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ABSTRACT

Transport processes in isothermal binary electrolyte 
solutions have been studied by means of an irreversible 
thermodynamic approach.

Relationships between the experimentally accessible 
quantities of transport number, diffusion coefficient, 
and conductivity are presented in terms of the phenom
enological coefficients L . . and R . ..

The isotopic diffusion coefficients of chloride ion 
in rubidium and caesium chloride, caesium ion in caes
ium chloride, and of tritium-labelled water in lithium, 
sodium, potassium, rubidium, and caesium chloride sol
utions have been measured in the concentration range 
0-2.5M. These have been combined with existing liter
ature data in order to obtain the phenomenological co
efficients representing isotope-isotope friction.

The variations with concentration and relative mag
nitudes of these quantities have been discussed in 
terms of water structure and ionic environment.

Equivalent conductances, transport numbers, and
diffusion coefficients have been measured for solutions
of cadmium iodide in the concentration range 0-1.0M.
These data have been combined with activity and density
data from literature sources and the phenomenological
coefficients L. . and R. . obtained, ij ij

The variation of these quantities with concentration 
has been discussed and interpreted in terms of the 
formation of complex species in the cadmium iodide 
system.
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Nomenclature

oA Total effective cross-section of diaphragm pores, (cm.).
Affinity of chemical reaction, (joules/mole), 

a^ Activity of species i.
c. Concentration of species i. (moles/litre).1
C Capacitance, (farads).P
D.D Volume-fixed differential diffusion coefficient. (cm?/sec.) 7 v  v 2D Integral diffusion coefficient, (cm./sec.).
D(t) Concentration-averaged diffusion coefficient. (cm?/sec.).
Dn Solvent-fixed diffusion coefficient, (cm./sec.).

2D.. Diffusion coefficient of ionic species i. (cm./sec.).
C) 2D Diffusion coefficient at infinite dilution, (cm./sec.).

d Distance, (cm.).
dS Total entropy change, (e.u.).
dS Entropy change due to interactions with the exterior.(e.u.)e
dS. , Internal production of entropy, (e.u.).lrrc
E Electro-motive force, (volts).
F Faraday of electricity, (coulombs/equivalent),
f Mean molal activity coefficient.
I Current density, (amps/cm.).
J , Flow of chemical reaction.

Flow of species i. (moles/cm.sec.).
J Flow of entropy. (Chapter 2.2).S

Solvent-fixed flow of electrolyte, (Chapter 2.7*4)> in 
moles/cm?sec. 

j(t) Flux of solute at time t. (moles/cm.sec.).
k Specific conductivity, (ohm cm.).^
L Thermodynamic diffusion coefficient, (moles /joule.sec.cm.)

2L.. Intrinsic mobility of species i. (moles /joule.sec.cm.).n  2
L . . Cross-coefficient of mobility, (moles /joule.sec.cm.).
1 Diffusion path length, (cm.).
M Molarity, (moles/litre).
M^ Molecular weight of species i.
iik Molality of species i. (moles/Kg.).
N Normality, (equivalents/litre).
R Gas constant. (joules/mole.degree).
R Apparent resistance, (ohms).



Coefficient of friction between species i and j, and 
between species i and solvent, respectively.
(joule.sec.cm./moles ).
True resistance, (ohms).
Thickness of medium, (cm.).
Absolute temperature. (°K).
Integral transport number of species i.
Time. (secs.).
E.m.f. transport number.
Hittorf transport number.O 'Volume. (cm.).
Velocity of species i. (cm./sec.).
Thermodynamic force on species i. (joules/mole.cm.). 
Distance, (cm.).
Mean molar activity coefficient.
Signed valency of species i.
Function defined by equation (2.30).
Cell constant.
Viscosity, (poise).
Viscosity of solvent, (poise).
Equivalent conductivity. (cm./ohm.equivalent). 
Limiting equivalent conductivity of species i.

(cm./ohm.equivalent). 
Chemical potential of species i. (joules/mole). 
Refractive index.
Electrochemical potential of species i. (joules/mole) 
Chemical potential of neutral electrolyte. (joules/mo 
Stoichiometric ionisation coefficient of ion i.
Sum of stoichiometric ionisation coefficients.
Rate of entropy production.
Prediffusion time. (secs.).
Electrical potential, (volts).
Dissipation function, (energy/unit time).
Angular frequency. (Hertz).
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INTRODUCTION
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INTRODUCTION

Classical theories of the behaviour of electrolyte 
solutions under the influence of concentration or 
electrical potential gradients are based on the laws of 
interionic attraction and the concept of ion atmosphere.
As a result, these theories successfully account for the 
observed transport properties in very dilute solutions.

In such solutions, long-range coulombic forces are
the principal interaction, and classical theories of
conductance and diffusion are based upon the assumption
that the kinetic friction between an ion and the bulk
solvent, which determines for example, remains

Uunaltered when a finite concentration of solute is present 
It is further assumed that any additional friction between 
ions and solvent may be ascribed to distortion of the ion 
atmosphere due to the electrophoretic and relaxation 
effects.

Classical theories do not, however, take into account 
specific effects, such as ion association and complex 
formation in solution, variation in the structure of the 
bulk solvent, changes in solvation around the ion, and 
local variations in viscosity and dielectric in 
concentrated solutions.

As a consequence, classical theories fail in solutions 
more concentrated than approximately 0.001N for completely 
dissociated 1:1 electrolytes, with lower limits for 
unsymmetrical electrolytes.

Various attempts have been made to extend the concent
ration range of classical equations by taking into account 
short-range interionic effects. The conductance theories 
of Pitts and of Fuoss and coworkers have succeeded in 
extending the limit of validity to approximately 0.05N for 
completely dissociated 1:1 electrolytes. In the case of 
more complex solutions, such as associated electrolytes, 
this limit is reduced to approximately 0.025N.

Within the last few decades, however, an alternative 
approach to the problem has been developed. The basis of 
this approach is the phenomenon of coupling between forces 
and flows in a transport experiment. Considering cond
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uctance, in which cations and anions flow simultaneously < 
in opposite directions under a gradient of electrical pot
ential, the flow of the cation is influenced by the force 
on the anion, and vice-versa. The phenomenon of coupling 
was recognised as long ago as 1854 by Lord Kelvin, in a
study of the thermoelectric effect, but the first rigour-

130ous mathematical treatment was given by Onsager , in 
1931. Further expansion and generalisation of Onsager1s 
theory of irreversible thermodynamics is described in a 
number of treatises . ̂  ^ 3

The application of irreversible thermodynamics to iso
thermal transport processes in electrolyte solutions is

107-109due chiefly to Miller. The theory of irreversible
thermodynamics as presented by Miller may be directly 
applied to experimentally measurable transport properties, 
leading to a general description which is valid over any 
concentration range. Transport processes are described 
in terms of linear phenomenological coefficients which 
are a specific measure of ion-ion and ion-solvent inter
actions. The concentration dependence of the transport 
properties conductance, diffusion coefficient and trans
port number, are rationalised in terms of these phenomen
ological coefficients, which are clearly more fundamental 
than the transport processes themselves. Knowledge of 
the phenomenological coefficients as functions of concen
tration for a given system allows the complete character
isation of any vector transport process, no matter how 
complex, in that system.

The theory of irreversible thermodynamics is presented 
in Chapter 2, in which it is shown that, for a binary 
electrolyte solution, only three transport quantities, 
diffusion coefficient, D, conductance, A , and transport 
number, t^, are required in order to derive the phenomen
ological coefficients, . and ^ . As previously stated, 
these L. . and R. . coefficients qualitatively interpret 
the concentration dependence of the transport processes.
A more meaningful interpretation is obtained when a series 
of electrolytes, such as the alkali metal chlorides, is
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considered. Sufficient data is available^ ’ ̂  ̂ 3 for 
the phenomenological coefficients to be calculated for 
this series over the concentration range 0-3.0M. However, 
comparable data for isotopic diffusion coefficients of 
component ions and water are incomplete. In particular, 
diffusion data for chloride ion in RbCl and CsCl, for rub
idium ion in RbCl, for caesium ion in CsCl, and for 
water in LiCl,NaCl,KCl,RbCl,and CsCl, are lacking. These 
have been obtained in this study, using a diaphragm cell, 
for all but rubidium ion in RbCl.

It is shown that the two sets of data may be combined 
to yield Onsager frictional coefficients (r^t) or mob
ility coefficients which measure the kinetic inter
action between isotopes as a function of concentration
for each salt solution. Since the 1... contain frame of11 1
reference contributions with water solvent, their inter
pretation is difficult, but these may be compared with 
values calculated from the Onsager limiting law. Frict
ional coefficients are more explicit. The main factor 
contributing to the diffusion coefficient of ions, 
remains ion-water friction, because interionic friction 
between oppositely charged ions is largely cancelled by 
isotope-isotope friction in the expression for 
Water diffusion, Dqqj is shown to be primarily due to 
isotope-isotope friction, between water and water, which 
is the sole contribution to for pure water.

In a separate section of this thesis, measurement of 
the transport quantities t^, D, and A  , is described for 
the system cadmium iodide-water. Using these data, the 
irreversible thermodynamic parameters . and R_̂  . are
obtained and compared with similar data for a completely 
ionised 2:1 salt system, CaCl^y and one in which self- 
complexing also occurs, CdCl2. A semi-quantitative inter
pretation of the effects of self-complexing in the cad
mium iodide is developed and discussed.

Curve-fit data and details of computer programmes used 
in this work are presented in two Appendixes.



CHAPTER 2

THEORY OF IRREVERSIBLE THERMODYNAMICS AS APPLIED TO 
TRANSPORT PROCESSES IN CONCENTRATED BINARY ELECTROLYTE

SOLUTIONS.
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2.1 Entropy Production: Systems undergoing irreversible pro
cesses may be divided into an infinite number of macroscopic-

107ally small local subsystems. Each subsystem may be considered
14 Ato be in local equilibrium, despite the gradients of thermo

dynamic parameters which give rise to the irreversibility.
This assumption is valid if perturbations from equilibrium 

are small, and permits the application of all the results of 
classical thermodynamics to a given subsystem.

The change of entropy in a subsystem during an irreversible 
process is given by:

dS = dS + dS . , (2.1)e m t

where dS^ is the change in entropy due to a reversible inter
action with the exterior and is due to production of
entropy within the system itself. dS^ ^ is constrained by the 
inequality:

dS. . = 0 (2.2)int

That is, dS. , is zero for a reversible change but positive’ m t
when a change occurs irreversibly.

In an isolated system in which neither energy nor matter 
can be exchanged,

dS = 0 (2.3)e

and the total entropy production becomes

dS = dS. , = 0 (2.4)m t

If two such systems are enclosed to form an isolated system, 
and in each some irreversible process takes place, then

dS = dS1 , + dS2 , = 0 (2.5) *m t  m t



7

13 7It is further postulated that in every macroscopic 
region of the system the entropy production is positive.

i.e. dS ̂ , = 0 and dS ? , = 0. int int

In the special case of coupled chemical reactions,however, 
the rate of entropy production , dS/dt , is given by

dS/dt = dSint/dt + dSint^dt ^ °

1 2 and it is possible for to be positive and d ^ ^ / d t
to be negative, providing their sum is positive. Thermodynamic
coupling of this kind, such that a spontaneous chemical
reaction drives another against its spontaneous tendency, is

lo 7an essential feature of living systems.

2.2 The rate of Entropy Production and the Dissipation Function 
The rate of entropy production in a system may be consid

ered to be the sum of contributions from all volume elements, 
so that

I-dSint = ' °^*dV (2.6)

where (7“' is the local rate of production of entropy per 
elemental volume, dV.

may be identified as a sum of terms, each being a pro
duct of a flux and a conjugate thermodynamic force. Thus the 
choice of flows and forces is to some extent arbitrary, prov
ided the products have the dimensions of entropy production. 

