1.074049 16.55036 157.81060 - o - -
a+ v mw . 0.332373 0.815566 1.148625 lwqo.mbww&. 1046.1093 - _ -
T v E

- B . 0.669557 ~= 0.750755 - 5.571925  321.84132 =1212.7433 . -
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simp;y differentiate those, vThis was done aﬁ& the coefficients of
the polynomials‘obtained are shown inbtable 5¢5. However the
results of the differentiation were'totally unsatisfactory. The
transference numbers obfaihed showed énormous variéfiohs over quite .

© small concentration ranges, and the agreement fetween tlc obtained

4 frém‘equation (5.5)'and tzg Obtained frem equation (5.6) was extremely
poor. No 800d reascn could be found for these variations, as the
polynomlal expressions reproduced the experlmental data w1th1n the

expected accuracy

Par more satisfactory results were obtained wheh the
differentials were evaluated by the méthod of Rutledge58’72. This
method enables the derivative of a differentiable functién, ¥y of X
to be obtained at evenly spaced values of x. A fourth degree
polynomlal is used as a dlfferentlatlng tool and applied successively
to sets of five different points of data, (x oY 2), (x 1Y l)’ ( ),
(xl,yl), and (xz,yz), where the X values are separated by equal
intervals, h. It is not required that the polynomial should
adequatély iepreseﬁt the data as a whole. The values of the
derivatives at Xq3 ¥ and x are given by equatlon (5. 9)
dy _ L Oy, ¢ C—ly-l o+ Co¥o *+ Gy + -027"2 ) (5.9)
dx 12h o : ;

The values of the coefficients are given in table 5.6

C_, Ca1 % &G C,
x, -3 -10 18 -6 1
%, 1 18 0 . 8 -1
X -1 6. ~18 10 3
1 » o |

. pable 5.6 Coefficients of Rutledge Function
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‘When more than five experimental points are available
the process can be repeated stepwise along the data to give three
values for the derivative at each pbint, except for the points at

the extreme end of the data.

A computer programme‘was written in Algol to perform this
calculation, and is reproduced in the Appendix.  Equally spaced vélues
of EB were chosen and the coéresponding valuesvof ED calculated from
the least squares curve fit polynomial. Using equation>(5.8) t2°
was calculated at each value of EB' The concentrations to which
these values of EB corresponded were then calculated from a least
squareé curve fit polynomial of conéentration against Ep. The
calculations were repeated using EB and EA to calculate the
corresponding values of tlc. The transference numbers obtained by
thié method depénded slightly uponv{hé degree of the éurve fit
polyndmial between EB and EA or ED' The most self consistent
: results were obtained using third degree fits between ED'and EB and

Between EA and EB’ Unfortunately above 2.6 mol dm.-3 the answers

were still discordant.

Pikal and Millei'68 have described another_methéd of -
obtaining tlc and t2° using the integral transferehce numbers defined-
by equations (5.7). leferentlatlng equations (5.82) and (5 8h) with

respect to Eg glves equatlone (9.lOa) and (5.100)

K-V
+3

. L A
"ic - EB a"'E; (5.10a)
| o ~ (5.100
tzc_ = s EB ____2_ | (5 )

| §
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The differentials in equations (5.9) were evaluated from
polynomial curve fits of Tl a;d T2 against EB (see table 5.5 for
coefficients) using the methods described above, the most self-
consistent results being given by the fourth degree polynomials.
This method proved to be much better in the higher concentration

range; below 2.4 M the agreement between tlc and (1 = t2°) was poor.

5¢345 | Results In table 5,7 the 'best! values of tlc and {j-tg)
are listed along with the average value of tlc. The experimeﬁfal
error, based on the accuracy of the potential measurements, is’ |
probably ¥ .003 in the dilute solutions, rising to ¥ ,010 in the

more cbncentrated a:eas. ‘The values below 2.6 M were obtained by

the Rutledge methﬁd and those abéve 2.4 M by Pikal and Millgr‘s method.
The results are graphed égainst molarity in Fig. (5.4). Also included
in Fig. (5.4) are the e‘xperiuie,ntal results obtained by the Hittorf
method, and the literature data of Hérris ard Partons3 and Hittorf65’66.
. Two conclusions can be drawh from Fig. (5.4). Firstly there is
approximate agreément of thevpresént work with the publishe& data

which is better at highefvconcentrations, and secondly the cell and
Hittdrf transferenoe numbers also agree within the expécted expérimental
errof. This impliés that the Onsager Reciprocal-relations are valid.
Fig. (5;5) shows a plot pf the cell tfansference numbers 6f Stokes

and Levien64 for zinc perchlorate against molarity, and for comparison
the Hittorf aata‘obtained from this work. Again the two sets Of' |
transference numbérs agrée within experimental error,.implying the

validity éf the ORR for. this sait also. A more direct test of the

ORR will:be given for both salts in chapter 6.
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Table 5.7 ‘Cellbemf Transference numbers for Zinc Chloride
Concentration v ty ' ot
-1 .
mol dm from cell D . from cell A Average
0.0 - - +409
2236 355 4356 355
3030 | *339 «339 ' <339
4120 319 315 W17
4814 $307 L300 304
6316 .280 .275 277
.8193 .23 230 232
1.0148 .187 .186 .187
1.2148 A © o145 143 144
1.4294 | 097 100 .098
1.6490 .053 057 . .055
- 1.8761 ' 010 .015 013
2,1111 . - 032 - 027 - - .029
2.3541 - 4073 - .068 = .,070
2,6049 - .14 - .108 S -aun
2,4083 * - .078 - o7 - 075
2.6560 % - 127 - .118 - 123
2,9163 % L = elT74 - 164 - 2169
3.,1845 * - 218 - 6209 - .24
34605 % - 258 =.252 =255
3.7445 * = 4294 - = 4290 = 4292

* These values were obtained fromfequation (5.10).
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‘5346 Calculation of Activity Coefficients from the Potentiometric

Data -~ The emf of a cell of type C is given by equation
(5.11) )

© _ RT = -
B = B - %% 1n4m12 Yf | | (541)

where m, is thevmolalify of the solution in the cell, Y, is' the mean
molal activity coefficient, and E° is the standard elect;ode potential.
Equation (5.11) can be used, in conjunction with the potentiometric
measurements made above, to calculate values of the activity
coefficient at various concentrations, provided the standard electrode
potential can be estimated. -Several'vaiues for this parameter are
available in the literature although the agreement betweén them is
rathef poor63’75’74’75. Howevef in a paiallel study in this

76

laﬁoratory Dunsmore, Lutfullah and Paterson ha#e carried out precise
measurements of the emf's of cells of type C containing very dilute
zinc chloride solutions, and from these have derived a value for E°

g of 0.98409 ¥ ,02 mV. This value was used for the calculation of
activity coefficients for two reasons. | Firstly, Lutfullah has
obtained emf values at concentrations far 10wer_than previously
reported using electrodes of the type described in section (5.3.3.2)
tﬁus»making the extrapolation technique used to estimate E° more

accurate, ahd secondly Luifullah used zinc chloride solutions which

were identical to those used in this work.

The values of y calculated from the potentials llsted in

table 5.4 are given in table 5.8.. The exPected accuracy, based on

In Flg. (5.6)

“the experlmental errors in E, and m12' is T 2,50%.
59463, 3 ar

values of Y, from table 5.8, an and from the llterature
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Table 5.8  Mean Molal Activity Coefficient of Zine Chloride

calculated from emf Results

Molarity Molality B T,

- 0.,09836 - 0,09862 1.08147 511
0.2157 0.2159 1.05578 454
0e4346 - 044398 1.03239 - «409

0.6947 0,7085 1,01806 368
1,0313 1.0632 1.00571 .338
1.3617 1,4200 0.99727 315
2,0093 2.1477 0498360 .297
2.0202 | 2.1604 0.98383 294
25249 27560  0.97485 290
2.9928 3,3386 0496661 297

3.6317' 41718 0.95413 328
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plotted against molality. The results of the p:esent study agree,
within the estimated errors, with those of Harris and Pa.rtbn63., and
the isopiestic‘data of Robinécn éndvstokes59. Scatchard and
1T§fft's73 vélues afpear to be somewhat low, especially a{ higher

concentrations.
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Chapter 6

Results and Discussion of The Irreversible Thermodimamic

Analeis-

6.1 Calculation of the Irreversible Thermodynamic Coefficients

This was done ﬁsing the theoryAdiscussed in Chapter 2.

- The mobility coefficients were calculated using equafion (2.64) and the
frictionel coefficients were obtained by matrix invereion using |
equations (2.64), (2.65) and (2.66). The experimental data reguired
were values qf'equivalent conductivity, A, cation transference number,
tl,-volume fixed diffusion coefficient, Dv, and the activity term,

Q + g%ﬁ% )’ along with the solution density to allow intercOnversioﬁ

between the molar and molal concentration scales. "The calculations

were performed for zinc chloride and zine perchlorate solutions.

6.1,1 Data for Zinc Chloride Values of A and D_ were calculated

-at round number concentrations using curve fit polynomials of the
experlmental data reported in Chapters 3 and 4 respectively. The
uncertainty in the smoothed values was estimated to be X 0. 05% for A and
I O.}%'fpr'Dv. The limiting valuee for each at infinitevdilution were
calculeted using the limiting ionic cenductaﬁces, Aio, given by Robinson
- & Stoke331 Cell emf transference numbers, l , were obtained at round
'number concentrations from a large scale plot of the experimental tl
data reported in chapter 6._ Since the Hittorf and emf transference
numbers ‘were equal within experimental error the 0 R.R. were assumed.
This assumptlon w111 be justified in. sectlon (6. 2) The uncertalnty

in flc is estimated to be ¥ ,007. The value of tl at 1nf1n1te dilution :
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was calculated from the limiting equivalent conductivities. The
solution densities used were the data'reported in chapter 3 and have

an estimated uncertainty of ¥ 0.01%.

The activity term wes calculated from the isopiestic activity
coefficient data of Robinson and StokesEl. | Using this data curve
fit polynomials of 1n (yi) as a‘function of molality were obtained and
differentiated by the method of Rutledge72'Section (5. 3.4 ._b The
coefficients of the curve fit polynomials are given in table 6.1. The

uncertainty in the activity term is estimated to be ¥ 0.5%.

6.1.2 Data for Zinc»Perchiorate Values of A and I)v were obtained
from the data given in chapters 3 and 4 as described above and have
uncertainties of i3 «05% and z « 3% respecfively. The transference

. 64

numbers used were the cell emf values reported by Stokes & Levien ',

which fhese authors eetimate to have an_uncertainty of ¥ 0.002. As

for zinc chloride the tlh values repofted in chapter 6 and the tlc values_

:were found to coincide within experlmental error. The solution
'>den31t1es used were those reported in chapter 3 and had an uncertainty
of ¥ .OE%. “The activity term was calculated in the same way as for
zinec chlorlde using the aot1v1ty coefficient data of Robinson & Stokes31.

The coefflolents of the curve fit polynomlals between ln(y-) and

" molality are given in table 6.l.

6.1.3 Results of Calculationsb The calculations were carried out

- by avcomputer using an Algol programme reprOduced in the appendix.
The results for zinc chloride and zinc perchlorate are given in tables
6.2 and 6.3 respectzvely.

" on barium chloride by Miller

In table 6.4 the results of a s;mllar analy81s

92 are reported. Also given in tables 6.2,
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Table 6.1

Coefficients of Curve Fit Polynomials between lnyt and molality

for Zinc Chloride and Zinc Perchlorate

mo mw mN mu mb mm
Zinc Chloride , : L :
, -0.001941 -44,85305 1758.212 -32651.44 253510.9 -645418.7
0.0 - 0.2 m | . . | )
Zinc Chloride ,
-0.685284 ~0.561454 . 0.191802 -0.027493 0.0017624 -
0.3 - 5.0m : S : :
Zinc Perchlorate .
. -0.538632 ~0.491337. 1.401362 -0.460680 - -
0.1-1.2m . , : ST :
Zinc Perchlorate . . : B R
-0.095851 0.968917 o.buowwo 0.637674 -0.037420 - -

1.0 - 4.0m




Table 6.2 Zinc Chloride — Irreversible Thermodynamic Parameters

WWNDNNHHOOODOOOOOOO

c m A t 1°D
mol dm mol Kg 1 cmzohm-lequiv_l L OE; Vo 1+ lny:
cm s ‘ 3lnm
.0 0.0 129.15 0.410  1.2090 1.0000
.1 0.1004 - 89.31 ' 0.385  1.0310 0.9508
.2 0.2012 80.43 0.362  1.0051 0.9092
.3 0.3024 73.33 0.340  0.9930 0.8650
4 0.4042 67.77 ‘ 0.319  0.9862 0.8287
.5 0.5066 62.56 0.297  0.9822 0.8004
.6 0.6095 57.89 ©0.279  0.9801 0.7803
7 0.7130 53.72 0.256  0.9794 0.7771
.8 0.8173 49.98 0.235  0.9801 . 0.7515
9 0.9223 46.64 0.214  0.9820 0.7451
.0 1.0279 43.65 0.193  0.9850 10,7412
.5 1.5601 32.74 0.084  1.0159 0.7928
.0 2.1348 25.91 -0.009 1.0701 0.8872
.5 - 2.7278 21.09 -0.094  1.1401 ‘ 1.0304
.0 3.3521 17.48 -0.176  1.2013 1.2057
.5 1.1430 . 14.67 -0.252  1.2478 1.4182
N L11/ le/ ‘ Lzz/ €1R11 ' oY)
N N N a1l -11
12 : 10 : x 10
x 10 : x 1012 x 1012 X '
0.0 1.396 - 0.000 -~ 8.080  3.582 1,238
0.4472 1.084 0.332 : 6.544  4.679 11,551
0.6325 1.026 0.489 °  6.490  5.053 1.598
0.7746 1.000 0.660 6.518  5.361 1.644
0.8944  0.985 0.809 : 6.575  5.647 1.692
1.0000  0.974 - 0.950 6.623  5.970 1.756
1.0954  0.966 1.064 6.612  6.293 .~ 1.839
1.1832  0.942 1.146 6.584  6.732 1.927
1.2649  0.950 1.270  6.647  7.065 . 2.020
1.3416 . 0.944 ~ 1.351 6.640  7.478 2.126
1.4142 = 0.937 1.422 6.628  7.909 2.237
1.7321  0.868 1.587 6.396 10.559 2.865
2.0000  0.811 1.635 6.078  13.462 3.594
2.2361  0.749 1.605 - 5.688 . 16.870 4,444
2.4494  0.684 1.534 5.275 20.978 5.442
 2.6458  0.617 1.433 © 4.838  25.932 6.616
- - 2
N % “CR12  CRyo  Cotao Co ROO{N
‘ x 10711 o x 10711 x 10711 x 1071
0.0 55.345 0.0 : 3.582  1.2376 3.028
0.4472  55.185 : 0.461 _ 4.218  1,3206 - 3.414
0.6325 55.185 0.762 4,291  1.2173 ' 3.363
0.7746  55.061 - 1.086 4.275  1.1012 -~ - 3.239
0.8944  54.932 ’ 1.390 4.257 0.9970 3.126
1.0000 54.791 S 1.712  4.258  0.8994 3.028
1.0954  54.645 2.026 - 4.267  0.8256 '2.959
1.1832 54.494 - 2.343 4.389  0.7551 2.950
1.2649 54,337 - 2,700 - -4.365  0.6704 2.853
-1.3416  54.168 : 3.044 . 4.435  0.6037 - 2,821
- 1.4142  54.001 . 3.395 4,515  0.5398 2.793
1.7321  53.061 o 5.242 5.317  0.2438 2,902
. 2.0000 52,003 S 7.243 6.220 -0.0277 13,082
©2.2361  50.869 9.520 7.350 ~0.3158 3.359
2.4494  49.679 '12.198 8.780 -0.6570 - 3.732

2.6458 48.478 - 15.35%9 10.573 -l.064 4.222




Table 6.3

Zinc Perchlorate - Irreversible Thermedynamic Parameters

-C oome 2’A _ -1 t 105Dv dlny+
mol dm mol Kg cm ohm “equiv em2s™1 1+ 31iom
0.0 0.0 120.16 0.439 1.1821 1.0000
0.1 0.1009 87.57 0.409 1.0357 0.9790
0.2 0.2032 81,65 0.389 1.0617 1.0010
0.3 0.3070 77.65 0.377 1.0966 1.0250
0.4 0.4122 74.52 0.368 1.1342 1.1193"
0.5 0.5189 71.66 0.360 1.1752 1.3231
0.6 0.6271 68.99 0.359 1.2104 1.4492
0.7 0.7369 66 .45 0.348 1.2476 1.5804
0.8 0.8485 64.03 0.342 1.2838 1.7184
0.9 0.9617 61.73 '0.337 1.3187 1.8645
1.0 L.0766 59.52 0.332 1.3521 2.0195
1.5 1.6801 49,21 0.311 1.4903 2.9271
2.0 2.3368 39.67 0.294 1.5635 3.9891
2.5 3.0569 '30.83 0.280 1.5480 5.1099
3.0 3.8512 22.78 0.271 1.4198 6.3585

N 111/ 112/ 122/ “1R1 CoR22

N N N -11 -11
x 1012 x 1012 x 1012 x 10 x10
0.0 1.407 0.0 7.241 3.530 1.381
0.4472 1.105 '0.286 6.130 4.582 1.651
0.6325 1.045 0.384 6.127 4.898 1.671
0.7746 0.982 0.392 5.980 5.228 1.717
0.8944 0.915 0.356 5.771 5.602 1.776
1.,0000 0.847 0.308 5.541 6.028 1.842
1.0954 0.794 0.276 5.338 6.415 1.908
1.1832 0.747 0.252 5.157 6.807 1.972
1.2649 0.703 0.231 4.987 7.218 2.036
1.3416 0.664 0.210 4.816 7.639 2.105
1.4142 0.626 0.191 4.652 8.085 2.176
1.7321 0.470 - 0,1184 3.878 10.718 2.599
2.0000 . 0.356 0.0848 3.178 14.151 3.167
T 2.2361 0.269 0.0736 2.531 18.765 3.982
- 2.4494 0.195 0.0580 '1.901  25.874 5.310
N Co Clez CoR CoRzo COZROO N

x 10711 x 10711y 10711 L 1071

0.0 55.345 0.0 3.530 1.381 3.146
0.4472 54.997 0.4274 4.154 1.438 3.515
0.6325 54.623 0.614 4.284 1.364 " 3.506
0.7746 54,250 0.686 4.542 1.374 3.645
0.8944 53.871 0.692 4.910 1.430 3.885
1.0000 53.493 0.670 5.358 1.507 4.186
1.0954 53.113 0.663 5.752 1.576 4.552
1.1832 52.728 0.665 6.142 1.639 4,710
1.2649 52.339 0.668 6.550 1.702 4.977
1.3416 51.949 0.668 6.971 1.772 5.257 -
1.4142 51.558 0.665 7.420 1.844 5.553
1.7321 49.558 0.655 10.064 2.271 8.303
2.0000 47.508 0.756 13.395 2.789 9.487
. 2.2361 45.397 1.091 17.674 3.437 12.273
2.4494 43.241 - '1.596 24.279  4.513 16.652
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Table 6.4 Barium Chloride - Irreversible Thermodynamic Parameters

c m Eqv Cond t+ D(v)x]OS 1+ RITIRES

v alnm

0.0000 0.00000 139.98 0.4546 1.3850 1.0000
0.0010 0.00100 132.11 0.4483 1.3200 0.9457
0.0050 0.00501 123.93 0.4419 1.2670 ~0.8998
0.0100 0.01003 119.03 0.4381 1.2390 , 0.8759
0.0500 0.05020 105.19 0.4249 1.1780 0.8295
0.1000 0.10060 - 98.56 '0.4162 1.1600 0.8252
0.2000 0.20160 91.55 0.4036 1.1500 0.8415
0.5000 0.50760 80.50 0.3793 1.1610 0.9264
1.0000 1.027%0 68.90 0.3527 1.1790 A 1.0980

N Li/w Lo/ Lyoyn o C1R1 - CyRyy
x 102 x 1042 x 1042 x 101 x 10 1
0.0000 1.7080 0.0000 8.1969 2.9275 1.2200
0.0472 1.6514 0.1223 8.0726 3.0132 1.2402
0.1000 1.5965 0.2522 7.9328 . 3.1476 1.2670
0.1414 1.5645 0.3287 7.8406 3.2243 1.2867
0.3162 1.4648 0.5294 7.5559 3.5022 1,3578
0.4472 1.4036 0.6043 7.3884 3.6924 1.4029
0.6325 1.3193 0.6543 7.1728 3.9696  1.4602
1.06000 1.1536 0.6675 6.7015 4.5994 1.5835
1.4143 0.9521 0.5992 5.9884 5.6045 1.7821
‘ P)
N % ST CoRao - CRa0 o Roo/x

x 10 1 x 10 L x 10 1 x 10711
~ 0.0000 55.345 0.0000 2.9275  1.2240 2.6842
. 0.0472 55.343 ~ 0.0919 2.9393 1.1942 2.6639
0.1000  55.349 0.2001 . 2.9475 1.1669 ' 2.6407
0.1414 55.316 0.2703 2.9540 1.1516 2.6286
0.3162 55,288 0.4907 3.0115 1.1125 2.6177
0.4472 55.179 0.6040 3.0884 1.1009 © 2.6451
0.6325 - 55.066 . 0.7242 3.2453 1.0981 2.7205
1.0000 54,678 0.9163 - 3.6831 1.1253 2.9669

1.4142 154.003 - 1.1216 - 4.4829 . 1.2213 E 2.5556
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6.3 and 6.4 are the values of various coupling coefficients which will

be'di3cussed in a later section.

6.2 Validity of the Onsager Reciprocal Relations It was shown

“in chapter 2 that the cell emf and Hittorf transference numbers can only

be identical if the ORR are true. Miller13 has shown, however, that

- this does not necessarily mean that good experimental agréement between

tlh and tlc provides a good test of the ORR. This is illuétrated by

equation (6.1).

. . - 1 .
B Bl %, 6.1)
S .1),
% Zylyy + Z5lo | |

from which it is clear that a sensitive’test of the ORR can only be

obtained when 112

general, only true in bihary electrolyte solutions when there is a

and 121 are large relaiive to lll‘ This is, in

significant amount of ion paining. Two tests of the ORR on such systems

have beeh published recently, by Miller and Pikall4 for silver nitrate,

" and by McQuillan15 for cadmium chloride, both of which show the CRR to

be valid within ¥ 19%. It seems worthwhile, thefefore, to add to these

a:tést.of the ORR for zinc chloride solutions, which provide anothgr
systém wheie the cross coefficients 15 and 1,, are large relative to the

directAcoefficients,ylll.

6.2.1 Eguations for testing the ORR From equation (2. ) equa‘ion
(6+2) can be easily derived.

1

R

' : ' h ey R
e wrmz o

' The ratio 121‘should, ofbcourse, be unity if the ORR are true.

1o
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. 14 ' ‘ : :
Miller™ performed an error analysis on equation (6.,2) and showed

that the uncertainty in the ratio, 121, was due almost entirely to
‘ 1 )

22
the experimental uncertainties in the transference numbers, 6t1h and

¢
6tl « The uncertainty in 1oy is given by equation (6.3)
1

12
1 A ' h c N
5( 21 ) o (Bt +08%.7) (6.3)
== = 3.2 1 1
1, 10°F (112/ ) ’

N
From these equations it‘is seen that the sensitivity of the test of

. the ORR is increased by a low value of A as Qell as a high value of 112.

6.2.2 Results of the test for zinc chloride and zinc perchlofate The
data used for iﬁsertion‘into equations (6.3) and (6.4) were Obtainéd as
follovs. For each experimental value of tlh the corrgspoﬁding &aiue

of tlc was read from a large scale plot and the value of A calculated
from the relevant polynomial fit of the exﬁerimental data. The value.
  °£1112/N wasIObtained fiom a 1arge scale'plot-of the data in téﬁles 6.2

and 6.3, The results are shown in table 6,5 for zinc chloride and

table 6.6 for zine perchlorate.