For a system in the steady state, is given by the rel-
7Kationship u

O' =(js/T)grad(-T) + (^/^gradf- ~i) + Jch-(Ai/T) (2’7)

where J , J., and J , are the fluxes of entropy, matterf and s i ch
chemical reaction. The conjugate forces are defined as the



negative gradients of temperature, T, electrochemical potent
ial, and affinity, A_̂ .

0~ may be replaced by the dissipation function, T(r“, which 
is a measure of the rate of local dissipation of free energy, 
with dimensions of energy per unit time. Rearrangement of 
equation (2.7) gives

TO- =^) = Js .grad(-T) + ^.gradC-^) + Jch.A± (2.8)

Considering only isothermal irreversible processes in 
electrolyte solutions in which no chemical reactions are occur- 
fing, the dissipation function reduces to:

n.
J • • grad( - IT. ) (2.9)(£> = J  Ji.graav-(i1

Defining the thermodynamic force, X^, in joules/mole.cm.,as

= gradf-p^) (2.10)1

then equation (2.9) becomes

$  Jix± (2-n )-v. 1 = 1
2

where J. is the mass-fixed flow of species i in moles/cm.sec.i

2.3 Frames of Reference for Flows: The flows of equation(2.11) 
are defined arbitrarily in terms of a mass-fixed frame of 
reference. Since the systems are in mechanical equilibrium, 
any frame of reference may be chosenf^ the choice depending on 
the purpose of study.

For binary electrolyte solutions, the solvent-fixed frame 
of reference is more convenient than, for example, the volume- 
or mass-fixed reference frames. Transformations exist for con-

^ ^  ̂ 63,79,106,186version from one frame of reference to another. ' 9

For a binary electrolyte solution consisting of cation,1, 
anion,2, of valencies and respectively, and solvent,0,
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equation (2.11) becomes

= J 1X 1 + J2X2 + JQX0 (2.12)$
For the one-dimensional case, which is the normal exper

imental situation, equation (2.10) may be written as:

X± = - iin = -[^Ui + Z F*| ] (2.13)
Ox Ox Ox

omitting negligible gravitational terms. In equation (2.13)?
is the chemical part of the electrochemical potential in 

joules/mole, is the signed valency, F is the Faraday in 
coulombs/equivalent, is the electrical potential in volts, 
and x is the distance parameter in cm.

The X^ are not independent due to the Gibbs-Duhem equation, 
which may be written

n
S’”* c .X. = 0 (2. 14)

1 1

where c^ is the concentration of constituent i in moles/litre.
Using equation (2.14) and eliminating the solvent term, equ
ation (2.12) becomes:

<£ = (J1-c1J0/c0 )X1 + (J2-c2J0/c0)X2 (2.15)

The flow, J\, of species i is given by the product of conc
entration, c . , and velocity,v..7 1 1

J . = c . v .1 1 1

Thus the terms (J .-c.Jn/cA) in equation(2.15) are the flows1 1 0 0 1 Q
of species i relative to the solvent 0, and are denoted by J^.

0 / NJ . = C . ( V . — v „ )1 1 0

The dissipation function may therefore be represented by 
two flows,J^ and and their conjugate forces X1 and X2-



Since only solvent-fixed flows are considered, all flows 
will henceforth be denoted simply by J^.

2.4 Phenomenological Equations and the ORRi In a system close 
to equilibrium, the flows and forces are linearly related by 
phenomenological equations which may be written as:

n
J . = ^  L . .X . i=1,2 n (2.16)
1 5^1 3

The . are phenomenological coefficients, and are independ
ent of the X.. They convey the possibility of cross-effects 

3
between irreversible phenomena, since each flow may be a
linear function of all the thermodynamic forces in the system.
The flows J. will be affected by the other forces in the 1 J

system provided the . ( iT̂ j ) are non-zero. These L̂ _. are a 
measure of the degree to which a flow of one species is affect
ed by forces on other species in the system, and are the
cross- or coupling-coefficients.

Where the L . . are zero, the direct coefficients L.. are a ij H
specific measure of the mobility of species i. From the gen
eral definition of a force equation, the provide the
linear relation between flow and conjugate force described by
simple laws such as those of Ohm and Fick.

2To fully characterise a system of n forces and flows, n
phenomenological coefficients are required. However, symmetry

13O .requirements shown by Onsager , using statistical mechanics, 
state that

L . . = L .. i,j=l,2,....,n (2.17)
13 3 1

The relations (2.17) are known as the Onsager Reciprocal
Relations (ORR) and as a result the number of coefficients

2necessary to characterise a system is reduced from n to 
4n(n+l). The ORR have been verified experimentally for a large
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number of phenomena.0^ 1'10*1 11 The Li . are constrained by the 
inequality

L . ..L . . = (L. .)2
i i  33 i J

which states that the direct coefficients must be positive, 
though the cross-coefficients may be either positive or neg
ative .

The direct coefficients. L. . and L. are a measure of theJJ
mobility which an ion would have in the absence of inter
actions with oppositely-charged ions. The L^. ( j) are the 
mobility interaction coefficients and are a direct measure of 
the cation-anion kinetic coupling.

Both the and . are dependent upon the frame of ref
erence. In the case of a solvent-fixed reference frame, they 
also include contributions fronu the solvent.

2.5 Alternative Representation: the R . .. Irreversible pro
cesses in electrolytes may be considered using the inverse
formulation of friction coefficients,R . .^*82y83- >108ij

The linear laws for the inverse description are: 

n
X. = J.R.. i=0, 1,----   n (2,18)
1 3^0 3 13

where the are those of equation (2.13) and the R^. are ob
tained by matrix inversion of the L. t_l

Since neither the X. nor the J. are independent, the R. .
1 8? 3 are not uniquely specified f unless the assumption is made

^  i Q 8 that
n

S  c.R.. = 0 i=0, 1 n (2.19)
3 13

With this assumption, the R . . may be shown to be reference-
79 13frame independent.

The R. . also obey the oRr J ^ ^ 2*1^  13
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and are constrained by the inequality

R , ,  .R .  . =  (R .  , ) 2 ( 2 . 2 1 )
11 33 i J

R ^  is interpreted as the sum of all friction between 
species i and other species in the system. R̂ _. (i^ j) repr

esents the frictional interaction between species i and 
species j .

2.7 L. . and R. . in terms of Measurable Quantities: For a bin-— *3------ *3------------------------------------
ary electrolyte in a neutral solvent, three transport exper
iments must be performed in order to calculate L 2 2 ’ anĉ
L 1 2  ^ _ L  2 1  ^ *

Consider an electrolyte AB which dissociates as

A B  => v , A z l  +  v „ B " 2Yi Y2

where A and B are cation and anion, and z^ their signed 
valencies, and Y^ and Y  ̂the stoichiometric ionisation coeff
icients. Since there is equilibrium,

Ml 2 = ^lM-l + ^2^2 (2.22)

where i-s "the chemical potential of the electrolyte.
Conservation of charge requires that

V i  + V 2 = 0 (2-23)

The phenomenological equations for this system are given by 
equation (2.16).

J = L 11X1 + L 1?X1 u  1 12 2 (2.24)
J 2 = L 21X 1 + L 22X 2

Four transport quantities are accessible experimentally, 
namely c o n d u c t a n c e , , diffusion, D , Hittorf transference 
number, th, and emf or cell transference number, t?
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2.7*1 Conductance: In conductivity experiments, the external 
applied force is electrical potential gradient only, and, 
since concentration is uniform, there are no gradients of 
chemical potential.
Thus

Xi = -ziF(W/ix) (2.25)

When an electric current is passed through the solution, the
2current density I in amp./cm. is given by:

I = (z1J1 + z2J2).F (2.26)

Substituting for and J"2 from equations (2.24) and using 
equation (2.25) for and X2, equation (2.26) becomes

I = F2(-^/ix)[ z^L11 + z1z2(L12+L2l) +z2L 22 ] (2-27)

Ohm’s Law states that

I = k(-i^/^x) (2.28)

where k is the specific conductivity in (ohm cm.)/ and sub
stitution of equation (2.28) into equation (2.27) gives

k = . a ( 2. 29)

where
a = [ ziL11+z1z2(L12+L21)+z2L22 ] (2.30)

Substitution of equation (2.29) into the expression for equ
ivalent conductance,/^ , yields

A = 103F?cc/N (2.31)

where N is the concentration in equivalents/litre.
is measured on an apparatus-fixed frame of reference,

108but may be shown to have the same value in any reference frame
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2.7*2 Hittorf Transference Number, t. t_̂  is defined as the 
fraction of the total current carried by the ith ion relative 
to the solvent when a current I is passed through a solution
of uniform composition, and may be written

th = z.FJ./ll l

Since the composition is uniform, the forces and X2 are 
given by equation (2.25). Use of this expression with equations 
(2.26) and (2.24) gives, for ion i,

t^ = + z1z2L 12)/a (2.32a)

and similarly

*2 = (z2L 22 + Z1Z2L 12)/(X (2.32b)

2.7*3 Emf Transference Number, t . An electrochemical cell 
having identical electrodes and a single electrolyte, but 
which has a varying composition, may be represented by, for 
example

Pb j PbCl2(m1) j PbCl2(m2) | Pb

where m^ is molality , and m 2>m^.
In this system diffusion will take place, and a charge 

separation will be induced owing to the different ionic mob
ilities. After a very short time, of the order of a nano
second, ̂  coulombic forces come into effect, with the result 
that no net current flows through the solution, and therefore

I = (Z1J1 + z2J2 ),F = ° (2.33)

In this situation, both the gradient of chemical potential,
ijĵ /fcx, and the gradient of electrical potential, v ifa ,  
are non-zero.
Substituting equations (2.13) and (2.24) in equation (2.33)>
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F.( bl^/^x) -(t^/z1) . (J ji1/ix) + (t^/z^ . ( ̂ (j^/^x) (2.34)

ionwhere (-**A x) is the gradient of liquid junction or diffus 
potential, and t^ is defined as:

t l = ^Z1L 11 + z1z2L21 /̂/qc (2.35)

with a corresponding expression for t~.
Inspection of equations (2.35) and (2.32a) shows that t^ 

and tj are identical only if L^2 = L j, 'that is, only if the 
ORR are valid.

2.7*4 Salt Diffusion: If two solutions of different concent
rations are brought into contact, diffusion will occur as the
system seeks to establish equilibrium. The term |̂j,̂ /bx is non
zero and no current flows.

From equations (2.23) and (2.33)?

Jl ^l = V Y2 = Js (2>36)

where J is the solvent-fixed flow of the electrolyte as a s
whole. The diffusion coefficients for a binary electrolyte 
system are defined ̂ ^by:

jg = -(Dq/ioooMWVc) = - l .(V12A x) (2.37)

2
where D is the solvent-fixed diffusion coefficient in cm./sec 
and L is the thermodynamic diffusion coefficient in moles / 
joule sec.cm. Equation (2.37) may be rewritten as

(D0/1000). & c A x )  = L. (i|a12/^c) . (ic/ix:) (2.38)

and so
L = (D0/lOOO;.6 |i]2A e) (2.39)

Using equation (2.39) and the expansion
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b|il2A c = RTy( l+cdlny/dc)/c

where Y= + Y2 an(* y mean molar activity coeffic
ient, equation (2.37) becomes

Jg = (-̂ (j,12/ix) .Dqc/1000RTy( 1+cdlny/dc) (2.40)

From equations (2.13)*(2.22),(2.24),(2.33), and (2.34), and 
some manipulation,

Js ^  M'i2//̂ x  ̂’ ̂ zlz2 ^ 1 i2̂  * ̂ L llL22~L 12^ a 

Comparison of equations (2.40) and (2.41) gives

Dq = -(1000RTyz1z2/cy1y2)*^i+odlny/dc).(L 11L22-L^2^/a

where a is as defined by equation (2.30).
In the literature, volume-fixed diffusion coefficients,

D^, and mean molal activity coefficients, f, are reported.
It may be shown that

Dq/(1+cdlny/dc) = D^/(1+mdlnf/dm) (2.43)

where m is the molality. Substitution of equation (2.43) in 
equation (2.42) gives:

= -( 1000RTYz1z2/cy1Y2) • ( 1+rndlnf/dm) •^L h L22-L1 2 ^ CC (2.44)

Equations (2.31), (2.32a), (2.35), and (2.44) may be solved
simultaneously to give an expression for the L . . in terms of

A h c ^, t , t ., and D . If the ORR are assumed,
h cthen t^ = t^ , and the resulting equation is:

L. ./N =(t .t .J\/ lOOOF^z.z .)+ y •Y /IOOORTyz1(1+mdlnf/dm) (2.45) 13 1 J 1 J Yi Yj v' Y 1

If F is in coulombs/equivalent, R is in joules/mole deg.,
2 2 and D is in cm./sec., then L. . has units of moles /joule v ' 1J

sec. cm.

(2.41)

(2.42)
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The R. . are obtained by matrix inversion of the L. .ijFor any system,

R id = M / I L

where L. .1 is the minor of L . . and l| is the determinant I ijl 13 1 1
of the L-coefficient matrix. The coefficients R.„ are ob-1O
tained from R_̂_. using the relations defined in equation
(2.19),

n
g CdRi d = ° ( i =  0*1.2 )

where Cq is the concentration of solvent given by

Cq = IOOOc/itiMq (2.46)

where is the molecular weight of the solvent. The units
2of R. . are "joule sec. cm./moles . ij

For a binary electrolyte solution on a solvent-fixed 
frame of reference, equation (2.18) becomes

X = R J + R J
1 11 1 12 2 (2.47)

X 2 ~ R 21J 1 + R 22J 2

From equations (2.19) and (2.47)* and assuming Cj= c^f 
R_^ and R22 may be eliminated to give

XI = “R12^J1~J2 ^ Cc/C1'>R10J1 (2.48)
X2 = -R21^ J2~J 1^_^C0/'C2')R20J2

where R^2 (=R21^ anc* Ri0 represent friction bet
ween ion and ion, and ion and water respectively.

Expressions for R^ . in terms of experimental quantities 
may be derived in the same way the L . . were obtained. Using ̂a Q J
the ORR, the results are

L = -(c/c0)-(y 1r 10+’V2R20^ = (C/,C0 ^ R00 (2-49)
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a =

t l Y2R2c/^ y 1R 10+ y 2R20^ (2.50)

z 1 z 2 c ( y i R i o +  Y 2 R 2 0 ^ ^ C 0 R 1 0 R 2 0 + c R 12^ y 1R 1 0 + y 2 R 2 0 ^  ( 2 * 5 1 )

where c == c^/y^ and is defined by equation (2.46).
Solution of equations (2.49), (2.50), and (2.5l) leads to 

the explicit expressions for R . ..

R U =  zV a + R22= z2/a + A./y\L

R 12= z lz 2/a + t lt 2/ 'Vl'Y2L R00= <<=/c0 )2/L ( 2 ‘52)

R 10= -(c/c0 )‘(t2/YlL) R 20= "( c/c0  ̂* ̂ t i/‘Y2L ^

2.8 Self Diffusion: The term 'self-diffusion1 refers to an
unattainable ideal, since true self-diffusion cannot be det
ected owing to the indistinguishability of the molecules. A 
process closely related to self-diffusion occurs when an ion 
or species present in trace amount diffuses in a large excess 
of electrolyte. This process is termed isotopic- or tracer- 
diffusion; an example is the diffusion of radioactive chlor
ide ion present in trace amounts in an otherwise uniform sol
ution of sodium chloride. The isotopic species present diff
ers from the 'normal' isotope only enough to be distinguish
able; all physical and electrical properties of the solution 
a r e imch ange d.

1 9 0 1*1 72.8.1 Mass Effects. It is generally believed 5 that the 
mobilities of ions and molecules are more closely related to 
size and shape than to mass. This is exemplified by the vir
tual equalities of the mobilities of chloride and iodide ions 
in aqueous solution although their masses differ by a factor 
of four. Thus it is to be expected that isotope effects due
to mass differences should be small, if not negligible, when

1 <4 3trace-ion diffusion is involved. Some studies by Pikal Lf
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LiBr have indicated the presence of a small isotope effect 
of the order of a few tenths of a percent, but since this is 
close to the limits of experimental precision, no firm con
clusions may be drawn, save that any effect is small.

In the case of the isotopic diffusion of water, however, 
considerable evidence suggests that isotope effects are large 
since diffusion coefficients of water labelled with different 
isotopes have differed by up to 15%- This point will be dis
cussed more fully in chapter 4*

The assumption, then, that ionic isotope diffusion is iden 
tical to self-diffusion is in general very good. The driving 
force for isotope diffusion is the gradient of (RTlnc), since 
the ionic environment of the tracer ion is effectively un
changed during diffusion and hence its activity coefficient 
may be regarded as constant.

Consider a binary electrolyte system, for which the phen
omenological equations are given by equation (2.47).

the simplest case of a ternary solution, for which the phen-

(2.47)

Let the tracer ion be the cation, then the system becomes

omenological equations become:

(2.53a)

(2.53b)

(2.53c)

where the label I1 refers to the tracer ion.
If species 11 is chemically identical to the bulk species 1, 

then, for the same transport experiment,
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and, since c^+ c^, , where is the total concentration
of species of type 1,

C1X1 = clxl + ciixit (2.54)

Furthermore, since the isotopes are identical,

C1R U  = C xrll+Cl-rll- (2.55)

Under conditions of self-diffusion,

J1 = 3i + 3i, = 0 (2.56)

and using equations (2.13) and (2.53a)

= (“ icAx) .RT/c1(r11-r11, ) (2.57)

Since the species I1 is present in vanishingly small amounts, 
then the approximation

is a good one, and, with equation (2.55)* equation (2.57) be
comes :

jq = (-^c/ix).RT/C1(R11-ru ,) (2.58)

Comparison of equation (2.58) with Fick's Law gives

D u  = RT/C1(R11-r11,) (2.59)

or, in general

D.. = RT/C.(R..-r..,) i=0,1,2 (2.60)11 ' 1 li ii 1

Thus the self— or isotopic diffusion coefficient of a 
species may be related to the value of i-n the correspond
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ing binary solution.
The derivation of equation (2.60) in terms of L .. gives

Di± = RT[(Lli/C.)-(c ./fc.)(l.,,/c.,)] (2.61)

However, the description of isotopic diffusion coefficients 
in terms of R̂ _. coefficients is preferred for certain reas
ons. Both the R . . and D.. are independent of the frame ofXJ IX
reference chosen. However, the L. . are with respect to a sol-13
vent-fixed reference frame, and so the quantity 1^ ,  must 
correct for frame of reference and include specific isotope- 
isotope terms. Thus 1^, is intrinsically more complex a quan
tity than r. . Also, since R-coefficients are analogous to

11 29 67the concept of mechanical friction between species, 9 they
are therefore more meaningful physically.



CHAPTER 3

ISOTOPIC DIFFUSION STUDIES
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3.1 Introduction
The purpose of this work was to complete the ionic diff

usion data for the entire alkali metal chloride series,
+with the exception of Rb ion in RbCl solution, for which 

no suitable isotope existed for study under our laboratory 
conditions. A large quantity of data for the alkali metal 
chloride-water systems was already available im the liter-j. _
ature; only data for Cs ion in CsCl, and for Cl ion in
RbCl and CsCl was missing.

The study of water diffusion using an isotopically
labelled form of water, tritiated water, was seen as a

6 6natural extension of earlier work by Jalota on an irr
eversible thermodynamic analysis of the series of alkali
metal chloride-water systems.
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3•2 Methods Applied to the Study of Isotopic Diffusion in 
Liquid Systems. Isotopic diffusion experiments do not involve 
bulk concentration gradients, since the isotopic species 
is present in negligible quantity, and the bulk physical 
properties of the solution, such as density, conductivity, 
etc., are unchanged by the addition of isotope. When the 
isotopic species is present in substantial quantities, as, 
for example, in the case of interdiffusion of D 0-H 0 mix- 
tures studied by Longsworth,9 4 then the physical properties 
of the solutions are altered, and methods which exploit 
these differences may be used.

In general, however, the experimental methods available 
for the study of isotopic diffusion have been developed 
specifically for this purpose, or are modifications of pre
existing methods used in the study of bulk salt diffusion.

The method used in this work was a Stokes-type diaphragm 
cell. Previous work in this l a b o r a t o r y ^j67 Qn salt diffus
ion studies had indicated that a precision of +0.2% was 
readily obtainablewith this apparatus. As the diaphragm 
cell is readily adaptable to the study of isotopic diffus
ion, this method was selected for the study of isotope diff
usion in aqueous solutions of the alkali chlorides.

A brief outline of the alternative methods available is 
given below.

3.2.1 The Open-Ended Capillary Method. This method, norm
ally referred to simply as the capillary method, was devel
oped specifically for isotope diffusion studies by Anderson 
and S a d d i n g t o n , 4  and later modified by Mills.1* 5A general
description of the method is given by Wang 178 and by Robin- 

152son and Stokes.
This is theoretically an absolute method, but in practice

112 .some form of calibration has been found necessary, since 
in many cases inaccurate data have been obtained. Convection— 
al disturbances at the junction of the capillary mouth and 
the external bath solution can give rise to two separate 
sources of error.
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The immersion effect 3 occurs on lowering a cap
illary tube into the bath solution, when convectional remov
al of radioactivity can result in a loss of 0.5-2$ of the 
contents of the capillary. This effect can be minimised if 
suitable precautions are taken.

The other effect arises from the necessity of maintaining 
a flow of bath solution across the capillary mouth. This 
flow can give rise to turbulence at thP capillary end which 
can scoop out the contents of the capillary, thereby reduc
ing the effective length, 1, of the diffusion column. Since 
one of the boundary conditions for the solution of Fick1s 
Second Law,

^ci/^t = D±V c i/ix2

which is applicable to capillary diffusion, may be expressed
as c .=0 for x>l, then the above effect was termed the Al

179 111effect 1 by Wang and gives rise to high results. Mills,
however, has shown that this effect can also be minimised by 
careful experimental technique.

Further errors can arise from failure to remove complete
ly all traces of radioactive solution from the capillary for

lieanalysis at the end of an experiment. Mills, and independ- 
171ently Thomas, circumvented this problem by encasing the 

capillary tube in a scintillation-counter crystal and meas
uring the decrease in activity continuously for the duration 
of the experiment.

Measurements by this continuous-monitoring method have 
yielded isotopic diffusion coefficients to a precision of the 
order of +0.2$.116

3.2.2 The Radiometric Porous Frit Method. This method was 
adapted from the porous frit method of Wall,Grieger and 
Childers and was adapted specifically for isotope diffus
ion studies by Nelson.126Subsequent use has been chiefly by

96-99Marcinkowsky and coworkers.
In this method, small slabs of porous material, such as 

unglazed porcelain or gold frits, are equilibrated in a sol
ution containing a small quantity of radioactive isotope.
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The slabs or frits are then transferred to a bath con
taining the same solution but with the isotope absent. The 
isotopic diffusion coefficient may be calculated from the 
decrease in activity with time.

This method also requires calibration with some electro
lyte for which reliable diffusion data exist* . Though rapid,
the precision of the method is limited to a few percent.

3.2.3 The Spin-Echo NMR Method. Nuclear magnetic spin echoes
were discovered by Hahn ̂ 4 in 19 50. The subsequent theoretical

2 5 17analysis by Das and Saha, and Carr and Purcell led to the
development of the method by a number of workers .2^^0,31 j40, 145

2 7A full account of the method is given by Douglass and McCall.
The advantages of spin-echo nmr are that the method does 

not require the presence of unusual isotopes, and self-diff- 
usion measurements may be made rapidly under a wide variety 
of experimental conditions. Precision, however, is limited 
to 2-3% in most cases, though an uncertainty of only +1% has 
been achieved.1^

3.3 The Stokes Diaphragm Cell Method. This method was intro-1 - - 128
duced by Northrop and Anson, though its modern form is 
mainly attributable to S t o k e s w i t h  minor modifications by 
other workers 9 » 123 9 124 T^e method is not absolute;
the diffusion cell must be calibrated using a standard elect
rolyte, normally potassium chloride, for which diffusion co-

57efficients are already known. This technique has been widely 
used in the study of bulk salt diffusion, and was first 
adapted for isotopic diffusion measurements by Adamson.1

This method initially suffered from a number of disadvan
tages, though these have now been largely eliminated.