Table 6.5 shows that for zinc chloride fhe.ORR are clearly B
obeyéd; withih the réther generous errors of x 5% for the dilute ‘
solutions ﬁo : 1% for fhe concentrated solutions. The results for zinc
.‘_ perchlorate in table 6.6 are leSsvsatisfactory.‘ The ORR are obeyed
within thé experimentgl uncertainty, but this uncertainty is % 15% for
.thé dilute solutidhs rising'tpbi 309% fdr the concentrated ones. This
oécurs:despitebthe fa¢t that the experimental data are, if anything,

more precise than those for zinc chloride. This finding thus bears out

L
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Table 6.5 Onsager Reciprocal Relations for Zinc Chloride
. Molarity ’ t’lh Tt ‘c 1 : 1 ' Ei:ror limit
. 1 12 12
| /N /121 in ratio
12 '
10°°
©0.4230 .313 314 0.847 0.997 £ 0,06
0.6246 - 279 .272 1.099  1.019 + 0.04
0.8797 . .232 .222 1.331 1.019 + 0.03
1.3607 .118 119 1,568 0.999 '+ 0.01
2.0206 - .018 - .011 1.636 0.994 + 0.01"
2.4945 - .100 - .096 1.598 ' 0.997 + 0.01
2.7451 - .132 - .140 1.565 1.005 +0.01
3.3678 - .231 - .239 1.464 1.005 + 0.01
" Table 6.6 Onsager Reciprocal Relations for Zin‘c Perchlorate
Molarity . t h t,© 1 ' 1 , Error limit
‘ - 1 1 12, 12 . .
11; 121 : in ratio
x 1077
' 0.0973 .406 409 .385 0.963 '+ 0.15
 0.3223 372 374 455 0.982 £ 0,15
0.4608 - .361 363 © .350 0.978 + 0.17
0.5743 .355 359 .287 0.948 0,22
1.0154 .336 .330 - .190 - 1.100 + 0.25
1.0408 339 .329 .18 1,170 + 0.25
1.1557 325 V324 164 1.018 + 0.26
1.4636 314 312 122 | 1.044 +0.27
 1.9656 .207  .295 .089 1.049 +0.27
2.4247  .279  .282 076 0.932 +0.28
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Millertgloel4 statement that a good‘egreement.between tlh and tlc
dOes,not'imply a good percentage test of the ORR, and ie a consequence
of the fact that for zinc perchlorate 1ll >>112. However; since the
overwhelming weight of experimental evidence is in favour of the ORR,
and since'there is no evidence to the contrary, they will be assemed

for zinc perchlorate.

6.3.1 Bvidence for Ceomplexing in Aqueous Solutions of Zinc Salts

The principal aim of this thesis is to compare the transport
-properties_of a salt which shows extensive self complexing in solution
with‘fhose of a salt in which self compieiing is absent. Zinc chloride
was chosen as the eelf complexing salt and zine perchlorate as the
standard. It is, therefore, worthwhile to review the ev1aence for
_ complex formation in zinc halides and the lack of it in other 2:1 zinc

‘salts.

The first evidence for complex formation in zinc halides

66

i:came from the early transference number measurements of Hittorf™~ which

produced negative cation transference numbers at higher concentrations.
These findings were confiimed by 1a§er workers who‘sﬁrveyed'a wide
.concentration range of the zinc haiides by the emf method24’74—76.'
Those resalts were explained by postulatlng the presence in solution of

‘ 2-n
complexes of zinc and hallde ions, X y of the form ZnX , Where n can

have a maximum,value of 4. It was assumed that when the concentrations
: | | . - 2 .

of the negatively charged zinc specles, ZnX3 and ZnXA 5 Wwere high

' enough more zinc ion constituent’WOuld be carried %o the anode by anionic

complexes»than would be carried to the cathode by the positively charged

specles Zn2 and ZnCl . Thus the cation transference number would

. become nedatlve.
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More evidence for complex formation in zinc halides wés
3provided by thevaétivity coefficient data for 2:1 salts which was
largely provided by the work of Robinson, Stokes, and co-workers3 ’77
A comparison of plots of the variation of the mean molal act1v1ty
coefficient, yi, with molal concentratipn showed that at higher'conceﬁ-‘
" trations the activify coefficients of the zinc halides were lower than
would be expected. The assumption was- that dissociéted 2:1 zinc salts
would have activity coeff101ents which would be very smmllar to those
of analogous magneSlum salts. This was found to be true of the per-
chlorates and nltrates 4, but not of the halides except in dilute
(solutiéns. The deviation was_explained‘by the presence of éomplexes
in tﬁe halide solutions which caused them to exhibit weak electrolyte

behaviour in more concentrated solutions.

The presence of complexing in zinc halide solutions received

' -8
its flnal conflrmatlon from Raman spectroscoplc studles7 5 The

' Rdman spectra showed lines Whlch could be unambiguously as31gned to the

covalently bonded complexes.

In contrast, there is no evidence of extensive complexing in

solutions of'zinc nitrate and‘zinc‘perchlorate.‘ Raman studies have

- | ,86 ,
been undertaken on solutions of both salts62’ ‘w1th completely negative

' ‘ ' ; 6
results. The activity coefficients of both salts77? 4 and the trans-

’ferénce numbers of zinc perchlorate64, show 'normal! behaviour; There
is, howevér, some conflictiﬁg evidenbe‘from electrical conductance |
bstudles that zinc perchlorate solutlons are not entlrely without ion
assoclatlon effects. Davies & Thomas 87 found no ev1dence for ion

association., Dye, Faber and Karl‘ found anomalousbbehaviour in the
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equivalent conductivity of zinc perchlorate solutions, but were
reluctant to ascribe this to the formation of the ion pair, ZnC10, +
because they could not obtain a reproducible value for the associetion

constant. Frei-and Podlahova89, on the other hand, quote a value of

+ o =2 3 ' A : .
4.5 = 10 ~ for the first association constant of zinc perchlorate.

There are, consequently, conflicting opinions upon the
degree of dissociation of zinc perchlorate in aqueous solution. The
indirect methods for estimating this, such as electrical conductivity
and emf studies, depend entirely on the assumpiion thaf the properties
of a dilute solution may be calculated from electrolyte theory.
Devxatlons from theory may often suggest new, associated, species in
solution. However the validity of such theories as the Onsager limiting
law and the Debeye-Huckel limiting law is open to question in 2:1
electrolytes. It seems preferable, therefore,'to favour the direct

evidence which suggests that zinc perchlorate is not associated to any

~significant extent.

6.3.2 Review of the Experimental Resultc with Reference to Complex”

Formation in Zinc Chloride Solutions The experimental results,

obtained as described in the preceding chapters,-may now ‘be reviewed.
Spec1al reference is made to the effect of self complex1ng by comparing

the propertles zinc chloride solutlons with those of zinc perchlorate

and zinc nitrate. In some cases data for barium chloride and calcium

chloride are included for additional 'compa_risonf

6e3.2.1 Equlvalent Conductlv;_z The equivalent conductivities.of,

zinc chloride, z1nc perchlorate, and ‘zinc nitrate were plotted in

Fig (3.5) as. a functlon of molar concentration. At low concentrations
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the curves for the three‘salts follow a similar trend, but at higher

- concentrations the curve for zinc‘chldride falls‘considerably below:
those of zinc nltrate and zine perchlorate. This may be explalned by
the formatlon of the neutral speCLes, ZnClz, whlch reduces the number
of charge carriers present in solution. At higher concentrations,
hovwever, the cﬁrve for zinc chloride apprecaches these of the two other
salts.  This probably occurs because the eoneentrations of the anionic
complexes increase at the expense of the neutrai complex, thus mzking

more charge carrying species available.

6.342.2 Diffusion Coefficients The diffusion coefficients of zinc

chloride and zinc perchlorate, obtained as described in chapter 4, are
plotted against molar concentration in Fig (6. 1) The diffusion
90 91

coefflclents of calcium chlor;de and barium ch;orlde

are also
included for coﬁparison,‘ Fig (6.1) shows that the behaviour of the
diffusion coefficient of Zino chloride ie different from that of the
othef three salts. fhe curvee‘for zinc perchlorate, calciﬁm chloride,
ja,nd barium chloride all have minima between C.1 and 0.2 mOl:dﬁ-Bj and
the curves for calcium chloride and zinc percnlorate both show ﬁaxima

at approximafely 2.0 mol dm-B. For zinc chloride, however,jthe'minimum

value of the diffusion coefficient occurs approximately 0.8 mol dm-3, and

é maximum value is not attained in the range of measurement.

The direct compariQOn of those coefficients is hindered Ey

the fact that they are affected by variations in two factors, the

act1v1ty term, (l + alny_./ slnm ), and the thermodyna.mlc mob:.ln.ty of the

salt, E-, The salt mobility, g, is related to the measured diffusion

coefficient by equation (2.58)
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- M A3, 3 Inys ' .
D, = F. W0rRr (1 +575;§~3 } -~ (2.58)

Values of % were ealculated, using equation (2.58), for the four salts
represented in Fig (6,1). These values,‘plotted against molel
concentration in Fig (6.2), show more clearly the anomalous behaviour
of zinc chloride. Above 0,2 mol dth3 the curves of the three"normal’
salts fall smoothly in parallel withjincreasing concentration, ‘The

curve for zine chloride however rises to a maximum at approx1mately

l ,0 mol dm 3, crossing the curves for calcium chlorlde and barium chloride.

6¢3.2,3 Transference Numbers These were discussed in section

(6.3.1). A comparison of Figs (544) and (5.5) shows that whereas the
cation transference number for zinc perchlorate falls slightly with 
increasing concentration, that of zinc chloride becomes negative in
solutions more concentrated than 2.0 mol dm 2. This is undoubtedly due.

to the presence of negatively charged complexes in solution,

6.4  Discussion of the Irreversible Thermodynamic Parameters

6.4,1 The Mbbiliﬁy Coefficients '_‘The direct mobility eoefficients,
L.i,.define the flow of species.i Caused by a unit thermodynamie force on
i when.all other fofees in the phenomenological eguations are zZerc, 'The
cross coefficiente, L;;, define the flow of species i caused by a unit

‘ thermodynamic force on species j when all other forces are zero, Both
types of coefficient show a flrst order dependence on concentratlon.
Consequently it is usual to discuss the function LiJ/N, where N is the
‘eqnlvalent concentratlon, as the varlatlons in these parameters now

reflect changes in the env1ronments_qf theelons.
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At infinite dilution Lll/ is dlrectly related to the

limiting equivalent conductivity of i, i °, by equation (6. 4)
o - i

L L. o | Ai°v o
&) = G = S5 N
N0 10 Zi F '

(et

1/N) is, therefore, solely a fgnction of.the’interact;ons between i
and the bulk solvent. At finite concentrations theoretical congidera-
tions 14’92indicate that Lii/ will be feduced by 1eng range electfo-
static ion-ion interactions, ﬂte relaxation effect; and by modifieationsv
to the bulk solventvcaused by the presence of ions in solution;' It is
also expected that Lii/ will be 1nfluenced by the presence of ion

14,92

association or compleXLng and that the sign of this contribution

will depend on the system considered.

‘The cross coefficients Lij/ represent_the interactions
between species i1 and j. By definitign they will be zero at infinite
_ dilution. At flnlte concentrations the ng/ will be p031t1ve if i and
J are of opposite sign and will cons1st of cogtrlbutlons from 1on-solventv
and ion-ion long range interactions. There will also be aylarge,
'_positive contribution from.an& ion associatien or eOmpiexing ﬁhich‘may

g0

be present

' L o . . ; . S
'6.4.1.1 The Direct Coefficients The_coeff;01ents L11/ and 22/
: N.

N
for zinc chlorlde, zinc perchlorate, and barium chloride are plotted

against the square root of the equlvalent concentratlon in Flgs (6 5)

and (6,4) respectively. On the y axes of Figs (6. 3) and (6. 4) scales'

are also marked to enable comparlsons to be

of 2,° (Lil) and 2,7 (Lpp)

made between the coefglclenﬁs for ions of dlfferlng valency types.,
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This procedure was suggested by equation (6.4) and the usual practice

. . o
of cons1der1ng_>\i values when comparing the properties of different

ions.

The value of Lii/ at infinite dilution is a function of the
N : ' '
degree of solvation of the cation. As the smaller Zn2+ ion is more

heavily solvated than the Ba2* ion, & ) is lower for the zinc salts.
This behaviour corresponds to that of the alkali halldesB”99 where the

smallest ion, it s has the 1owest value of (Li ) « As the electrolyte
concentration is increased Illl falls as a result of the negative

N
contributions of the relaxation and electrophoretic effects mentioned

above. For barium chloride and zinc perchlorate the curves of Ell fall
in an apprOximaﬁely parallel manner. For zinc chloride, however? the
Ell.curve follows the zinc perchlorate curve closely until approximately
,0?25.mol dm—3, after which it falls less steeply. This is probably due
to self-complexing., The p0sitlve deviation sﬁggests thet the complex

92

or ccmplexes formed have avhigher mobility than the uncomplexed zinc ion”".
It may alsovbe.noted thar the curves of}Zl2(:%l) for zinc perchlorate

and barium chloride fall more steeply with increasing concentration than
the correspondlng curves for the alkall halides. This is shewn in

Fig (6 3) where values of Z, (El_) for 1lithium chlorlde and sodium

chlorlde are plotted.

The variation of L22’with concentration, shown in Fig (6.4)
B
is malnly lnfluenced by the effect of the cationic counter-lon on the

As the electrolyte concentration increases L22 for
B

zinc perchlorate and barium chlorlde decreases as the 1ncreas1ng solvent

solvent structure.

qélomblc 1nteractlons reduce the ease "with which

- N : 2L
the anion can move throggh the solution.  The behav1our of 22 22/N for

structure and long rang°
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‘zinc perchlorate and barium chloride is similar to that of 222 L22
N
for lithium chloride, as can be seen from Fig (6.4) where values for
LlCl are 1nc1uded for comparison. Agaln zine chlorlde solutions show

different‘behaviour, Until approximately 0425 mol dm'"'3 the curves of

L . . .
22 for zinc chloride and zinc perchlorate are roughly parallel, but

N
above this concentration the curve for zinc chloride goes through a

slight maximum before falling less steeply than the zinc perchlorate
curve, As for I"11/ this behaviour may be éscribed t0 the presence
of self-complexing ig the mdre conceﬁtrated zinc chlofide solutions,
The'similarity'of Lll/N and L22/N for zinc chloride and zinc perchlorate

in dilute solutions. implies that in these solutions self complexing of

zinc chloride is not important.

6.4.1,2 The Cross Coefficients The coefficients L12/ for zinc
- N
chloride, zinc perchlorate, and barium chloride are plotted against the

square root of the equivalent concentration in Fig (6.5). By analogy

~with the dlrect coexflclents the cross coefficients of salts of dlfxerlng

valence types are best compared using the functlon‘l-1 5 ]( 2). This
: ; =

scale is therefore also marked on the y axis of Fig (6.5).

The first observétion‘from FPig (6.5) is that, as_expected,le
| ~ : N
. . : L '
for zinc chloride is very much greater at high concentrations than _12.
- N

'for zinc perchlorate or barium chloride. This is obviously the result

of a large contrlbutlon to L12 from the effects of self complexlng. As

N
for the direct coefficients the flg values for zinc chlorlde and,zlnc

’ < N ‘ - - . M
- perchlorate are very similar below 0,25 mol dm 3, implying that at low

concéntrations.complex formation in zinc chloride solutions is no#

The 112 curves for barium chloride and zinc perchlorate

extensive. ,
‘ N
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shew similar trends, although Ll2/ is always larger for the barium
: N

salt. A similar situation is found in the alkali chloride series
where the salts with larger cations have larger values of L12 . Values

N
of |ZlZ2 | §9 for 1lithium chloride and potassium chloride are plottied

in Fig (6.5). The crystallographic radii of the Li* and zn2*, and the
+ 2+ . . »
K* and Ba"" ions respectively are similar. It can be seen from Fig (6.4)

that so also are the values of |2122 [LIZ for the corresponding salts.

Fig (6.5) also includes values of |2 12, f 12 for silver
nitrate, publlshed by Miller and Plkal.1% which can be seen to be of
comparable magnitude to the values for zinc éhloride. It is well known
that there is considerable ion-pairing in concentrated silver ﬁitrate
.solutions which would be expected to lead to high values ofiL12. From

N

the data in Fig (6.5) it appears that self-complex1ng and ion-pairing

provide similar contributions to 12.
' N

6ede?2 The Frictional Coefficients | These are given by equation (2.38)

' which is obtained by matrix inversion of equation (2.21). Equation
(2.28) defines the fofcé on any speciés,»i, in terms of the flows of all
species in solution. The coefficients Rij therefore représent the
friction between species i and j; The frictional coefficient approach.
provides two main interpretive'advantages over the mobility coefficient

n

- approach, both arising from the identity & CJR i3 = 0.
j=0
coefficients are 1ndependent of the frame of reference chosen for the

Firstly the

flows9 , and secondly addltlonal coeff1c1ents, jo? are obtained which

| directly measure thé friction between ion and solvent.
The significance of the Ry coefficients is greatly clarified.

. . . q . '
by the mechanistic interpretation of Spiegler’4 who con31d¢red the force
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on ion i in'solution,'xi, to be exactly balanced by the sum of all
the frictional forces, Qij’ between i and all the other species in

solution, equation (6.5)

2 . _ |
X, = I =%, = I £.. (v.=-v.) - (6.5)
I P j=o T+

i=] i=]

In equation (6.5) fij is the coefficient of kinetic friction between i

and j and (vi - vj) is the velocity of i relative to j.

"The coefficient of kinetic friction, fij’ can be identified
with the frictional coefficients, Rij’ as follows. On a solvent fixed
frame of reference, equation (2,28) becomes

Rio95

5

X

Bpdp + |

o = Bppdy + Bypdy

Eqﬁation (2.29) is now used to eliminate R,, and R22, giving equation (6.7)

S N ;
X = Ry, (29 -73,) =Ry (52 )
c 1 ]
. ¢ 1y (6.7)
X = a(iﬁz 1) =Ry L2 7y |
o C, 02

Equatlon (2.18) is now used in equatlon (6. 7) to give the

flows, J , in terms of the velocities of the ions relatlve to the solvent,

(vi v ), g1v1ng equatlons (6. 8)

X =- clez(V =) - Co 10{"1 = %) _
. . | (6.8)
Xé ==C RQl(v = 'v]_) '-. CORQO(VZ - VO) .

Inspectlon of equatlons (6. 5) and (6 8) shows them to be
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identical in all respects. The interpretation 6f the frictional
coefficients is, therefore, that the term - CjRij represents the
coefficient of kinetic friction, fij’ between one mole of species i
and the surrounding species j in one litre of solution. In compering
electrolytes of different valence types it is more useful to cons1der

C.R,

‘ i
the function -fzrl which represents the coefflclent of kinetic
friction between one equivalent of species i and the surrounding species’

J in one litre of solution.

6e4+4.1 The Direct Coefficients C.R.. On- this model the direct

coefficients, C, R ;s assume less importance than the cross eoeff1c1ents,
C'Rij’ since they merely represent the sum of the frictional coefficients
between one mole of species.i and all other species in one litre of
solut;on. The coefficients ClR.l and‘CZR22 are plotted for zinc
chloride, zinc perchlorate and barium chloride in Figs (6.6) and (6.7)
respeetively.- The magnitude and variation OfVCIRll and C2R22 for all
-thieé salts is remarkably similar. For zinc chloride the major
contribution in each case is prov1ded by the cation-anion frlctlonal
term, whereas for zinc perchlorate and barlum chloride the major

contribution comes from the friction between ion and water in each case.

' n . L.
The identity, £ C R 0 = 0, can be rearranged to give
' ' j=o 9 %Y e .
‘equation (6.7)
o RBoo Lol =G0 (6.7)
cc=* = T * T T2,
) R

vThe function C 2 R therefore represents the total frlctlon between

'10ns and | solvent lg an electrolyte solut10n.» This functlon is plotted
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in Fig (6.8). The friction between ions and waterAis extremely.

large for zinc perchlorate, reflecting the high degree of solvetion

expected for this salt33’93;

6.4.2,2 The Ion-solvent Frictional Coefficients -cdeO/ 7

The coeffi ts - -
icients =C R and CORQO/ represent the

Z
11 | %2 ]
friction between one equivalent of ion constituent and the surrounding

10/

solvent in one litre of solution., They are plotted against /N in
Figs (6.9) and (6.10) respectively. The catioo—water friction>
coefficient, =C RlO/ ; increases with concentratioe for all the salts
repreeented in Pig (6.9). The curves for zinc chloride and zinc per-
~chlorate are virtually idehticai until approximately 0.25 rol dm-3
after which the curve for zinc perchlorate rises much more sharply.
This result supports the theoretical analysis of Pikal92 which predicts
‘thet ion association will always provide a negative contribution to
-ooRlo. The high value of the cation water frictional coefficient for
zinec perchlorate agrees well with Gurney s concepts of order producing
and order destroying 1ons93. This friction is smaller for barlum
chloride, reflecting the lerger size of the bare B32 ion, and larger
' initially for lithium chloride, ae a result of the smaller radius of
;the bare Lit ion. As noted in section (6.4.1.1) when discussing

‘levlll/N‘the curve for the univalent cation, Lit, is less steép than
that for the bivalent cations.
Similar trends are apparent in the plots of =C R20/ 2,

Fig (6 10).  The curves for zinc chlorlde and zinc. perchlorate once

more show slmllar behav1our untll 0 25 mol dm -3 after whlch they diverge.
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The anion-solvent friction coefficient cbntinues to increase for zinc
- perchlorate, probably mainly as a result of the structuring effect of

the cation on the solvent. A similar trend is apparent for barium

chloride and lithium chloride.

In concentrated solutlons of zinc chlorlde -C R shows

20/|Z
rather strange behaviour as it decreases steadlly and eventually
reverses s1gn and becomes negative. This presumably means that the
negative ion association cOntrib'ution93 has beccmevdominant.' This
sign reversal is a consequence of the sign revérsaivof the cation

transference number, tl, as can be seen from the expression for tl in

terms of frictional coefficients, equation (6.8).

s = (“C O)/| Zy | ’A: ’ (6.8)
(=CoRy0)/ g |+ (=Co 20)/ z,

6e4.2.3 The Cation—Anion Frictional coefficient —C2R12/| Zﬂ This -

i'éoefficient, plotted in Fig (6.11) against’vfﬁ , fepresents the friction
bétween one equivalent of cation constituent and the anion constituent .
" contained in one litre of the surrounding solution. It is implied by
the Onsager reciprocal relations that this is identical with the friction
between one'equivaient of anion constituent and the surrounding cation
constituent in one litre of solution, fClel/lzl booAs exPected33’;4’95
this friction is much greater in the self complexed zinc chloride

éystem than in the fully dissociated sys?ems, zinc.pgrchiorate, barium
chloride, and iithium‘chloride. The cation—anion.fricﬁional.coefficients
for two othef‘seif complexing systems, ca@mium chlpride and cadmium

iodide, are also plotted in Fig (6.11). The values for cadmium
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chloride were calculated from mobility coefficient data publishedvl
recently by McQuillanlS,vand thoée for cadmium iodide are a private
communication from Paterson and Anderson. In both cases the values
are higher than those for zine chloride at the same concéntration.
This behaviour might be expected as it is known thatbthe‘equilibrium
constants for the formation of the first complex, AX, are higher fér

the cadmiun halides’®'?7 than for zinc chloride’®101,

Alsp iacluded in Fig.(6.il) are Miller and Pikal's'? values
for the cationfanion,frictidnal coefficient of #quequs silver nitrate
solutions. - The curve for silver niffate falls in-thé region between
the cuﬁves for the'completel& dissoéiatedAsystems such as éinc perchldrate
and thése for the self—complexihg>sysfems. ;This implies that the
friction between cation and anion in the ion paired system, aqunous

1sxlver nltrate, is less than that between cation and anion 1n a seLf
complexing system. ,This result might intudtively be expected since the
.interactions between cétion aﬁd anion arercbviously far stronger in a
self-complexing system thén in an ion~pairing system. This is noi,
however, reflected in the magnifgde of Liz/N which is similar for both
zinc chloride and silver nitrafe. It appears, therefore, that thé
frlctlonal coaff101ent representatlon glves a far clearer 1ndlcatlon

of the magnitude of the interactions between dlfferent species than does

)

the mobility coefficient representation.

6.5 ’Mobilityicoefficiénts'of the Complex Species present in Zinc
Chloride

It was shown in sectlon (2 5) that in a self-complexlng

system the mobility coefflclents of the ion-constituents, L, given by
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equation (2.21) can be expressed as combinations of the mobility"
coefficients of the complex species, lik’ given by equation (2.71).
The relations between the two sets of coefficients weré giVen by

equation (2.77) which can be written in expanded form as equations (6.9).

o lcc 1cl | 102 103 1c41 T
inl‘ = %1‘ e T o ha hiz iy
Le ta Y Ly Iy
e I lp 1 1y
e ' Y2 s lu
1, A, g A, 1, I
hp Ly 1t P Shy 4;14 o1, -
TOOEN oy sy 4y, Iy - (6.9)
T P B TR TS
P P2 s Ha ta
flll  211'.2 Sy My, Iy I
Ly 1 e Mo Oz Bl 2y
R 31, 6132 9y 121y, ' 313A

|y 8, 12 161, 4,

1, 2, 3l 4y a4 |

L.

where I is the unit matrix.

. Each term of the eipanded matrices is divided by the total
hﬁmalitj, N. However the intrinsiC»m¢bility of a complex species, i,
will be lii and the interaéfion mobilities between two complgx species,
i
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. . 1, ] A : :
i and k, will be _ik whgre ci is the concentration of the complex
Je.c
i’k

species i. The relation‘between>1ik and Lik is given by equation
—- and Ik

(6.10) | o S5%

1. . l. . - ’ . .
2o TR - (6.10)
C.C .
vV ik .
: _ Cs : - .
e 1T o (6.11)

Equations (6.10) show that the contribution of a complex, i, to the
mobility ccefficients of the‘ion-cpnstituents‘is‘governed byvthree
factors, the intrinsic mobility of i, its interactioh with ofher complex
species, and the amount of ion'eonétituént preéentvin the form of
complex i, yi. Of the fh:ee cdntributions the last is likely to be

the most important.