The effects of vibration and small temperature fluctuat
ions are virtually eliminated by confining the diffusion pro
cess to the narrow capillary pores of a sintered glass dia
phragm. This introduces other difficulties, however, since 
these conditions necessitate uniform concentrations in the 
reservoirs above and below the diaphragm up to the diaphragm 
surface. This in turn requires stirring of the solutions in
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the reservoir to remove any stagnant layers of solution 
near the diaphragm surfaces. The system of stirring adopted 
by Stokes consisted of two soft iron wires sealed in thin 
glsss tubes and situated just above and below the diaphragm 
surfaces. These stirrers were rotated magnetically by an 
external stirring mechanism.

It is important that the diaphragm be horizontal, within 
2-3 , since any departure from the horizontal causes errors 
in the measured diffusion coefficients due to bulk flow 
through the diaphragm. The amount of bulk flow increases as 
an approximately quadratic function of the angle by which 
the diaphragm departs from the horizontal} ̂  Bulk flow due 
to density gradients is eliminated by having the more dense 
solution on the lower side of the diaphragm.

The effect of variation in stirring speed has been inves- 
165 32 125 114tigated by Stokes, Fell, Neilsen et al., and Mills.

Stokes has shown that, above a 'threshold' rate of approx
imately 25r,pm, the stirring speed has no effect on the meas
ured diffusion coefficients. Stokes found this to be true

114-over the range 25-oOrpm, as did Mills over the range 60- 
1lOrpm.

The main limitation on the use of diaphragm cells for the 
study of diffusion in liquid systems is due to solute adsorp
tion on the diaphragm pore walls. This gives rise to an anom-

2,124,165alously rapid transport mechanism through the diaphragm 
which becomes increasingly important as the concentration

60, 124 1 1decreases below 0.0IN and leads to erroneous results.
For this reason, the diaphragm cell technique is restricted 
to solutions more concentrated than 0.05N.

3 .3.I Theoretical Considerations. The diaphragm cell method
is a steady-state method based on Fick's First Law of Diff- 

33usion:
J = D(-Wfcx) (3.1)

In true steady-state diffusion, a constant concentration 
is maintained at both ends of a column of diffusing liquid 
and the flux of solute ultimately becomes independent of
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"time and of position in the column. This situation is term
ed the steady state, and measurement of the flux, J, and 
concentration gradient, (Wfcx), gives the diffusion coeff
icient, D, from equation (3.1).

The experimental difficulties of establishing and main
taining a true steady state have prevented widespread use2 0
of this method; only Clack having obtained results in this 
way.

In the diaphragm cell method, diffusion is confined to 
the capillary pores of the diaphragm. However, as the diff
usion process reduces the concentration difference, the flux 
of solute across any plane in the diaphragm parallel to the 
upper and lower surfaces will decrease slowly with time. For 
this reason, a 'pseudo1 steady state is said to be estab
lished.

Let the concentrations of solutions at the beginning and 
end of an experiment be denoted by c ^ c ^ c ^ ,  and c^, and the 
volumes of the compartments and diaphragm be V^,V  ̂ and 
respectively. Let the total effective cross-section and aver
age length of the diaphragm pores be A and 1 respectively.

Denoting the flux of solute by J(t), since it is a func
tion of time, and if the concentrations of the upper and 
lower compartments are denoted by c' and c TI respectively, 
then the rates of change of the concentrations are related 
to J(t) by

dc'/dt = -JCthA/Vj and dc " /dt = +J( t ). A/V2 (3-2)

hence

d(c>—c "  )/dt = —J(t).A.(l/V1 + 1/V2) (3-3)

The average value of the diffusion coefficient with respect 
to concentration ovdh the range c 1 to c'', D(t), is also a 
function of time

D(t) = (l/(c»-c»' ) ) . ,  D.dc (3.4)

= -( l/(c' -c' ' ) ) . Jq D.(^c/^x).dx (3-5)
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Figure 3.1

c 1 1 =c

c 1 =c

V.

: z*:1:::x=0
V. V

c 1 1 =c

c1 —c

Initial
(t=0)

Final
(t=t)

where x is the distance of the plane considered from the 
lower surface of the diaphragm.

Combination of equations (3*1) and (3*5) gives, upon in
tegration,

D(t) = J(t).l/(c'-c»1) (3.6)

which, when combined with equation (3*3)> becomes:

- d ln(c'-c' »)/dt = D(t).(l/V1+ 1/V ).A/1 (3 - 7)

Integrating equation (3-7) between the limits shown in 
Figure 3.1>

lr| cr cX c3~ c j  = (A/l)•(l/Vj+ 1/V2).Jj D(t).dt (3.8)

Defining a further time-averaged diffusion coefficient by 
D, where

d = d/t). r  D(t).dt (3.9)

then equation (3*8) becomes:
D = (l/3t) .lntcj-c^Cj-c^) (3-10)
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where (3 (A/l).(l/Vj+ l/v^), and is termed the cell constant.
The D calculated from equation (3«10) are integral diffusion 
coefficients, which are converted to the more fundamental 
differential diffusion coefficients* D.

Substitution of the relation

5 = (l/(cm_ci'))- !c* D>dc (3.11)
* m

where
°m  = (ci+cj)/2 and c" = (cJt+c4)/2

42instead of the more exact equation (3.9) has been shown to
introduce negligible error.

Equation (3»ll) treats the integrand as having a constant
value equal to its value when the concentrations c ’ and c1 *
are half-way between their initial and final values.

The integral diffusion coefficient D corresponding to the
initial and final concentrations is calculated by defining a 

“0 C .quantity D (c) as the average D with respect to concentration 
over the range 0 to c.

D°(c) = (1/c). £  D.dc (3-12)

Combination of equations (3 -11) and (3*12) gives:

D = (l/(c'-C '))•[ c'.D°(c')- c''.D°(c>') ] (3-13)> m m ' m m m m J

The quantity D (c) for potassium chloride solutions is
available from the D values of Harned and Nuttall,^ and 

44G o s t m g .
For a set of mean concentrations, c^ and c^1, of a diff

usion experiment, D^(c^) and D ^ c ^ 1) were obtained using an 
empirical fit between D°(c) and c. These values were then 
substituted into equation (3*13) bo give D. Substitution of

* Where concentration gradients are absent, as in the case
of isotope diffusion, D and D are identical. This may be ver
ified by inspection of equation (3»4)«
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D in equation (3-10) gave a value for the cell constant.
By inspection of equation (3*10), the units of c do not 

affect the value of D. Thus in cell calibration experiments, 
concentrations were used to calculate D, whereas counting 
rates were used in isotopic diffusion experiments.

3»3»2 The Diaphragm Cell. The diaphragm cell is shown sch
ematically in Figure 3*2.

The cell was of Pyrex glass, the two compartments having 
approximately equal volumes. The diaphragms, obtained comm
ercially, were of sintered glass of porosity 4 (average 
pore diameter 10-15[i).

Each compartment contained a glass stirrer designed acc-
165ording to Stokes. The lengths of the stirrers were typic

ally 3-4 nun. less than the diameter of the diaphragm to en
sure that as much of the diaphragm surface as possible was 
stirred, and also to facilitate their removal from the diff
usion cell.

The cell was closed by capillary tubes 2 mm. in diameter 
accommodated in Quickfit-type stoppers. The lower stopper 
incorporated a high-vacuum quality Teflon stopcock.

Two such cells were used; their dimensions are given in 
Table (3-1).

The cell volumes, anĉ  ^39 were determined by weigh
ing the cell dry and then weighing the cell with the various 
compartments filled in turn with distilled water at 25°C. All 
weighings were carried out with the cell fully assembled and 
with both stirrers in position. Normal vacuum corrections 
were applied to all weights. The volumes reported in Table 
(3.1) are the averages of three determinations, to an estim
ated accuracy of j-0.15$«

3.3.3 The External Stirring Mechanism. The mechanism is 
shown in Figure 3•3• Four bar magnets were fitted into the 
holders attached to the arms of the brass assembly. The 
position of each holder could be adjusted independently of 
the other three, making it possible to alter the positions 
of the stirrers in the cell in such a way that they rotated
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Figure 3 » 2 The diaphragm cell
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Table (3*1). Dimensions of the experimental diffusion 
cells.

V.
V,
V

Diameter of diaphragm 
Thickness of diaphragm 
Length of stirrers 
Cell constant, (3

Cell 1 
53.31ml. 
60.63ml. 
2.07ml, 
1.1347 

40mm.
2. 5mm.
37mm.
0.47521

Cell 2 
95.60ml. 
108.53ml. 

3.59ml, 
1.1327

50mm.
5mm.

47mm.
o.17256

** V = (V2+V3/2)/(V1+V3/2).
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one to two millimetres above and below the diaphragm, sur
faces. The motor and cog system were adjusted to give a con
stant stirring speed of 50-60rpm.

3*3*4 Filling of the Cell. All solutions used in diffusion 
experiments were filtered through a Millipore filter unit 
using a filter of 1.2p, pore size and then degassed under 
vacuum for 25-30 minutes prior to use. The filter disc was 
rinsed with ^ 1 litre of distilled water prior to use to 
remove any traces of a detergent contaminant which sometimes 
occurs in such discs.

The cell was filled in a vertical position. Solution was 
poured into compartment 2 and drawn through the diaphragm 
under partial vacuum in order to saturate the diaphragm 
pores with solution and remove any trapped air bubbles. The 
compartment was stoppered, the cell was inverted, and com
partment 1 was filled with solution.

In the case of cell calibration experiments, potassium 
chloride solution of ~0.5M was used to saturate the dia
phragm and to fill compartment 1. The cell was inverted and 
compartment 2 was filled with distilled water and stoppered.

In the case of isotope diffusion experiments, the same 
solution was used to fill both compartments and to saturate 
the diaphragm. After filling compartment 1, a small volume 
of isotopically labelled solution, typically 0.05-0.3 ml., 
was injected. This compartment was stoppered, the cell was 
inverted, and compartment 2 filled with solution and stop
pered. All stoppers were coated with a thin film of Apiezon 
grease.

The filled cell was clamped vertically, with the diaph
ragm horizontal, in a water-filled bath maintained at 25 C 
+0.01, and stirring commenced.

In order to develop a linear concentration profile in 
the diaphragm, a prediffusion period is necessary. The time 
taken for such a profile to be established may be calculated 
approximately by means of the Gordon^ 9 9 inequality.

D*C/12 >1*2 (3*14)
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where D is the diffusion coefficient in cni?/sec.3 1 is the 
* apparent thickness1 of the diaphragm, (l = 1.6xtrue thick
ness), and "C is the prediffusion time in seconds. Use of 
equation (3«14) gives prediffusion times of approximately 
2.5 hours and 10 hours for cells 1 and 2 respectively.

Pikal, however, by using the equations of Barnes has 
shown that prediffusion times smaller by a factor of five 
than those given by the Gordon inequality may be employed 
without introducing serious error. Accordingly, prediffusion 
times of the order of two to three hours were used for both 
cells.

After this period, solution in the upper compartment was 
withdrawn into a 100 ml. pipette containing r̂ lO ml. of fresh 
solution. The compartment was rinsed thoroughly, filled with 
the mixed solution, and stoppered. The stirrer and electric 
timer were started immediately. The small amount of mixed sol
ution remaining in the pipette was set aside for analysis.

In the original method of Stokes steady state condit
ions were achieved by a preliminary diffusion period of a few 
hours, after which time solution in the upper compartment 
was removed and replaced by fresh solution at the original 
concentration. The diffusion experiment was taken to begin 
from this time.

If the original concentration of solution be c a n d  the
concentration after the prediffusion time be c^, then clearly
c ’ > c0. However, steady state conditions pertain to c' and2 . 2  z
not to c , and this introduces a small error, the zero time 
error. The magnitude of this error is a function of the time 
of prediffusion and the magnitude of the diffusion coeffic
ient .

With the procedure used in this work, the volume of sol
ution of concentration c^ was of the order of 60-100 ml., 
and the volume of solution of concentration c^ was approx
imately 10 ml. Thus the concentration of the mixed solution 
at the beginning of an experiment was very close to c2* This 
procedure, suggested by Francesconi,̂ minimised the zero 
time error.

The normal duration of an experiment was approximately
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46 hours, after which time solutions were removed, from 
both compartments.

3•3•5 Analysis of Experimental Solutions. After each exper
iment, weighed samples of each solution were diluted to 
<0. 1M and analysed conductimetrically.

Samples of radioactive solutions were withdrawn using 
Hamilton syringes fitted with Chaney adaptors to ensure the 
same volume was withdrawn each time. The volume of each
sample was approximately 0.08 ml. and was reproducible to

1 1+0.1%. The phosphor used was that described by Bray for aqu
eous samples. Samples were added to 10 ml. aliquots of the 
phosphor solution contained in special plastic vials. The 
samples were counted in a Nuclear Chicago Mark 1 Liquid 
Scintillation Spectrometer fitted with an automatic sample 
changer and print-out device.

The conditions of the experiments were arranged such that 
no activities of less than lOOcpm above background were re
corded. Samples were counted for at least 20 minutes, during 
which time sufficient counts were recorded to give a statist
ical error of itl% on the lower counts and +0. 5% on the higher 
o n e s .

When precipitation occurred in the phosphor, as was the 
case when solutions more concentrated than ~1 Molar were 
sampled, the error in the count was increased two- or three
fold. In such cases a small volume of water, usually ~1 ml., 
was precisely measured into each vial to dissolve the pre
cipitate and to ensure that any resultant quenching effect 
was the same for each sample. The efficiency of counting, as 
determined by using a radioactive standard solution, was
greater than 90%>.

Concentrations were calculated from measured conductances 
by the method of successive approximations. Polynomials of 
the type

y  aixl (3-l5)3=5
were fitted between specific conductivity, k, and concent
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ration, and. concentration and equivalent conductivity
18 9 using literature data. The measured specific conductivity

gave a value of c, which in turn gave a value of . Sub
stitution of this A in the equation

A - lOOOk/c
gave an improved value of c. This cyclic process was cont
inued until successive estimates of concentration differed 
by less than 0.02%.

The concentration of the original (undiluted) solution 
was calculated from the weight of solution and the weight of 
water added, by means of the density equations:

n n_
m/c = ̂  a.c and c/m = >  b.m1 (3.16)

i^O 1 i^O 1

Coefficients for equations (3*15) and (3*16) for the var
ious salt systems,and the computer programme written to per
form the calculation, are given in Appendixes 1 and 2 resp
ectively.

The initial concentration on the lower side, c^, is not 
directly measurable with this type of cell, since it changes 
during the prediffusion time. However, c^ may be calculated 
from c^j the final concentrations c^ and c^, and the volumes 
of the cell compartments and diaphragm using the fact that 
the total amount of solute in the cell must remain constant. 
c1 is given by :

Cj = 93 + (c4 - c2)V

where V is a function of the volumes V^, V a n d  V^, and is 
usually termed the volume parameter.

V = ( V2+V3/2)/( V 1+V3/2)

As a further check of the method, the diffusion coeffic
ients of Na22 in NaCl solutions were measured and the results 
compared with Mills1 data foK1 this system.
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3*3.6 Reagents. B.D.H. Analar grade NaCl and KC1 were re
crystallised twice from distilled water, dried in an oven 
at 130°C for 24 hours, and transferred to a vacuum desicc
ator over silica gel. Crystals were ground in an agate mor
tar, dried in an oven at 130°C for three days and finally 
stored in a vacuum desiccator over silica gel.

Spectroscopically pure LiCl and CsCl were obtained from 
Johnson Mathey Ltd., and 99*8% laboratory reagent grade RbCl 
was supplied by B.D.H. and the Koch-Light Company Ltd. These 
reagents were used without further purification and were 
stored in a vacuum desiccator over silica gel.

The radioactive isotopes used in this work, tritiated
22 3 6 137water, Na , Cl , and Cs , were obtained from the Radio-

Chemical Centre, Amersham, Buckinghamshire.



CHAPTER 4

RESULTS AND DISCUSSION OF ISOTOPE DIFFUSION STUDIES.
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4*1 Cell Calibration. The results of typical cell calib
ration experiments using potassium chloride solutions are 
§iven in Table (4• l) • Initial and final concentrations of 
solution were calculated from the measured specific cond
uctance by means of a computer programme, given in Appen
dix 2. Periodic re-calibration of both diffusion cells was 
performed at approximately six-monthly intervals. The var
iation in cell constant during this time was less than 0.2%. 
The cell constants are reported to + 0.1%.

2 2The results of cell calibration experiments using Na
tracer in sodium chloride solutions are given in Table (4.2)

11 8together with the interpolated results of Mills for the 
same system. Agreement is within the precision stated for 
Mills' data (+ 0.5%) in all cases.

4.2 Ionic Diffusion.
364.2.1 Isotopic diffusion coefficients for Cl in rubid-
137ium and caesium chloride solutions, and for Cs in caes

ium chloride solutions, are given in Tables (4*3), (4*4)* 
and (4-5) respectively.

Isotope diffusion data for the remaining alkali chlor
ide- water systems, (LiCl-, NaCl-, and KCl-H^O), were ob
tained from the literature and interpolated to round-number 
concentrations using a least-squares curve-fit method. 
Coefficients of these curve-fit equations are given in
Appendix 1. The diffusion data, given in Table (4.6), were

 ̂j ll8 172obtained from several sources 9 9 and selected acc-
ll8ording to the general standards laid down by Mills.

2,35,125,180Some apparently obvious sources were neg
lected, either because the precision was considered to be
unacceptably low,^*^^*^  ̂or because the method used was
susceptible to error.^ Results obtained by the radio-
metric porous frit9  ̂ and spin-echo nmr 9 methods were
similarly neglected on the grounds of low precision.

The L- and R-coefficient data for all the alkali chlor-
„ <2 . • -1 1 10oide-water systems were obtained from the Papers of Miller,

Dunsmore, Jalota, and Paterson?9 and Jalota and Paterson.
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Table (4.1) » Typical data from a cell calibration ex
periment using KC1 solutions.

Cell 1 Cell 2

cma
cmb
c

D.1

0.380761 0.331464 0.49919 0.42128 0.37790
0.086114 0.074551 0.04922 0.04574 0.04107
0.478475 0.416056 0.55494 0.47309 0.42450
0.000000 0.000000 0.00000 0.00000 0.00000
0.283047 0.246871 0.44344 0.36948 0.33129
0.172229 0.149101 0.09843 0.09147 0.08215
1.839538 1.839452 1.84314 1.84255 1.84234
0.475003 0.475422 0.17253 0.17236 0.17279

Table (4.2). Results of cell calibration experiments 
22using Na tracer in NaCl solutions.

lell Salt Concentration 
(M) 1o5d u 105D

1 0.489 1.273 1.278
2 0.499 1.271 1.277
1 0.844 1.243 1.247
2 1.076 1. 218 1. 224
1 2.052 1. 120 1. 127
2 2.196 1.110 1. 114

11 8* Interpolated data of Mills for this system.
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Table (4.3). Diffusion Coefficients for C l ^  in RbCl sol
ution.

Concentration 10^D
(M) 22

0.174 1.965
0.498 1.959
1.430 1.991
2.132 2.061
2.755 2.138

Table (4» 4) « Diffusion Coefficients for Cl in CsCl sol
ution.

Concentration
(M) 1()SD22

0.103
0.305
0.489
0.902
1.566
2.799

1.974
1.962
1.964
1.945
2.023
2.173

137Table (4.5). Diffusion Coefficients for Cs in CsCl sol
ution.

Concentration 1o5d u
(M)

0. 102 1.948
0.226 1.952
0.410 1.922
0.578 1.958
0.685 1.938
0.790 1.937
0.793 1.949
0.881 1.928
1.239 1.934
1.793 1.905
2. 664 I.884
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Table (4« 6). Ionic Diffusion Coefficients for LiCl, NaCl, 
and KC1 solutions.

Salt Concentration
(M)

105D11 105D22

LiCl

0.0
0.2
0.5
1.0
2.0
2,5

1.029 
0.962 
0.946 
0.919 
0.868 
0.844

2.032
1.907
1.817
1.683
1.494
1.402

NaCl

0.0
0.2
0.5
1.0
2.0
2.5

1.333
1.296
1.272
1.226
1.133
I.O84

2.032 
1.926 
1. 861 
1.766 
1. 607 
1.532

KC1

0.0
0.2
0.5
1.0
2.0
2.5

1.956'
1.920
1.870
1.850
1.840
1.840

2.032
1.966
1.967
1.956
1.905
1.871

* Nernst Limiting Value.

RbCl 105d11 = 2,0715 1q5d22 = 2,032
CsCl 1o 5d 1! = 2,0565 1()5d22 = 2,032
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4-2.2 Interpretation of Isotopic Diffusion Coefficients.
Dilute Solutions. The relationship between the diff

usion coefficient of an ion and its equivalent conductance 
at infinite dilution, was first formulated by Nernst}2'7
equation (4-1).

103D°. = (RT/F2).( \°/|z.l) (4.!)

At infinite dilution, equation (2.60) has the form

D°. = RT/C.(R..-r..,) i=0,l,2n  ' i 1 1 n 1 ' 3 9

Using equation (2.19),yequation (2.60) becomes:

D?. = RT/(-c.R. .-cnR .n-C.r . .,) (4-2)n  J ij 0 iO i n 1 ' v '

Since -c.R. . and -C.r... represent interionic frictional 
3 ij 1 11 29interactions, these quantities vanish at infinite dilution,

and equation (4*2) becomes:

D°. = (RT/-c0R.0)c (4.3)
1

10 8which is identical to equation (4«l)j since

X° = 103.F2 Iz.l /-c^R ' \l i 0 iO
othe factor 10 ■ occurring from conversion of concentration 

units from moles/litre to moles/cm.
■ton 1 Q QOnsager and Onsager and Kim discussed the diffus

ion of an ion present in vanishingly small amounts as a
132special case of multicomponent diffusion. In the limiting 

law expression obtained by Onsager, the variation in diff
usion coefficient of an ion was attributed solely to relax
ation effects: long-range electrostatic interactions between 
an ion and its ion atmosphere. Electrophoretic effects, 
long—range hydrodynamic interactions between ions, were 
assumed to be absent, since the magnitude of such inter
actions depends on the concentration of the diffusing 
species.
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58The l im i t in g  law can be shown to  have the form :

Di i  = ° i i  " 9 ^ i  z i  ^ 2 € /3 D ) . (  4-n7^03D R T )^ .( l-d (w i ) ) V 7 5' (4 .4 )

where i  is  the  v e lo c i t y  o f l i g h t  (c m ./s e c .) ,  €  is  the e le c tro n ic  

charge  (e s u ) ,  D is  the  d ie le c t r i c  co n s ta n t o f the medium, and R ,T, 

and F have t h e i r  usua l meaning, d(w^) is  g iven  by

d(».) =d/j«).^ Cj|Zji>j/(x;/^ + y?/Uii) (4 .5 )

and , the  io n a l c o n c e n tra t io n , by

V  = £  c . z 2f i l l (4 .6 )

The l im i t in g  law has been v e r i f ie d  e x p e rim e n ta lly  by Harned and 

58 118G o s tin g  and M i l ls  , and is  v a l id  to  c o n c e n tra tio n s  o f approx

im a te ly  0.002M.