It would be extremely usefui, therefore, if the COnQentrations

" of each complex speciles in zinc'chloridé soiutioh could be estimated as
a function of the total molarity. :Unfortﬁnately this is‘not pbssiblg
at present, althoughfwork’is in progress by Lutfullah, Duﬁsmore and
Paterson to provide this data. Seieral sets of values are guoted in

the literature of the stability constants for the formation of the
98-~101

complexes ZnCli—n in aqﬁeéuszincbchloride’solutions , but the
agreement between thém ié extremely poor. An aitempt was made-to 
estimate the concentrations of the complexes using a>computer programme,:
Which ha&bbéén.prdﬁed to WOrk.for simi1a;’systems,» but this was

unsuccessful.

As no quantitative information is available it is only
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possible to speculate in a qualitative way about the magnitudes of the

1, tes . . . ' 1
ik terms in equations (6.9) using experimental values of “ik for binary

A . ot - V8%
and ternary electrolyte solutions ’?, and Pikal's theoretical analysis92,
as guidelines. The intrinsic mobilities of the complexes, 1ii, may be

C.
1

expected to have positive values which fall slighfly with increasing
concentration, ci; There is no experimental or theoretical evidence to

suggest how the intrinsic mobility of the neutral complex, 122, will
'3;_
behave, and it will therefore be assumed to follow a similar pattern.

The coefficients representing interactions between different ionic

complexes, “ik i,k = 2, will be zero for c; or Cp =0 and may be expected
V1%

t0o increase in absolute magnitude as c; and/or Cy increase. Experimental

data on ternary electiolYte systems96 1ndlcate that llk will be
/b C
k

: p051t1ve 1f uhe i'th and k'th species have opposite charges and negative
if they have like charges. It is impos31ble to predict how the terms
representing interactions between the neutral complex, ZnClz, and the

other species, k, in solution,12k , will behave. However, it will
/e2% » 1 |
~probably be much smaller in magnltude than the-_ik as there w111 be no
' /@ ¢
contribution from culombic interactions. As stated above a major -

“contribution to L is likely to come from. the term/yiyk .

An attempt will now'be made to interpret qualitatively the

gross veriatiOns ofuLll; L22 aﬁd le for zinc chloride using the ideas
' N N N :
outlined above. Fig (6.3) shows that

cted in the concentration range where self-complexing

‘Lil'for zinc chloride is larger

than mlght be expe

is extensive. Equatlon (6.9) indicates that L,, contains only two

1. andl If it is

 terms which are expected to be negatlve, ol 34°
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. ; 4 .
- . . ) ) ‘ ’ —l'l-
arbltrarlly assumed that the sum of the direct mobilities, —L 4, 1y1 c.
corresponds appr0x1mately tc the value 11 would have in the absence of
W
complex formatlon, the positive contribution of the effect of self-
v com lexing to 11 is expl 4 /
P g T xplained if 7 Z . yk E£§ is
i=c,Al k=C,A,1 v k
i=k

positive. This will probably be the case in all but the more dilute
solutions, where only the first complei is pﬁesent, or in the most
concentrated éolutions where the third and féurth coﬁplexes will be
predominant. The concentration range studied is probabiy nét
extensive enough to include the latter case, but the former case should

be included, and in fact L11 is lower for zinc chloride than for zinc

. N ‘
perchlorate in the dilute range. An exactly similar agreement can be
used to explain the fact that 122 for zinc chloride is also increased

N
by self complexing. '

An examination of equation (6.9) shows that the expansion

" of L., contains four negative terms, 1 5 133’ 14B and 134, the last

12
three of Whlch are only llkely to be important at falrly hlgh concen~—

trations of zinc ion constltuent, Thus the net effect of self—

complexing is to increase L12. At lower concentrations,-however, where

N : »
only the first complex is important, this increase will be less than

might be expected as a result of the negative contribution of the term

| /y Iy lcl . At higher concentrations the negative terms involving
c =— ' .

/c c
c 1
d this is probably

1, and 1 w1ll become larger in magnltude, an

33’ 48 34 |
'One of the reasons for the maxxmum in 12 Whlch occurs at approx1mately__

N :
2 mol dm™’ (Fig 6.5). ¥
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6.6 Conclusions ' Both the mobility coeffiéien‘b and frictional
.coefficient formalisms have been discussed in this chapter. The
choice of one or the other tb represent the properties of an electro;
lyte system is very much a matter of.persohal preference since bofh
have advantages and disadVahtages for interpretative purposes.
Although all the coefficients are affected by ion association oﬁ

~ self-complexing the cross coefficients 112/N and CZRL2/ 7, are.
affected mest directly. In this case the frictional approach seems
preferable since the frictional coefficient reflects the presumed
difference in degree of the interaction between Ag+ and 1\105'f from that
between Zn2+ and €1~ whereas the mobility cqefficieﬁt does not.
However if it is wished (in a self'coﬁplexing system), to exprESs the

~ properties of the coeffiéients of the ion—constituénts in terms of the
coefficients of the individﬁal complex‘species.the mobility'coeffiCient
approach must be uséd. Subh an analysis offers the prospect of
célculating, in a semi-qualitative fashion, the experimentglly méasured
‘mobility éoefficiénts from vélueS‘ofrfhe mobility cbéfficiénts of the

individual complex species obtained from the theoretical expressions of

Pikal’?.

The frictional and mobility coefficients for the fully
dissociated 2:1 salts, zinc perchlorate and barium chloride, have been
compared with those of the alkali'chloride series on a charge corrected

basis. There afe cloge similarities between the two sets of electro-

lytes, espécialiy'bétween zinc perchlorate and lithium chloride and

between bafium chloride and'potassium chloride. As these two comparisons
are made bétween electrolytes with cations of similer crystallographic

L ’ : ' . ’ ) z B . .
radii, this supports the proposal put forward by Gurneng that cation size

is an important influence on the properties of an electrolyte solution,
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Chaptexr 7

The Application of the Puoss-Onsager Theorv of Diffusinity to

‘AssOc1ated Electrolytes

Tel  Introduction The Fuoss-Onsager theoryjozwas developed to

predict the limiting diffuéion coefficient and the concentration
dependence of ﬁhe thermodynamic<iiffusioh coefficiennviﬂ of electrolyte
solutions. The limiting diffusion coefficient is cqrrectly predicted,
and Harned.and coworkers proved.103‘, using the conductimetric'method47,
that the concentration depéndence of‘ﬁ'in dilute‘aqueous‘solutions was
also predicted correctly for 1.1 electrolytes. For 2.2 electrolytes 57,
howevér,va considerable discrepancy was found betweén.theory and |
experiment. ' Harned and Hudson attributed this to ion pair formation, .
and obtained good agreement betweenltheory and experiment by intro;

ducing the mobility of the ion pair as an adjustable parameter.

Plk: 1O4cons1dered that a theory whlch‘predlcts jon-ion
electrOStatlc 1nueractlons should also be capable of predlctlng
. electroStatic,ion-pairing, and analysed the failure of Fuoss-Onsager
theory to do s§. He produced an*extension of the theory, by retaining
more terms in the der1Vat10ns, whlch produced terms attributable to ion’
pair formatlon., This theory was in good agreement w1th Harned and

Hudson's results for zinc and magnesium sulphates, although it failed

when épplied to unsymmetrical electrblytes.

The approach adopted here is to consider that the orlglnal

".Fuoss-Onsager theory correctly predlcts the dlffu51on coefflclent of

the free ions in solution and to show that for a range of 2:2 Salts
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this calculated diffusion coefficient is equivalent {o the bulk

diffusion coefficient at the same concentration,

Te2 Analysis of Harned's Results for Zinc and Magnesium;SulphatesST’104

Harned and Hudson obtained their experimental results by
using the conductimetric method to study restricted diffusion47, the
theory of which is discussed in chapter 4. They showed that the

difference in electrical conductivity of tﬁo solutions, AL, was linearly
proportional to the difference in their total salt concentrations, ACS,
and therefore that a plot of 1n AL, (where AL, is the difference in
_electrical conductance of the solution in the diffusibn cell at points

a/6 and 5a/6) against time would give a straight line of gradient —Ds(g)z

where DS is the differential diffusion coefficient of the salt.

It has been est;blishedﬂ06that in dilute solutions of

partially associated electrolytes, classical conductance theories are
"valid provided the equivalent conductance is definéd using the “true”
ionic éoncentrafioh (012'=_acs, where a is the degree of dissociation).
It is therefore to be expected that the specific conductances of zinc
and magnesium sulphates will be proportional to Cjp- That this is so
can be seen from Fig (7.1) where the specific conductances of zinc and
magnesium sulphates are plotted against Clé for eaéh salt, calculated
from the data of Owen & Gurry for Zn80107, and Dunsmore & James for
Mgsozggo For both salts the plot approximates closely tq a straight

line in the concentration range Studied by Harned & Hudson. Therefore

the conductance differences between the top and bottom of the diffusion

celi, AL

15 aTe proportional to the differencesvin the ionic concentration,.
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4Gy, and hence the observed diffusion coefficient, D,y is identical
with the diffusion coefficient of the free ions, Dl2’ as well as that
of the bulk salt, Ds' Hence :=

Dobs = Ds = D12 | : : (7-1)

Defining the flows of salt, free ions, and 1on pairs as

J le and J respectlvely then :=-

J_-s = J12 + Jm _ (7.2)
and by Ficks lst law :=
3 €12 : m '
D ( - "" ) D=5 ) +D (-5= (7.3)

“where Dm is the diffusion coefficiént of the ion pair with uwnits of
cm2/sec, and concentrations are expressed in moles/cmB. By combining
equations (7.1l) and (7.3) with the ideﬁtity c, = ¢y, + c where ¢ is
the concentration of the ion pair we get equation (7.4) |

Dy =Dy = Dy = Doy ! | (7°4)'
Thus Harned and Hudson's results can be considered toc give

'fhe Diffusion coefficient of any of the three species ip solution, total
salt, free ions, or ion-pairs, since all three quantities are equal.
Harnedv& Hudson chose to consider Dypg 28 Dg» and to use Fuoss-Onsager

ktheory along with experimental activity data to calculate this quantity.

It will be shown below that a better result is obtained if Dobsvis
‘considéred as D1, and F.,0. theory used, along Withvan activity '

correction calculated from an extended Debye~Huckel expression, to

calculate this quantity.

7.3 = Calculation of Diffusion Coefficients by F.O. theory

7.3.1 Definitions The irréversible thermodynamic definition of
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the diffusion coefficients of a binary system is given by equatidn

(2.55)

I = s 2 T ats
s~ 1000 T 5% = Ms T ax (2.55)

where DS is the S.F. diffusion coefficient in cmzs-l. It was also
shown in chapter 2 that the thermodynamic and experimental diffusion

coefficients are related by equation (2.58)

jut 3 Iny=* '
= as oLny=
D, = 1000 rRT c. 1+ 3 Inc_ (2.58)

It is ndt possible to obtain egplicit functions for le and Jm from

the formal irrevérsible thermodynamic analysis, but if local equilibrium
is assumed by = u12‘= By and hence the forces on fotal salt, ion pairs,
and free ions are defined. In this case, by analogy with equations

(2.55) and (2.58) equations (7.5) and (7.6) can be written :-

Cq , W
_ 912 | _ . = _ 312
Yio=Dp | - w | Y| - awm (7.5)
I 81y,
D, = 1000 rRT | === Il + 5T (7.6)
12 . C12 lnC12 |
Te32 Frame‘of Reference Effects The thermodynamic diffusion

coefficient, ﬁ; is frame of reference independent, but the measured

diffusion coefficient is not, and is usually referred to a volume, or

solvent, fixed frame of re_ference'(Dv or D, respectively). The relation-

ship between the three quantites is given by equation (7.7) :

. D DO
= fnzi = oyt (7.7)

1000 rRT

K
c

e the mean molal and molar activity»coeffidients

- | . » - dlnx :
respectively, and fnx denotes a function of the form 1+ 55 ) The

‘where vyt and yt ar

. : tity will
experimentally obtained quantity was D, and the calculated quantity watl,




will be D,y but at the concentrations considered the ratios of yi/yd

and c/m are respectively 1.002 and 1,003, and therefore D, and D do

not differ significantly,

. . M
Te3e3 Equations for c¢ and fny12

The equations used to calculate the ionic mobility term,

5 and activity term, fnylz, were taken from Harned and Owen's

o)
= bjg'

2
standard text'®] and will be quoted here without any attempt at

derivation. The mobility term is given for symmetrical electrolytes

by equation (7.8)