A s im p l i f ie d  e x te n s io n  o f  Onsager's l im i t in g  law express ion  has

142r e c e n t ly  been developed by P ik a l in  terms o f m o b i l i t y  ( ^ . j )  co

e f f i c i e n t s .  P ik a l 's  e xp ress io n  has the form :

1012l i  A/cTcj = 0 .1 0 7 4 /T 7 j ( (X ° / I z .D (  X?/ 1Zjl U ^ / Z l ^ X J / l z - l  )

- z ^z^Bq / 2 ) . I 2 (4 .7 a )

1012l . . / c .  = ( 0 . 1 0 7 4 X ? /|z . | )-0 .1 0 7 4  |" ( ( X ? / | z . |  ) 2. ( 1 - u . ) A . . ,11 1 1 1  U 1 1 1 1;L/
( Z  ^ X ? /  U jl ) )  +  B0z ^ . /7 j  . f 5 ( 4 .7b)

where I  is  the  t o t a l  io n ic  s tre n g th  and are  the  io n ic  s tre n g th

f r a c t io n s  o f  io n ic  components i , j  re s p e c t iv e ly .

• =n.e2/ £ n . e 2 <*.8)1 11 . , 1 1i= l

in  w h ich  e. is  the  io n  charge in  e le c tro n ic  u n its  and ^  re fe r s  to

1 \ / 3 the  c o n c e n tra t io n  o f i- t y p e  ions in  (number o f io n s )/cm .

In  e q u a tion s  (4 .7 )  , the terms in v o lv in g  A ., are due to
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-the relaxation effect, with . given by

Aij = £  2|zizj*|X/3DkT(2+/I)l2 (4-9)

where k is Boltzmann's constant (ergs/degree.mole), D is 
the dielectric constant of the solvent, T is the absolute 
temperature, £  is the electronic charge (esu), and ^  is 
the reciprocal of the radius of the ion atmosphere (cm.^).

The electrophoretic effect is given by the terms in
volving Bq , where

b0 = F € X / i o " 8^3tr^ii (4-10)

in which ^ is the velocity of light and the viscosity
of the solvent (poise).

Eor a system containing cation i, with tracer ion i1, 
and anion j, under conditions of negligible tracer conc
entration, such that

/v/C . + c . . = c . =c 1 1' 3

then equation (4*8) becomes, for a 1:1 electrolyte,

n. = (n./n. + n. . + n .) = c. / 2 cH-i v 3/ 1 11 j

and, using equation (4*7^),the isotope-isotope term 
takes the form

2
l ° 1 2 l i i , / c i ,  = (0.1074X/2) .((2\° £  2/3DkT(2+/2)yi0)-

o - (4.11)
(F€/io"8^6ir^))

A . . and B„ are independent of I2, since X  is proportional1J 1 0
to I2, and so equation (4»ll) above gives (i= lj2)
as a linear function of 12.

The self-diffusion expression in terms of mobility 
coefficients is given by equation (2.61).
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This equation reduces to the simpler form,

Dii =

if it is assumed that c^t is very small compared to c., 
and consequently Ck = c »̂ In all but a very few cases, 
the most notable being the work of Longsworth^ this 
assumption is valid.

From equation (4.7), Lii/Ci and 1± ± ^ c±\ are Siven by
2

1012L /C = 0.1074X°-0.1074((2X°(1-H,)A /A )
1 11 0 i (4.12)
+B0ni/2)I2

and

2
1012l±il/ c±l = (0.1074/2)((2X°,A1:L, M 0)-B0/2)I^ (4-13)

If chemical indistinguishability between isotopes is 
assumed, A ± ±  = A±i, , \° = Xj\, and

D . . = 1012RT((L../C.)-(l..,/d.,))11 v v i f  i  u 1' i 1

2 2 
=  R T ( 0 . 1 0 7 4 X i - ( ( 2 \ ° ( l - H i)Ai . / A 0 )+B0 |li/2 + X  “a ../^ 0

i (4-14) 
-B0/4)I2

For a 1:1 electrolyte, p,.= and equation (4.14) reduces
to

l°-12Dii = 0.1074RT(X°-(2X°Ai;L//^0)l2) (4.15)

in which the terms involving BQ, the electrophoretic con
tribution, disappear.

Substitution of equation (4*9) in equation (4*15) gives

10"12Dii = 0. 1074RT(X°-(2X°/A^€2X /3DkT(2+j2'))
(4.16)

which again is a linear function of I2, since X  is pro- 
1

portional to I2.
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4 .2.2
(2) Concentrated Solutions. As noted previously, values 

Ĵ± ± ^± ^or aH  the alkali metal chloride systems are 
available from the literature29* 108 The isotope-isotope 
term l^j/c^j may be calculated using experimentally-ob
tained diffusion data and is in general a minor component, 
( <20% ) of becoming more important at high salt
concentrations. Experimentally-observed values of 1.. /c.11 ' c 1 1
and are given in Table (4*7).

Since t T is a minor component, an estimate of 
this quantity, combined with literature values of L^/C^, 
may be expected to give a reasonable estimate of 
In Table (4.8)3 experimentally-observed values of X T /g T 
are compared with those calculated by means of equation 
(4 .H). Also shown in Table (4*8) are values of X T / g t 
calculated from equation (4.H) using the viscosity of 
the solution instead of the viscosity of the solvent.

Since limiting laws are, by definition, valid over 
only a relatively narrow concentration range, the conc
entration range involved in these Tables is too great 
to expect quantitative agreement. However, some degree 
of qualitative agreement can be seen. In addition, the 
limiting law correctly predicts the negative sign of 
liit/ci t, showing it to be of typical magnitude and 
sign of interionic coupling coefficients for like char
ged ionsJ09 The negative sign of X^^/c^, is due simply 
to the predominance of the electrophoretic term, BQ , 
in equation (4*7a).

Values of D.. calculated by means of equation (4.16)11
are compared with observed values in Table (4*9). Also
given are D.^ obtained by a combination of calculated
values of l..,/c.. with literature values of L../C .. As 1 1 1' 1 1 1 1 1
shown in this Table, equation (4-16) predicts ionic 
diffusion coefficients for all the alkali chlorides to 
within approximately 10% even at a concentration of 0.5M, 
while tending to underestimate T>11 and overestimate D22* 
Agreement between calculated and observed values is
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Table (4-. 

(a) -1^^, 

Salt

LiCl

NaCl

KC1

CsCl

(1) From
(2) From

8) Observed and calculated values of l..,/c 

/c1\ (xlO12)
Calculated

Cone. Obs. (1) (2)
(M)

0.2 0.257 0.581 0.557
0.5 0.500 0.918 0.831
1.0 0.765 1. 299 1.073
1.5 0.940 1.596 1. 200
2.0 1.095 1.837 1. 276
2.5 1.249 2.061 1.304

0.2 0.377 0.506 0.492
0.5 0.517 0.799 0.748
1.0 0.635 1.135 0.990
1.5 0.707 1.390 1.140
2.0 0.759 1.599 1.188
2. B 0.792 1.794 1.231

0.2 0.414 0.328 0.328
0.5 0.350 0.518 0.521
1.0 0.385 0.735 0.739
1.5 0.443 0.901 0.897
2.0 0.556 1.036 1.027
2.5 0 . 669 1.163 1. 119

0.2 0.147 0.297 0.302
0.5 0.258 0.469 0.490
1.0 0.341 0.664 0.719
1.5 0.395 0.817 0.902
2.0 0.428 0.939 1.064
2.5 0.439 1.054 1.188

equation (4*11) using ^  . 
equation (4«H) using
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Table

(b) -1 

Salt

LiCl

NaCl

KC1

RbCl

CsCl

( 1),(2)

(4» 8) continued 

/c (xlO12)
Calculated

3onc. 
(M)

Obs. (1) (2)

0.2 0.403 0.167 0.143
0.5 0.501 0.264 0.177
1.0 0.503 0.375 0.150
1-5 0.497 0.459 0.063
2.0 0.552 0.529 -0.031
2.5 0.583 0.592 -0.164

0.2 0.332 0.218 0.204
0.5 0.385 0.345 0 . 294
1.0 0.352 0.487 0.346
1.5 0.419 01/597 0.332
2.0 0.445 0. 689 0.277
2.5 0.472 0.771 0. 188

0.2 0.317 0. 297 0.297
0.5 0.458 0.470 0.472
1.0 0.524 0.665 0.670
1-5 0.541 0.814 0.812
2.0 0.525 0.940 0.929
2.5 0.498 1.051 1.009

0.2 0.273 0 . 308 0.315
0.5 0.378 0.488 0.508
1.0 0.416 0.690 0.737
1.5 0.518 0. 846 0.914
2.0 0.722 0.975 1.065
2.5 1.022 1.092 1.179

0.2 0.216 0.307 0.312
0.5 0.207 0.485 0.506
1.0 0. 274 0.687 0.741
1.5 0.501 0.843 0.930
2.0 0.794 0.971 1.096
2.5 1.095 1.089 1.224

calculated as for
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Table (4.9) 

(a) 105D.

Observed and calculated values for D.. (i=l,2)u  ’

11

Salt

LiCl

NaCl

KC1

CsCl

Calculated
Cone. 
(M)

Obs. (1) (2) (3)

0.2 0.962 0.959 1.042 1.036
0.5 0.946 0.918 1.050 1.028
i.o 0.919 0.872 1.051 0.995
1.5 0.893 0.835 1.056 0.957
2.0 0. 868 0.806 1.052 0.913
2.5 0.844 0.779 1.045 O.858 |

0.2 1.29 6 1.226 1.328 1.324
0.5 1.272 1.163 1.342 1.329
1.0 1. 226 1.092 1.349 1.3H
1.5 1.180 1.037 1.349 1.287
>2.0 1.133 0.992 1.341 1.239 |
3-5 I.O84 0.950 1.332 1.193

0.2 1.92 1.76 1.90
i

1.90 |
0.4 i.'87; 1.65 1.91 1.91 i
1.0 1.85 1.52 1.94 1.94
1.5 1.84 1.42 1.95 1.95
2.0 1.84 1.34 1.96 1.96
2.5 1.84 1.26 1.96 1.95

0.2 1.952 1.845 1.989 1.990
0.5 1.947 1.723 1.999 2.004
1.0 1.935 1.584 2.015 2.029
1-5 1.921 1.476 2.026 2.047
2.0 1.906 1.387 2.033 2.064
2.5 1.888 1.307 2. 040 2. 074

(1) From equation (4*16).
(2) From equation (4»H)j using ^ Qand literature L
(3) From equation (4«H)j using

li
and literature L

/Cl

11 /C1
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Table

(b) IO5 

Salt

LiCl

NaCl

KC1

RbCl

CsCl

.9) continued

Cone. 
(M)

Obs.

0.2 1.907
0.5 1. 817
1.0 1.683
1.5 1.580
2.0 1.494
2.5 1.402

0.2 1.926
0.5 1. 861
1.0 1,766
1.5 1.683
2.0 1.607
2.5 1.532

0.2 1.966
0.5 1.967
1.0 1.956
1.5 1.935
2.0 1.905
2.5 1.871

0.2 1.963
0.5 1.961
1.0 1.971
1.5 1.998
2.0 2.042
2.5 2. 103

0.2 1.9 69
0.5 1.952
1.0 1.963
1.5 2.011
2.0 2.076
2.5 2. 142

Calculated

(1) (2) (3)

2.005 1.849 1. 842
1.989 1.758 1.736
1.970 1.651 1.595
1.957 1.571 1.472
1.945 1.488 1.350
1.935 1.404 1. 217

2.007 1.897 1. 894
1.993 1.851 I.838
1.976 1.799 1.764
1.964 1.727 1.661
1.953 1.667 1.565
1.944 1.606 1.462

2.011 1.961 1.961
1.999 1.970 1.971
1.985 1.991 1.992
1.974 2.003 2.002
1.965 2.008 2.005
1.958 2.008 1.998

2.012 1.972 1.973
2.000 1.989 1.993
1.986 2.039 2.051
1.976 2.079 2.096
1.967 2.105 2. 127
1.960 2. 120 2. 142

2.012 1.992 1.993
2.000 2.021 2.026
1.986 2.066 2.079
1.976 2.09 6 2. 117
1.967 2. 120 2. 151
1.959 2. 141 2. 174

(1),(2),(3) calculated as before.
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particularly good for D22, though calculated values of 
both and ^ 2 2  are UP ^5% in error at higher conc
entrations .