- 0 0 0_ 0
Mo 1020 _ 1.0748 1.2 _ .at04 [ A1 TR K2
%12 z A0 al, A° L+

* (2)2%%‘9 (=) o (=) (1.8)

where A 10, Azo are fhe limiting equivalent conductiances of cation and
anion respectively, A ° is A10+A20, Z is the number of equivalents per
Vmole of solute, § is the distance of closest approach of the ions in
Angstrom units, k is the reciprocal distance of Debye-Huckel theory, 7
is the viécosity of the pure solvent in poise,QDis the solvent dielectric
constant, and (Ka)2 ¢ (xa) is a complex exponentizl function, tabulated
in Harned & Owen'03 The first tern gives the limiting mobility at
infinite dilution, and the next two are the first and second electro-

phoretic correction terms.
The activity coefficients for the salts were required for
the calculation of the degree of dissociation from the association

constants. The Debye—Huckel-OnsagerAequation was used, equation (7.9)




logy,, = = 509U Je, 15)
1 + Kg ,
A , . 3/2 : N
and W o= ( ok 12 +r z2 )/// A | (7.10)

where rl and r2 are the stoichiometric coefficients for 1onlsat10n.

leferentlatlon of equatlon (7 9) gives an expression for the activity
term, equation (7.11) |
fnyiz ] - :5862 W /012

(@ +%a)? (7.11)

The term «ka appearing in equations (7.8),v(7;9) and (7.11)

is a function of the ionic concentration given by s-

ka = .3286 W ¢l . (7.12)
vhere o= (fWJfé)l/Bé[" | ‘(7.13)
and . | r = T +T,

For aqueous solutions at 25% eqUathHS (7.6), (7. 8) and

(7. ll) give equation (7. 14)

D

12 ¥
1, = 24,789 x 107°r (512 Yfay, (7.14)

Te3e4 Method of Calculation The diffusion coefficient Dlz'was
required as a function of total salt concentration C_.. Therefpre

values of «, the degree of dissociation, were required for each concen=-

tration in order to Calculate Cype These a values were calculated from

the association constant K, 'using the standard expression -
aC ' :
Ky = —2 2 -~ (7.15)

a ‘o Jin .
v l_av ‘12




Table 7.1

Diffusion Coefficient for Zinc Sulphate

c ) m . HOm fny U.._.N x Ho.
mol dm 3 , o -1 -1.-1 -1 12 n.BNm..H
‘mol J "em "1 78

.0 1.0 1.7095 1.0 .848

.0005 .939 1.7335 .908 .780

.0010 .902 1.7470 .878 760

o .0015 .875 1.7582 - .858 746
2 .0020 .854 1.7682 .841 .736.
.0025 - .836 1.7776 .826 .728

.0030 .820 1.7859 .814 .720

.0035 .806 1.7931 .804 714
.0040 - .796 1.7995 795 710
.0045 1,786 1.8057 .786 703

= . 2 = 3.642
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Table 7.2

Diffusion Coefficient of Magnesium Sulphate

c M 09 uZxSm
C , foy
-3 o -1 -1-1 -1 12 em? g7t
mol dm mol J "cm "1 g
0 1.0 1.7144 . - 1.0 .850
.0005 .931 1.7358 . .909 .782
.0010 .891 1.7507 .879 .763
.0015 .860 1.7619 | .858 .750
.0020 837 1.7718 843 .740
.0025 .818 1.7802 - .829 .732
.0030 .801 '1.7872 _ ~.818 724
.0035 .787 1.7940 .808 .718
.0040 .775 1.8005 , - .798 J713
.0045 .763 1.8063 - .789 .708
©.0050 .754 1.8118 i 782 704"
.0055 .745 1.8164 776 .700
.0060 .736 . -1.8211 - .770 696
.0065 .729 1.8260 | .764 .692
K. = 0.0050 ]

a

g8 = 3.87%
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Table 7.3

Diffusion coefficient of Cadmium Sulphate

c . M x 10 £y D, x 10°

mol dm > . 12 w? 1

mol J "cm "1 g s
0. 1.0 1.7231 1.0 .854
.01 | .705 1.862 .737 .676
.02 w 644 1.910 .678 .642
.03 .615 1.944 .647 .624
.04 .600 1.970 :626 .610
.05 .587 1.991 -.610 .601
.06 579 2.006 .597 .594
.07 .573 2.020 .587 .588
.08 .568 2.032 .579 .583
.09, 564 2.042 .572 .580
.10 561 2.051 567 .578

K. = 0.0049 8 = 3.87%

a
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Table 7.4

Diffusion coefficient of Copper Sulphate

a

¢, . _miow | uzxpou...
mol dm -1 -1.-1 -1 oy, 2 -1
I mol J "cm "1 g cm g
0 1.0 1.725° 1.0 .855
.005 .760 1.827 .780 .706
.010 .700 1.871 725 674
.015 667 1.904 .693 .654
.020 646 1.929 .670 .640
.025 .633 1.950 .657 .627
.030 .622 1.969 .634 .618
.040 .607 1.997 .610 .604
.050 .596 2.019 .592 .592
.060 .590 2.038 578 584
.070 .585 2.056 .566 576
.080 .581 2.071 .557 .571
.090 577 2.082 .550 .567
.100 .575 2.094 .542 562
K = 0.0044 8 = 3.648%
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The numerical computations were carried out by éomputer
using the Algol programme reproduced in the Appendix. Values of the
ionic concentration, o9 and the distance of closest approach, g, were
_ chosen, and the corresponding values of total salt concentration, Cy s
the degree of dissociation, «, the mean molar activity coefficient of
the free ions, ¥1,0 the ionic activity term, fny,,, and the diffusion

coefficient of the free ions, D

10t were, calculated.

The calculations were performed for the four 2:2 salts for

which suitable experimental data were available. These. were the

57 104

sulphates of zinc -, magnesium -7 cadmium 12

y and c0pper”0. The values
of the association constants for each of these salts were also available

in the literature.’06,107,113-116

T.4 vResults and Discussion The results of the computations outlined
V;gbb§é aie given for zinc, magneéium, cadmium and copper sulphatés in -
tables 7.1, 7.2, 7.3 and 7.4 respectively and compared with the published
| experimental valtes in Fiés (7.2), (7¢3)y (7+4) and (7.5) respectively,
where the solid lines are theoretical plots and the points are experi-
mental data, The value of the distance of closest approach, g, was
taken as an adjustable parameter, and the best agréement between theory
and experiment sought. In all four cases this was obtained when 8
corresponded to the sum of the crystallographic radii of the ions
concerned. - This finding coincides with the experience of other workers
“who have attempted to interpret theoretiéally the electrochemicai
properties of these solutioﬁs§7’1o7 although Stokes 11"has commented
that such low'values of 2 aré physically uﬁrealistic; As an indication'

of the magnitude of thé‘éffecfrof 2 on the calculated.diffusion
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coefficient Fig (7.4), showing the results for cadmium sulphate,
includes the resulta obtalned using a = BX and g = 48 as well as the

best f;t, obtained using a = 3, 87K

Te4.1  Zinc and Magnesium Sulphates The experimental data are

those of Harned and Huctson.57 1o4and were obtained by the conductlmetrlc
mathod to a precision of app;oxmmately I «5%.  The agreement between
theory and experiment is good, the maximum deviation being approximately

1%.

7+4.2 Cadmium Sulphate . Two sets of experimental results are

reported in the literature, by Gokstien!11and by Longsworthj19 The two
sets do not agree, Gckstien's results being some 10% hlgher than
Longsworth‘s in the region of overlap. Gokstien's‘results'are almost
certainly in error as his first two results arc higher than the Nernst
1limit for the diffusion coefficient. Longsworth's,iesults are'all,
unfortunately, at ngher ‘concentrations, but his first two points, at

0.05 molar and 0.1 molar, lie close to the theoretical line.

7.4;3,v Copper Sulphate The experiméntal resulis were obtained by

Eve:sgle'et_al110by studying free diffusion of salt into a tall column
§f‘distiliéd water; using:thevppticél density of the solution as a
measure of concentratlon. Vélﬁeé of the diffusion‘coefficient are
, reported from O 003 M upwards. ' No estimation of experimental error is
given, but as the temgerature control d.urlnfr the experiment was poor the
result< are. unllkely to haVe an accuracy much better than 1%, ‘he

greement netween theorv and exnerlment is excellent up to a concentration
of 0.1 molar, with the exceptlon of the first five experimental pomnts

in the most dilﬁte region which iie-about 2% above the theoretipallline.'




179

This can probably be ascribed to experimental error, since poor
temperature control tends to increase the apparent value of the

diffusion coefficient by encouraging the onset of convection currents,

7.5 Diffusion in Agueous Solutions of Weak Acids

The aqueous 2:2 salt solutionsg éonsidered above are examples
of systems which are only slightly associated. The ﬁaximum degree
of asscciation encountered was approximately 40%. In the weak acids,
however; the degree of association is much higher, being typically in |
the region of 90% - 100% in the concentration ranges which can
conveniently.be studied. The character of the associated species is
also different. It is & covalently bonded neutral molecule rather
than az loose electrostatic ion pair, as is the case for the 2:2 salts.
For these reasons it is hardly surprising that the reiation, DS = D12 = Dm

. does not hold.

The diffusibn-coefficients of three aqueous weak:ééid‘
systems, acetic3’»118 chloroacetic,!19and citric120acids, have been
measured. In each case the workers conqerned have measured the bulk
diffusion coefficient of the acid, Ds’ calculated D12, and used equation
(7.3) to estimate D,- The values of D obtained in this yay were ihen
plotted againét the total acid concentration, C_, and found to give, as
éxpeéted, a straight line plot. This was extrapolated to zero concen-
tration to give a value for the diffusion coefficient of the undissociated

' cqoips (s
acid molecule at infinite dilution, Dm.

Some doubts as to the validity of this extrapolation were

raised by the work of Holt and Lyons on dilute aqueous solutions of
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acetic aci These authors measured the diffusion coefficients

da.118
of extremely diluté solutions of acetic acid and attempted to predict
their results using values of D_ obtained from the work of Vitagliano
~and Lyons on more concentrated acetic acid solutions.d? Their

predictéd values were low, a result which they were unable to explain,

-but which could be accounted for by the values of Dm obtained from

the extrapolation being low.

It was considered that this might be an indication of a
general trend, and that the identity DS'= D, = D was approached for
Vaqueous weak acid systems.as the degree of dissociation.increased.
ﬁnfortuﬁately no dafa exist to test this hypothesis. The data required
would be experimental values of the bulk diffusion coefficient of a
weak acid in the concentration_range where the degree of dissociation
is apéreciabie. One system which could be used to provide such data
is agqueous chlérqacetic acid, where the degree of dissociation is
~ approximately 40% at a concentration ofv0.002 molar. Such data could
only be obtained by the conductimetric method. However the only data
available for chloroacetic acid are the measurements of Garland, Tong,
and Stockmayer119 obtained at concentrations of 0.2 molar and above by

the porous frit technique.

'fn order to provide more data on the diffusion of chloro-
acetic acid a few heasurements were made in dilute solutions using the
optical method described in chapter 4. The results aré given inA
table (7.5); The lowest coﬁceptration reported, 0.05 molar, represepts

the-ldwer 1imit for which accurate measurements can be'madé by this

method.
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Ta.ble 705
. 5 2 -
,C?Egin;3%§lon D x}lO (em” sec 1)
09957 | 1.1045
- .08289 1.1091
07592 1.1042
05097 | 1.1290

In the following sections rigorous relationships between

Ds’ D, and Dm’ are derived’and used to process the available

12

experimental data for weak acid systems.

T.6.1 Relationship Between D_, D;p and D " This can be derived

from equation (7.5) using the relations between Cg, Cp, and Cy derived

from the law of mass action.

C)p = o

c, =@- a)cs - o _V .(7,_.16)

Differentiating equations (7.16) with respect to the distance parameter,

X, gives the following relations. :-

aC, L DR
12 ( 9« 2C
—= = a+C, =) (s) (7.17)
I : 8 BCS Tx ;
3G, N o .acs ‘
3x = [(1 @) % 3 S] 7 x ) (7; )
ac e » dg
s 1 12 (a-0Cpp TG (7.19)
3Ix - *x2 9'Xx ‘ 12 ‘012 ) ‘
5 C 5 1 2 7.20)
m _ 1 12 { a(l=a) = Cqp 3012] - (7.20)
3 x L2235 x
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i Qa v 9a ' |
The factors CS acs and 012 5Ei2 can be calculated by differentiating

the expression for the dissociation constant of the acid K, with
- respect to either CS or 012 respecti&ely. _The dissociation constant

can be written
2 2

_ Ly S (7.21)
) e = g |

using the relation y: = Wy 5 given by Davies 121 Differentiating gives :-

3 | |
. - G é‘%s = (1-o) (2fnyz-1) (7.22)
and . =Cy, 2 o ‘
ar 12 5-%12, = a(l-a)(2myy, - 1) (7.23)

Substituting equations (7.17), (7.18), and (7.22) in (7.3) gives

D, = (e=1).2may4 + 1 Do+ (I-a)2fry+. D, (7.24)

and substituting equations (7.19), (7.20) and (7.23) in (7.3) gives
'q + (1-a)2fry,, D, = aDj,+ (1-a) 2:1y;, « D (7.25)

Equétions (7.24) and (7.25) are the required relations
between D_, D), and D . Equation (7.24) can only be used when
, experimentally determined activity or osmotié coefficients are
" available to permit the calculation of fiy+. Equation (7.25) is used
when the activity term,filylz, must be calculated using electrolyte
theory. As no experimental activity data is available for the weak
acids studied‘equation (7.25) was used., If acﬁivity @oriections are
neglected flyiz begomes unity and e@uation (7.25) ;educes to the

épproxﬁmate expression derived by Miiller and Stokes120 H

D, = . D + —L—l_ S Op (7.26)

s 2= 12
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.Hmva 7.6

Diffusion Coefficient of Acetic Acid

100241
.00524
.00913
.01407

.02004-

.02705
.03078
L0419
05417
.07725
.10429
.13523
.17004
.20868
.25112

teo
-083
057
.04
.036
030

036

023

939

P18

Q16

013

Q12

011

LOme
.0088

w.o

-990
1,989
.987
.986
985
.984
-983
.983
-981
.989
-978
977
.976
.975

1992

A
L3N

e
T D <500

128

Y

1204
1A%

118
3478

Values of P in the penultimate column are calculafed using mjcmmwom (7.2.6) and those in the last column

from equation AN.NUV
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Table 7.7

Diffusion Coefficient of Chloroacetic Acid

5 5 .
e 3 o 5912 uwwwxaww .cwaw wm cmaw Mmp .NMNxommA
mol dm : . ,

0 1.0 1.0 2.007 2.007 1.075 1.072
04677 - .171 .955 1.888 1.134 1.056 1.053
1262 111 944 1.858 1.098 1.051 1.048
.1981 .091 .938 1.843 1.079 1.041 1.038
2841 .077 : .933 1.831 1.057 1.025 1.022
.3836 .068 .928 1.820 1.034 1.005 1.003
4962 .060 .924 1.810 1.010 .984 .982
6214 .055 .921 . 1.801 .984 .960 .958
.7586 .050 .918 1.793 .958 936 .934
.8318 .048 .916 1.789 944 .923 .921

Values of UB in the penultimate

mHoB,mncmnwow (7.25)

column are calculated using equation (7.26) and those in the last colummn
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Table 7.8

Diffusion Coefficient of Citriec Acid

5 5

% -3 o foy1, UWMNx aww umsw .me umaw wmp. umaw “mH,
mol dm ‘
0. - 1.0 1.0 1.474 1.474 .660 +659
.0792 .101 . .956 1.374 .688 .649 . «648
.1190 .084 .951 1.365 .676 644 .643
.1661 .072 . 948 1.356 .664 .637 .636
.2203 .Om% 944 1.349 .653 .629 .628

Values of UB in the penultimate column are nmwncwmnmm,meﬂm‘mncmnWOb (7.26) and those in the last

column from equation (7.25)
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The above relations are completely general for symmetrical electrolytes,
and would apply also to the diffusion coefficients of 2:2 salts if not

rendered trivial by the equality of these coefficients.

Te6.2 Calculation of the Diffusion Coefficients of Undissociated

Weak Acid Molecules These calculations were carried out for
'the three weak organic acids for which experimental diffusion data were.
available, i.e. acetic,”1717® chloroacetic 119 and citric 120acids.
Values of D12’ fhyiz, CS and a, were obtained using the computer |
programme &escribed above in section (7.3.4). These values were
combined with the experimental diffusion cdgfficients using equation
(7.26) to give approximate values for Dm and equation (7.25) to‘give
exact values for D - The results are shown in tables 7.6, 7.7 and 7.8
and in Figs (7.6), (7.7) and (7.8) for acetic, chloroacetic and citric
scids Tespectively. In each case the results given by equations (7;26)

and (7.25) are equal within experimental error.

7.6.3 Discussion of Results The diffusion coefficients of

undissociated citric acid and chloroacetic acid exhibit the behaviour
expected of a typical non-electrolyte by showing a linear_vériation with
concentration. As expected from the results of Holt and Lyons 118 tpe
coefficient for acetic acid varies linearly with concentration from 0.04
molar upwards, but deviates pogitively from the extrgpolated line at

' lower concentrations. For all three acids an extrapolation from the
linear ?egionxto-zeroAEOﬁcentration gives values of the limiting
diffusion coefficiént of the undissociated acid which are‘in good

agreement with those obtained by the original workers. These values

are given in table (7.9).
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Table 7.9
Acid Dm0 (original) Dmo (present work)
x 105cm25f1 X lOscmzs'_l
Acetic 1.201 | 1,209
~ Acetic (1.201) 1.260
(Lower
conc)
. Chloro- = 1.08 1.075
acetic
.Citric .657 | 660

.The hypothesis proposed in section 5 is not supported by
these results. The diffusion coefficient of undissociated chloro-
acetic acid is é linear function of concentration until 0,05 molar, in
which solution the degree of dissociation is 17%, whereas that of
acetic acid deviates substantially from linearity at a concentration
of 0,02 molar, where the degree of dissociation is only 3%. More
" experimental work on very dilute weak acid solutions will be required

before any decision on which type of behaviour is typical can be made.

Finally it is noted that for very dilute acetic acid
solutions a plot of D against /T, (shown in Fig (7.9)) is essentially

linear and extrapolates to give a value for Dmo of 1.260 x lo_scmzsec-l.

7.7 Conclusions The original aim, to show that Harned & Hudson's
results could be interpreted as free ion diffusion coefficients, has

" been accomplished;° In addition it has been shown that the calculations
outlined in section (7.3) give a good estimate of the salt diffusion ‘

.COefficient of 2 2:2 salt in aqueous solution up to concentrations of
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0.1 M; well beyond the range 6f conceﬁtration where Puoss-Onsager
theory is expected to be valid. It seems likely that such a
calculation will be applicable to any aqueous 2:2 salt solution, and
may well prove useful wherg?éstimate of the diffusion coefficient is

- required.

For the wéak acids, however, no such convenient relation
exiéts. In these systems the major coﬁtribution to the bulk diffusion
coefficient is given by the undissociated acid molecule, which behaves
as a typical non-electrolyte. The contribution of the free ions
aﬁpears only as a relatively minor cor:éctibn term in the bulk diffusion

qoefficient.
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Appendix,

The _'programsfreproduced here are written in the version of the
Algol language éuitable for use with the Edin’burgh Regional: Computer
Centre's I.B.M. 370/158 computer. They may need some slight

modification before being used with other computing systems.
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Program 1
This program reads in sets of data, (x,y), and then calculates

the straight line fit between In(y) and x.

'begin''real' sx, sy, sx2, SXxy, m, C, sy2, ml, r, ses,'sigxg
tinteger! n,}k, i, 3, £;
rebéat: n:=read; 'begin''array' x, y, y1, dy, a, d(/1:n/);
'forti:=1'step'1tuntil'n'do® a(/i/):=read;

*forti:=1'step' 'until'n'do'v(/i/) :=read; f:i=n;
more: k:=reads; 'if'k=1'then'r:=read; n:=I;
'forti:=1'step'1'until'n'do' *begin'x(/i/) r=a(/i/); ¥(/i/):=b(/i/);
et rthenty(/1/)1=3(/1/) + 75 y(/if)e= In(y(/3)))5 vemdt;
paperthrow; copytext('(*')'); |
redo: sx:=gyi=sx2:=sy2:=sxy:=0; newlin(2);
'for'i::i’step'1'until'n'do"begin' sx:=sx + x(/i/); .
sy:=sy + sy(/i/); sx2:=sx2 + x(/i/)**2; sxys=sxy + x(/i/)*y(/i/);
sy2:=sy2 + y{(/i/)*2; ‘'end'; m:= (n*sxy-sx*sy)/(n*sXQ-sx**Z);

s=(sx"*sy-sx¥sxy) [ (n*sx2-sx**2) ; m1:p(sxy*n-sx*sy>/(n*sy2-sy**2);
ri=sqri(m*ml); *if'r**2»1'then''begin'writet(* ('R TEST FAILS')');
tgototmiss; 'end;; sigxs=(n*sx2-sx*%2) /n**2; ses::sigx*sqrt(1-r**2);
'- ~3;=0; writet( (" X , Y 0BS 1)
writet(* (' Y CAL DIFF!')');
"forti:=1'step'1'untiln'do" 'begin'y(/i/) :=m*x(/i/) + c;
ay(/i/):=y(/i/)-y1(/1/); newlin(1); print(x(/1/),0,6);
print(y(/i/),9,6); print(y1(/1/},0,6); print(dy(/i/),0,6);
1i£1abs(dy(/1/)) € 2%ces then thegin' ji=j+13  x(/3/):=x(/1/);
y(/3/)s=y(/if)s tendtitend’s -
miss: hewlin(Z); writet("('M = *)'); print(m,0,6); newlin(2);
writet('('C = ')')j' print(c,0,6); . newlin(2); ‘
vqritet('('PE-;mséIou cdmmmw = ")"); print(r,0,6); newlin(2);

‘writet('('STANDARD ERROR OF ESTIMATE = ')'); print(ses,0,6);
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'if'j<h'then"begin' n:=j; 'if'n 3'then''goto'zed; 'goto'redo;

-

zed: Xe=read; 'if'k=2'then'’'goto'more; 'end';

¥

1if'k=1'then''goto'repeat; 'end;

Data input for Program 1,
- Number of sets of data points, (x,¥y);

All values of X, X, seee X 3

1 n’

All values of y, yi cove yn;

»Cbntrol digit, alwéys‘equal to 13

Correction factor; r, té be:added to each ﬁalue of ¥;
Title*

Second control digit; O if no more-data follows;

1 if fresh data follows;

Tend';

2 if a second correction factor is to replace

the current value. The control dizit, 1, and the fresh value of r

should follow.
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Pro‘ram 2.

This program reads in the coefficients, ass of the curve fit
expression of y against x and then uses the method of Rutledge to
calculate af-at various values of x, If required it will also reed in
coefficients of the curve fit expression of x‘agaiﬁst z and output
values of %§~'and corresponding values of z.

'begin''real! xstért,’xfin, h, no, conci
tinteger'i, j, k, n, my 1, p;
trealt tarray’ b{(/0:5/);
s=read; 'if' p=0 'then"gotoi redo; l:=reads
"for' 1:=0 'step'1'until' 1 'do' b(/i/) :=read;
'for' i:=1+1 'step'1'until' 5 'do’ b(/i/): —b
redo: l'begiﬁ"array‘ a(/C;S/ y x(/-3:2/), y(/-2: 2/), paperthrow,
copytext(T('*')1"); k:=read; newlln(2),
tfor' i:=0 'step'i'until' k 'do' a(/i/):=read;
1for! i:sk+] 'stépv1'u§til' 5 tdo' a(/i/):=0
méredo: xstarf::read; xfin:=read; hi:=read; no:=abs((xstart-xfin)/h);
n:=entier(no);
tbegin'tarray' r,s, 4 se(/1:n/)s x(/-3/):=xstart - h;
'for' j2=2 'step®1tuntil! n—2'do"begin"fop'i:=-2'step'1'tnti1'2'ao'
Voegint x(/3/)i=x(/i1/)ms 3(/2))1=al/O/ 4l /1/ ¥ (a1 )4 /1))
(2(/2/)+X(/i/)*(a(/i/)+X(/i/)*(a(/4/)+X(/i/)*a(/5/))))); Tend';
x(/-3/) 2=x(/-2/)3 | ‘
£(/341/) 1=(=3%v(/-2/)-10%y(/-1/)+18%y(/0/) - 6*Y(/*/)+Y(/2/))/(12*h),
r(/j/):=(y(/-2/)-8*Y(/~1/)+8*y(/1/)-y(/2/))/(12*h);
$(/5+1/) 1 =(=y(/-2/)+6%7(/-1/)-18%y(/0/)+10%y (/1/)+3%3(/2/) )/ (12%n) ;
e(/3-17)smxl /1135 e(/3/)s=x(/0))s o/31/)e=x(/1/);  temd's
2(/1))1=s(/1/)=s(/2/)s=1.05 Jimm-2;
$(/541/)e=x(/341/)=s(/341))s $(/3/)s=(s(/3))+x(/3)) /25
tiftp=1'then!'goto! altern;

. .P\ ]
writet (' (" © DERIV 1 DERIV 2 DERIV 3 AVERAGE') ');
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writet( (" X VALUE')'); newlin(2);
ffor'i==1'step'1'until'j+1'qo"begin' space(4); print(f(/i/),3,4);
space(3); rprint(r(/1/),3,4); space(3); print(s(/i/),3,4);
~space(3); hi=(8(/1/)+x(/3/)+s(/1/))/3; vrint(n,3,4); space(3);
print(e(/i/),3,6); mnewlin(1); 'end'; 'goto! next;
‘altern: writet('(" DERIV 1~ DERIV 2~ DERIV 3')');
writet('(* AVERAGE DELTA E MOLARITY')');
newlin(2); 'for'i:=1'step'i'until' j+1'do' 'begin’
conc:=a(/0/)+e(/1/)*(a(/1/)+e(/1/)*(al/2/) +e(/1/)*(al/3/)+e(/1/)*
(a(/a/)+e(/i/}*a(/5/)))))s space(4); print(4(/i/),3,4);
space(3); print(x(/i/),3,4); space(3); print(s(/i/),3,4);
space(3); he=(t(/3/)+x(/i)s(/i) /51 print(n3,4);
space(3); print(e(/1/),3,6); space(3); print(conc,3,5);
newlin(1); 'end';
next: 'end'; m:=read; 'if'm=1'then''goto’redo;

tif'm=2'then''goto'moredo; 'end'; - 'end'

Data input for program 2

Control digit:- 1 if conversion betweén x and z is requirea, otherwise
03 If the control digit is 1 then:-

Degree of the curve fit expression beiween x and z;

Coefficients of the curve fit expression between x and z;

Tiﬁle*

Degree of the curve fit expression between‘x and y;

Coefficients of the curve fit‘expression between i and y;

Sfar#ing value of x; Final value of x; Step in x;

Contrélfdigitﬁ- 1Iif 2 fresh expression between x aﬁd v is'to'fblloﬁ;
2 if a fresh starting value of x is tovféllow for the

original x/y'curvé’fit;‘

0 if no more data follows;



198

Prpgram 3.