Frictional coefficient representation.
Equation (2.60) represents the diffusion coefficient

of an ion in terms of C.R.., the sum of all frictional1 11
interaction between component i and all the other species 

29m  the system, and C.r.. , the frictional interaction1 n ,;
between component i’ and those i per unit volume.

Experimentally-observed values of C.R.. and C . r . a r e1 1 1  1 11'
given in Table (4*10). Ĉ r̂ -jj i-s positive, which is the 
usual situation between species which have mutual rep
ulsion, as shown by M i l l e r a n d  also by Pikal^^ in 
his equations for R_̂  . in multicomponent solutions.

Both C.R.. and C . r . i n c r e a s e  with increasing conc- 1 11 1 n 1
entration, as expected, due to the increase in the number 
of ions per unit volume. However, expanding C^R^ acc
ording to equation (2.19),

C.R. . = -C .R. . - c.R.,, (4. 17)1 11 3 13 0 iO

then may be represented by

10SD . .  =  l O ^ / C - C j R ^ - C o R ^ - C . r . . , ) .

C.R. . and C.r.., both represent interionic friction,3 iJ 1 ix’
and both contain relaxation and electrophoretic terms.
Since these quantities are of opposite sign, an empirical
eauation for D. . is obtained if it is assumed that C .R. .^ xx 3
and Cirii, approximately cancel, giving equation (4.18)

D.. Sf RT/-c0R .0 (4.18)

This equation is exact at infinite dilution, when

C .R. . =  C. r . . , = 0  
3 13 1 111
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Observed values of C .r. . and C.r. .t are given in Table0 -̂3 i 11
(4.11).

14-2Since Pikal has shown that “c q^£q does nob contain
relaxation terms, then equation (4-18) describes the
variation of with concentration solely in terms of
ion-solvent interactions.

Values of calculated using equation (4*18) are
compared to those observed in Table (4.12). Qualitative
agreement between calculated and observed data is good,
within 10-15% in most cases, indicating that it is a
reasonable approximation to, ascribe the variation in D . .n
with concentration to purely ion-water (electrophoretic) 
interaction.

If equation (4*18) is re-written in the form:

D . . S  R T / ( - c 0 R ° 0 + £ ( - c 0 R . 0 )) (4.19)

where -c„R?„ is the value of -c^R.- at infinite dilution,0 iO 0 iO ’
then ^ ( - C qR^q ) represents the variation of _c qR°q with
solution concentration. Since -c„R.„ is a measure of the0 iO
friction between ion i and those water molecules per 
unit volume, the behaviour of Z^(-CqR^q ) with increasing 
concentration of solution will give an indication of the 
solvent environment around ion i. Figures 4*1 and 4*2 
show the variation of & ( - C qR^q ) with concentration.
^ ( - C0Rio) ^ncreases rapidly with increasing concen

tration for solutions of LiCl and NaCl, and remains 
approximately zero with increasing concentration for 
solutions of KC1, RbCl, and CsCl.

This may be rationalised in terms of water structure'*'^ 
and the effects of ions on that structure. The solvent

_|_ -J-
order-producing ions Li and Na increase the water

51 + + +structure whereas the ions K, Rb, and Cs decrease
the water structure and enhance the mobilities of other
species. Cl_ ion is order-destroying, but in the case
of LiCl and NaCl solutions, the order-producing nature 
of the cation exerts the dominating influence.
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LiCl

1.0

NaCl

KC1

RbCl,CsCl

1.6Oo 8 1.20.4

Figure 4.1 A ( ~ c 0R1Q) vs JZ for the alkali, chlorides.

-0.1

-0.2

2.01.20.4

Figure A .2 A ( - c QR20) vs ,f£ for the alkali chlorides.
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Figure 4.3 fyl vs Jc for the alkali chlorides
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The variation in relative viscosity, %  , with concen
tration is shown in Figure 4-3 for alkali metal chlor
ide solutions. The similarity between Figure 4.3 and 
Figures 4*1 &nd 4*2 is apparent. However, according to 
Curie’s theoremf^ vector flows cannot result from ten
sor forces, so there can be no direct macroscopic conn
ection between viscosity, a tensor, and diffusion, a 
vector. At the microscopic level, however, the local 
viscosity of the fluid surrounding an ion may differ 
markedly from the viscosity of the bulk solution, thus 
any theoretical consideration of diffusion which takes 
into account the bulk viscosity can at best be semi- 
empirical.

4•3 Water Diffusion.
Tracer diffusion of isotopically-labelled water in

electrolyte solutions has been studied extensively by
. ~ ! 14,15,74,100,103,182,185 -a number of workers. ’ 7 9 3 3 3 Neverthe

less, large discrepancies exist in the literature bet
ween different workers as to the value of the tracer 
diffusion coefficient at infinite dilution. Unlike 
diffusion of ionic species, in which the limiting value 
of the diffusion coefficient may be computed by the 
Nernst equation, there exists no comparable theory or 
practical method for calculating this quantity. A re
view of reported values, with estimated errors, is pre
sented in Table (4.13). It should be noted that the 
tracer diffusion coefficients differ markedly depending 
on the tracer isotope used, so that

d h t o  ^  dh d o  ^  dh 2q

where the subscript refers to the tracer species used,
and D„or. is the true self-diffusion coefficient of water H 20
Mass effects are important in the tracer diffusion of 
water, though they may be considered virtually neglig
ible in the tracer diffusion of ions. However, mass 
effects are smaller than might be expected from an
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Table ( 4 *13)• Tracer diffusion coefficients of water 
at 25°C.

Reference Tracer Method 105D00

136 HD0 D.C.
181 HD0 O . e • c •
47 HDO D.C.
178 HD0 D.C.
93 HDO Inter.
178 HDO O f 0 • o •

26 HDO C.C.
92 HDO Inter.
135 HDO D.C.
161 - NMR

172 - NMR

17 - NMR
28 - NMR

103 - NMR

104 - NMR

40
X. «18

NMR

3 H o0 O • 6 « C *
181 H 0 18 o.e.c.
183 H 2 ° 18 o.e.c.

26 HTO C.C.
74 HTO 0 « B « 0 •

23 HTO D.C.
181 HTO o.e.c.
145 HTO o . e. c.
121 HTO D.C.

14,15 HTO o.e.c.
This work HTO D.C.

2.43 ±0.01
2.34 +0.08 
2.04 +0.10
2.13 +0.03 
2.272 +0.004
2.13 +0.04
2.25 +0.02 
2.261 +0.02 
2.64 +0.10
2.13 +0.15 
2.51 ±0.03 
2.5 +0.3
2.35 +0.12 
2.44 ±0.12 
2.45 +0.12 
2. 23 +0.10
2.57 +0.3 
2.66 +0.12
2.57 +0.02
2.25 +0.02 
2.22 +0.04 
2.64 +0.13 
2.44 +0.06 
2.59 +0.03 
2.236 +0.01 
2.24 ±0.04 
2.19 +0.04

D. C . ---Diffusion Cell
o.e.c. --- Open-ended Capillary
C.C. --- Capillary Cell
c.m.c. --- Continuously-Monitored Capillary
Inter. --  Interferometry
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inverse square-root dependence such as that found in 
dilute gases^^

1
d/d± = ( m ±/m) 2

where i is the isotopically labelled molecule.
The most accurate value for the tracer diffusion 

coefficient of HDO in pure water is that obtained by 
Longsworth*^3^  using a Rayleigh interferometric tech
nique. The accuracy of this method is at least within
+ 0,2%, and so the diffusion coefficient of HDO in

_ r 2water may be taken to be 2.272.10 cm./sec.
Of the other determinations of the diffusion co-

181efficient of HDO in water, only those of Wang et al.
2 6and Devell agree with the value of Longsworth within

the stated limits of error. The values of Partington,
116 12 5 Hudson, and Bagnall and Orr and Butler are con-

1̂ 78siderably higher, and those of Wang and Graupner and
Winterf^ considerably lower than Longsworth's value.
The reasons for the discrepancies are not clear, though

13 cthe value of Orr and Butler may be disregarded as
their method did not involve stirring of the diffusing
solutions, leading to erroneous results.

18For water labelled with 0, the results appear to be
higher than expected from purely mass considerations,

l8lthough the determinations of Wang et al., Adamson and
n 1 8 3Irani , and more recently of Wang , all agree within 

the stated limits of error.
For tritiated water, the values of Jones, Rowlands, 

and Monk^ Devell^, B r u n ^ } and Mills'^*, agree, 
within the stated limits of error, on a value of app-

~ 5 2roximately 2.23.10 cm./sec. The data of Cuddleback,
23 l8lKoeller, and Drickamer, Wang, Robinson, and Edelman ,

and Pruppacher^^ are all somewhat higher. It should be
l8lnoted, however, that Wang et al. used a turbulent

ll8stirring method, which tends to give high results,
0 0  1 o r

and Cuddleback et al. used Orr and Butler's data 
to calibrate their apparatus.

r £The value for DurTir. of 2.19*10 cm./sec. obtained H1U
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in this laboratory is the mean of four determinations
using two different diffusion cells. These results are
shown in Table (4*14)* Though somewhat lower, this

120value agrees with the generally accepted value of
_  r  £

2.23*10 cm./ sec. within the limits of experimental 
error (+ 2%).

Studies of the diffusion 6'f water in alkali chloride- 
water solutions at 25* C have been confined to relat
ively few workers, chiefly Brun ^  and Wang , 
both of whom used the capillary method. The results 
of Wang are somewhat higher than those of Brun, poss
ibly for reasons discussed earlier, and so more rel
iance must be placed on the latter data. These results 
are shown in Table (4*15) > results ob tained in this 
work are shown in Table (4*16) and graphically in 
Figure 4*4*

Agreement between the two sets of results is gener
ally within the combined experimental errors (+ 4%)
for all the systems, though correlation between the
two sets of data becomes poorer in solutions of LiCl
more concentrated than -vl.2M and solutions of NaCl 
more concentrated than ^2M.

Diffusion data measured in this laboratory were 
interpolated to round-number concentrations, and the 
isotope-isotope frictional coefficient was calculated 
for each system at each concentration using equation 
( 2 . 61 ) .

10  ̂Doo = RT//co^Roo“roo1 ̂

where the subscript 0 denotes the bulk solvent and 0 1 
the isotopically-labelled form of solvent.

Numerical values of the quantity _co^oo * anC  ̂
relative magnitude of c^Rqq to “cQrQQt are given in 
Table (4*17). The isotope-isotope friction term,
-CqT^q ,, is much greater than c^R^q , the sum of the 
frictional coefficients between water and ions:

C0R00 C0R 10 C0R 20
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Table (4«14) Diffusion coefficients of water in pure 
water.