 This program reads in sets of molarity, density or molality,
equivalent conductance, cation transference number, diffusion coeff-
icient, and thermodynamic activity term, and then calculates corres-
- ponding sets of the mobility and frictional coefficients defined in
chapter 2, |
'begint'real' r, £, t, m, q;

'integer' rs, r1, r2, ﬁ, z, 21y 22, fs, md,Li;
copytext(*(%1)1);
repeat: r:=read; fi=read; t:=read;
again: ﬁewlin(Q); copytext(t(t*1)*); m:=read; ril:=read; r2:=read;
zli=read; 2z2:=read; 'rs:=r1 + r2; newlin(2); z:=read; n:=read;
‘md:=read; |
'bevln"axraj‘ Cy d, ms, t1, 1lda, ds, 111; 1123 122, r11 r22; ri12;
r10, r20, rOO £12, x, 7, act(/1-n/),
*forfi:=1'step'l'until'n'do? tbegin' c(/i/):=read; . ds(/i/)s=read;
.flda(/i/):=read; t1(/i/) :=read; a(/i/):=read; act(/i/):=read; 'end';
q:=10**(-4)*r*t*rs¥r1*z1; 'fOr'i:=1'stepf1'until'n'do"begin'

Q(/i/)==d(/i/)/(q*act(/i/)); y(/1/):=18a(/3/) /(10%%(<9) #£¥%2)
tiftmd=3'then'ms(/1i/):=ds(/1i/) 'else'ms(/i/):=c(/i/)/(ds(/i/)-.001*
o(/ifym)s
111(/1/)+ —Y(/l/)*t1(/1/)**2/z1**2 + r1**2*x(/1/),
'if'c(/i/):0.0'then'l12(/i/):=0.0'else‘

112(/1/) 2= y(/1/)#61(/1/)*(1-31(/1/)) [21*22 + vi¥r2*x(/1/);
122(/1/) := y(/i/)*(1-t1(/1/))*¥2/z2%%2 + r2xx2%x(/i/);
x(/i/)i= 111(/1/)*122(/1/) - 112(/i/)%*2;  x(/i/)2=0.1%x(/1/)3
Q3= 1220/ 35 T2/ em 1R )
r22(/1f) = 2120/ 2r(/1))s x22(/if)s= WA /X(/1));s
'if'md=3'thenr'beginv'if'c(/i/j=o.o'thén'x(/i/):=o.o1807/z'e1se'

x(/i/):=18.015*ms(/i/)/(1000*z*c(/i/));'end"else'
x(/1/):=18.015/(z#*(1000%ds(/1/) ~ w*c(/1/)))s
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£10{/1/):= ~(e1*e11(/1)) + r2xr12(/1/))%x(/1/)%100;
r20(/i/)£=vf(r1*r12(/i/) + r2%r22(/1/))*x(/1/)*100;

r00(/i/) 5= ~(x1*210(/1/) + r2%r20(/1i/))*x(/i/)*1005 ‘tena';
»Writet('(' c "M ‘EQV‘COED T+ D(V)*S')');
writet (' (" ACTERM ')'); newlin(2); | |
"for'i:=1'step't 'untilin'do’ 'begin' space(5); print(c(/i/),2,4);
print(ms(/i/),z,s); print(1da(/i/),4,3); print(t1(/i/),2,4);
 print(a(/i/),2,4); print(act(/i/),2,4); newlin(1); Tend'; newlin(3);

aritet(t{* SQRT S A1/ LA2/N  L22/m ')Y);
writet("('F12 Q12')1); newlin(1); |
writet( (" %10 *%12 ¥%12 *%121) 1) smewlin(2) ;

*fqr'i;=1'step'1'until'nvdov'begin"space(5);'f:=10*sqrt(;*c(/i/)*
.(z1 - 22)/2); print(£,2,4); print(111(/1/),2,4); print(112(/i/),2,4);
print(122(/i/);2,4); print(£12(/1/),2,4); }

f: l12(/1/)/sqrt(l“(/l/)*122(/1/)), print(£,2,4); newlln(1), tend?;

newlin(3);

Cwritet('(r  SQES  NRI -NR12  NR22 Q101)1);
writet(t(! Q20')"); mewlin(1); |
writet(*(" %0 el wxei1 %%=111)1); newlin(3);

'for'i~=1'step'1?until' n'do!'vegin! space(5);

f: 10* qrt(z*c(/i/)* (z1 - 2z2)/2); print(£f,2,4); r12(/i/):ér12(/i/);
prlnt(r11(/i/),2,4); print(r12(/1/),2,4); print(x22(/i/),2,4);
M2(/if)s==712(/1/); fi= -110(/i/)/sart(z11(/1/)*x00(/1/))3
print(2,2,4); £1- ~220(/1/) /sart(x22(/1/)4200(/3/ )5

priﬁt(f,2,4); newlin(1); 'end’; newlin(3);

writet('(' SRS -EO <R -CORMO  -COR20')");
wpitet(1('  ROA')Y); newlin(2); | :

writet(*(" %10 *%9 *#*-9 **-11 : **-11")1);

ertet( (v w7 Y newlln(B), | | ' v

tforti —1'step'1'untll'n'do"begln' space(S)
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f:=1o*sqft(z%c(/i/)*(zi'Q z2)/2); print(f£,2,4);

P10(/4/) :=-210(/1/)5 220(/3/):=x20(/1/); print(=10(/1/),2,4)3
print(z20(/1/),2,4); *10(/1/):20.015210(/1/) /(2% (/1))

 220(/4/) 1=0.01%220(/3/) /(2#2(/1/)); print(x10(/i/),2,4);

- print(r20(/i/),2,4); pr{nt(ioo(/i/),2,4); newlin(1); 'end'; 'end';
n:=read; f£:=96493;

'if'n:?'then"goto'again'else"if'n=2'then"gptb'repeat; tend!

Daﬁa input forvprogram 3.
Titlé; »GaS»constant; Faraday's constant; Absolute temperature;
Title;

Molecular weight of the solute; r,

per mole of solute; Number of data points to be entefed; n;

3 r2;.z1;'22; Number of equivalents

' Control digit; 1 if density is entered in data.

| 3 if molality is entered in data.
n sets‘of data, consisting of:=
molal conceﬁtration;‘density or moial‘cdncentration; equivalent
‘bcon&ucténce; cation transference number; diffusion coefficiént;
activity terﬁ; | |
.Con{rol digit; ii‘if fresh data at the same temperétureffollows.

o Z'ifvfrésh data at a new ?emperature follows,

"0 if no more data follows,. f
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Program 4
This program calculates values Qf the diffusion coefficient of‘
aqueous solutions Qf salts or acids in which ion aséocciation is
present using the theories of Debeye-Hilckel and Puoss-Onsager.
;‘begin"real' lamda, lamdal, lamda2, z1, 22, z, rl, r2, r, m, ml, a,
alstart, alfin, alstep, vk, b, t1, t2, t3, t4, t5, t6;-
t7, t8, t9, w, w2, ka, dterm, logy, éan,éstart, afin,
astep; 'integer' p, i, n1, n2;

"again: copytext(t(t*')1); 1amda1:=read;.lamda2:=read; o ="
lamda: =lamdal + 1amda2;‘z1:=read; z2:=read; z:=read; rl:=read;
r2:=read; r:=rl1 + r2; m:=read; ml:=read; astart:=read; afin:=read;
astep:=read; alstart:=read; alfin:=read; alstep:=read; pki=read;

- ps=read; 'if'p=0'then'pk:=exp(2.302585*(-pk)) ;

 copytext(t(Tx1)1); t1:= 1.0748%1lamdal*lamda?/{lamda*z) 5

~ t2:= 49.2122*(lamda1-lamdéZ)**Z/lamda**Z; t3:= 175.5616%2%%2;
t5:= 0,001%(18.015%x - m); |
we=(sqri(ri*z1**2 & r2*22**2))**3/(r*s§rt(2));
w2:=(w*resqrt(2))*#*(1/3) /sqrt(2); n2:=entier((zlfin-alstart)/alstep);
'begin'tarray' alphac(/-1:n2/), mbarc; acterm, 4, y, alpha, c{/0:n2/);
anots=astart-astep;
newa: anot:=anot+astep; a:=0,3286%w2*anot;
alphac(/;1/)}=alstart-alstep; 'for'i:=O'step'1'until'n2'do"begin'
alphac(/i/) :=alphac(/i-1/)+alstep; ka?za*sqrt(alphac(/i/));
'if'ka=0'then''begin' t4:=0.0; 'goto'skip; 'end';
| 'if'ka<o.9'thenf'begm' xa:=In(ka);
£43=-2.404 F+ka* (0.21848+ka* (=0, 35519+ka* (-0,03803-0,000857*ka))) 5.
t4:=exp(4); kaz=exp(ka); tend'; o |

| 'if'ké)O.9'then't4:=0.04201+ka*(0.081968+k8-*(-0-039?4+ka*0.00562));
skip:  t6:=t2%ka/(anot#(14ka)); +7: =t3%44/anot#*2;

mbarc(/i/):=t1-t6+t7; mbarc(/i/):=mbarc(/i/)*1'-20;
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dterm: =(m1415) /( (m1*alphac(/i/)+0.99707)+alphac( /i/)*45)

dterm: =dterm*aiphac(/i/); 18: (1+ra)**2
t9==o.586178*w*sqzt(a1phac(/i/)); acterm(/1/)1-(49/18) ;
d(/i/):=r*24.7894'1Z*mbarc(/i/)*acterm(/i/); $8: =sqrt(+8) ;
19:=19%0,868508; logy:=t9/18; y(/i/):=exp(-2.3026*1§g&); |
alpha(/i/):=pk/(alohac(/i/)*y(/1/)**2+pk);-

c(/i/):=alphac(/i/); 'end'; newlin(1); writet(*'(' A = ")");
print(anot,2,5); newlin(2);

writei('(' NOLARITY ALPHA | ALPHAXC | Y12')');
writet(* (" ACTIVITY TERM M/C - D121)1); |
newlln(") '*for'i-~o'step'1'until'nz'do"bégin' prinf(é(/i/) o's);
print(alpha(/i/),0,5); print(alphac(/i/),0 5) print(y(/i/),0 »5)3
pmn»(ac‘cerm(/l/),,o,s) ; print(mbare(/1/),0,5); print(a(/i/),0,5);
newlin(1); 'end'; paperthrow; 'if'anot<;afin'then"goto'newg; 'en&';

ni:=read; 'if'n1=2'then"goto'again; tend?

Data input for program 4.

.Iitle§' Limiiing equivaient conductances of the catidn and enion ﬁesp.;
43 253 Number of equlvalents of salt per moles .
; T,; Gradient of density with concentratlon(mol dm 3),

g 0

itial value

Final value : distance of closest approa&h, 8

step in value of

Initial value

Final value " molar concentfation of free ions;

Step in value of | |
Assocciation constant of salt, K_; Control dlglt - 15 o
pKa; Control digit =

Titlex*

Control digit - 2 if fresh data follows otherwise 0.
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