Cell lo5D00

2 . 198 

2. 186 

2.174 

2. 210
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Table (4.15) 
coefficients

Salt

LiCl

NaCl

KC1

RbCl

CsCl

Data of for the diffusion
of watero

Concentration (M) IO^Dqq

0 . 6 0 8 1 . 9 8
1 . 1 6 6 1.83
2 . 0 0 0 1 . 6 6
2 . 8 5 6 1 .51
4 .0 4 0 1 .31

1 .000 2 .03
1 . 5 0 0 1 . 9 6
2 . 0 0 0 1 . 8 8
2 . 5 0 0 1 .78
3 . 0 0 0 1.69

0 . 5 0 0 2 .3 7
1 .000 2 . 3 6
2 . 0 0 0 2 . 2 8
2 . 5 0 0 2 .23
3 . 0 0 0 2 .19

0.^500 2 .2 4
i ;o o o 2 .23
1 . 5 0 0 2 .3 4
1.823 2 .3 9
2 . 5 0 0 2 .3 5
3 . 0 6 2 2 .3 5

0 .053 2 . 2 0
0 . 5 0 0 2 .2 5
0 .7 9 2 2 . 2 6
1.103 2 . 2 8
2 .103 2 .3 5
3 .4 9 6 2 .3 0
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Table

Salt

LiCl

NaCl

KC1

RbCl

CsCl

,16) Diffusion coefficients of water.

Concentration (M) 10^DqQ

0 . 2 5 6 2.143
0 . 5 6 1 2 . 0 3 6
U l f 8 1 . 9 0 2
1.711 1.835
2.499 1 . 6 6 6

0 . 2 0 8 2 . 188
0 . 3 2 8 2.175
0 . 5 0 0 2 . I64
0 . 8 0 1 2 . 1 3 0
1.063 2.083
1 . 5 0 8 2 . 0 2 1
1 . 9 2 6 1.969
2.385 1 . 8 8 1
2 . 8 6 2 1.779
0 . 2 0 6 2.231
0.351 2 . 2 4 1
0.470 2 . 2 6 2
0 . 7 2 0 2.279
1.271 2.287
1.891 2.283
2.532 2 . 2 5 2
2.823 2.234

0.279 2.259
0 . 5 0 8 2.297
0 . 7 6 8 2 . 2 9 9
0.994 2.328
1.532 2.362
2.719 2 . 3 8 4

0.176 2.241
0.690 2.306
1.249 2.357
2.414 2.378
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CsCl

RbCl

KC1

û r 2.0

1 .9 NaCl

LiCl

2.01 .51.00 .5 c

Figure 4.4 10^DQ0 vs c for the alkali chlorides.
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Furthermore, ~corOOt ^oes no^ vanish at infinite dil
ution, but tends to a limiting value. Figures 4*5 and 
4-6 show the variation of c qRqq and -corOO' aS a ^unc“ 
tion both of salt and of concentration of salt.

CqRqq always increases with increasing concentration, 
regardless of the salt solution, the increase being 
more pronounced for solutions of LiCl and NaCl than 
for solutions of KC1, RbCl, and CsCl. This increase is 
a natural consequence of the increase in ion-water 
friction as concentration increases. In the absence of 
changes in “cQrQQi^ therefore, the increasing contrib
ution of ion-water friction would tend to decrease the 
diffusion coefficient of water.

However, ~cQrQQ1 does vary both with concentration 
and with salt, in general increasing in solutions of 
LiCl and NaCl and decreasing in solutions of KC1, RbCl, 
and CsCl. Since coroOt neSa î-ve* ^̂ he quantity 
cq(Roo“roo1 ̂ Pos;i-tive, an<̂  will increase or decrease 
with increasing concentration according to the behav- 
iour of -c0r0QI.

In solutions of LiCl and NaCl, -cQrQQT increases 
overall, passing through a maximum for LiCl and a 
shallow minimum for NaCl. According to Gurney’s con
cepts of the state of the solvent in the vicinity of 
an ion, Li^ and Na~*~ ions are solvent order-producing 
and enhance the structure of the solvent, thus increas
ing ion-solvent friction. Lî ~ ion exerts the greater 
effect on water structure due to its higher charge 
density.

In solutions of KC1, RbCl, and CsCl, -cnrnn, de-
+ + + - creases regularly, since K ,Rb ,Cs and Cl ions are

all solvent order-destroying and tend to loosen the
water structure and decrease ion-solvent friction. The
effect of the alkali metal cations on the structure of
water in concentrated solutions has the observed order

T-t.T + +Li >Na >K >Rb = Cs
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Thus the trends in variation of the diffusion coeff
icient of water as a function of salt may be ration
alised in terms of the effect of the alkali metal 
cation on the water structure.

The relationship between the bulk viscosity of a
solution and the effect on water structure of its

22 *5!2 75constituent solute has long been known. The
relative viscosity, , is given by the equation of 
Jones and Dole^, equation (4*20).

V^o <T 1 + AC^ + B° (4.20)

in which the sign of the B-coefficient is strongly 
correlated with the effect on water structure of the 
ions. Negative B-coefficients indicate a structure- 
breaking effect, positive B-ceefficients a structure- 
producing effect. In Figures 4.7a-e, and D^/D, the
relative isotopic^diffusion coefficient of water, are 
plotted against c2. In all cases, the viscosity curve 
is close to the D/̂ D curve, over a wide concentration 
range, though again there can be no direct macroscopic 
connection between the two quantities.

Though semi-empirical equations relating viscosity 
to diffusion may be obtained, any eventual theoretical 
treatment of the problem must involve the use of more 
fundamental quantities influencing the parallel pro
cesses of diffusion and viscous flow.
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CHAPTER 5

MEASUREMENT OF THE TRANSPORT PARAMETERS FOR THE SYSTEM



5•1 Introduction.
The system cadmium iodide-water was chosen for study 

principally because of its known self-complexing behav
iour, as part of a more general study of complexing salts, 
including ZnCl^ and CdCl^*

The system itself has been fairly extensively studied
over the last fifty years. Transport numbers (at l8°C)

12were determined as long ago as 1901, and more recently
by S a h a y . C o n d u c t a n c e  has been measured by Rabinowitsch

1^8and van Rysselberghe et al. Diffusion coefficients
101were measured by McBain, van Rysselberghe, and Squance,

using a diaphragm cell method, and more recently by
37Garland, Tong, and Stockmayer, using a porous frit 

technique. In addition, activity coefficient data are 
available from a number of sources.^9^ 3^

However, much of the data from different sources 
differ significantly, particularly in the case of diff
usion coefficients, and to a lesser extent conductance. 
Also, those data which are available are limited in range, 
particularly so in the case of transport numbers.

Measurement of the quantities t_̂ , D, and A  was there
fore undertaken primarily for the purpose of comparison 
with existing data, and secondly to extend these data in 
order that a complete irreversible thermodynamic analysis 
be made.



A D D E N D U M

C a d m iu m  io d id e  o f  h ig h  n o m in a l p u r i t y  w a s  o b ta in e d  c o m m e r c ia l ly  f r o m  

M e r c k  L td .  T h e  s to ic h io m e t r ic  r a t io s  o f  C d  : I  in  s o lu t io n  w e re  1 : 2, 

w i th in  th e  l im i t s  o f  a n a ly s is  ( -  0X5% f o r  e a c h  c o m p o n e n t) .  S o lu t io n s  

w e re  p re p a re d  u s in g  d o u b ly - d is t i l le d  c o n d u c t iv i t y  w a te r .



5*2 Measurement of Salt Diffusion Coefficients. Methods app
licable to the measurement of isotopic diffusion coefficients 
have been discussed previously in Chapter 3. An outline of 
the major methods available for the study of bulk salt diff
usion is given below. Such methods have been discussed in 
detail in several reviews.^^>88,68,89,152

$•2.1 The Diaphragm Cell. This method has been described in 
considerable detail in Chapter 3.

With careful experimental technique, diffusion coeffic
ients to an accuracy of +0.2% may be obtained.29>67This 
method has recently also been applied to the study of multi- 
component diffusion.

5.2.2 Optical Methods. Optical methods are in general the 
inost accurate available at the present time. All are based 
on the solution of Fick's Second Law,

^ c /^t = D . ^ 2c /^x 2 (5.1)

for free diffusion from an initially sharp boundary between 
two solutions of different concentration in an effectively 
infinite column of solution. Initially, therefore, there is 
a sharp discontinuity in refractive index, and as diffusion 
proceeds this discontinuity becomes an increasingly broad 
region of gradual change of refractive index, which can be 
studied by suitable optical arrangements.

Most optical methods use interferometric techniques to 
observe the refractive index gradient, and it is the inter- 
ferometric method of Gouy which has received the most wide
spread use.

The phenomenon by which an interference pattern is prod
uced when a beam of collimated light is passed through a 
cell in which diffusion is occurring in a vertical direction 
was first reported by Gouy.^The pattern produced consists 
of a number of horizontal bands. The intensity of these 
bands is greatest, and the spacing between them least, near 
the initial boutndary between the diffusing solutions.



A complete theoretical description of the phenomenon has 
been given by Gosting and Onsager, 45an(i aiSo by Coulson et 
al.J^and Kegeles and Gosting. ̂ T h e method is restricted to 
concentrations large enough to give a 'reasonable1 number of 
bands or fringes in the interference pattern; at least 30 are 
desirable for 0.1% accuracy.

For the same reason, the concentration difference between 
the two solutions must be small, of the order of 0.05M, and 
this minimises the density gradient acting to stabilise the 
column of solution against convection.

The Gouy method is one of the most exact of those avail
able at present for measuring diffusion coefficients, and

13 9several investigators, notably Gosting et alv ^nd Longsworth, 
have developed the method to an accuracy of 0.2%, Recent app
lications have been to the study of multicomponent diffusion?^

88Other optical methods include the Longsworth 'schlieren
scanning' method and the 'diagonal schlieren' method of Phil- 

138pot, which are important in the study of colloids. A method
applicable to the study of dilute solutions has been devel-

16oped by Bryngdahl. This method involves birefringent inter
ferences, with the effect of amplifying the refractive index 
differences in the diffusing solution, and has been applied 
to the study of very dilute solutions, in which the Gouy and 
other interferometric methods are impractical.

5.2.3 The Conductimetric Method. This method may be termed a 
'restricted diffusion' method, in contrast to the free diff
usion methods in which the length of the diffusing column is 
assumed to be effectively infinite.

The conductimetric method was developed by Harned and co- 
w orkers^*^ for dilute solutions. The method consists essent
ially of diffusion in a cell of finite length, and the decay 
of a concentration gradient with time is monitored by measur
ing the conductivity at two points in the cell. Conductivity 
is measured by means of two pairs of electrodes set in oppo
site walls of the> cell at heights £/6 and 51/6, where £ is the 
height of the cell.

The solution of equation (4*1) for a diffusing column of
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height 1, with boundary conditions:

^ c/^x = 0 at x; = 0 and x = £

has the form of a Fourier series.
00 
In=l

c = c0 + An * exp(-n277-2Dt/£2) .cosO^x/l) (5.2)

owhere D is the diffusion coefficient in cm./sec., t is time
in seconds, x is the distance in cm. from the bottom of the
cell, £ is the length of the cell in cm., c is concentration,
and c_ and the A 1 s are constants.0 n

The difference in concentration between planes x = £/6 and 
x = St/6 is:

00
c 1/6“ c5/6 = A n* exP(“n27T2Dt/i2 ) [cosn77/6-cos5n7r/6j

which reduces to

Cl/6~ C5/6 = 2A 1-exP(-7T2Dt/£2) . COS77-/6
(5.3)

- 2Aj_. exp(-25772Dt/£2) . COS77/6

+

Due to the factor 25 in the exponent in the second term of
equation (£43)> the series converges rapidly even at small
values of time. At sufficiently large times, the second term
may be neglected, and a plot of ln(c^^- c^^) versus time
will be linear, with slope -Dtj-̂ /£.?

The same exponential form will hold for any property which
is proportional to concentration.

The conductimetric method can only be used for solutions
in which conductance is a linear function of concentration,
and so is most useful for the study of solutions more dilute
than 0.05M. Elaborate precautions must be taken to avoid
thermal and vibrational disturbances, but despite these diff-

c niculties, data accurate to 0.1% have been obtained.
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5*3 The Study of Diffusion using Rayleigh Interferometry.
For most electrolytes, the refractive index is very nearly 

a linear function of concentration over small concentration 
ranges, and this approximation becomes increasingly be.tter as 
the concentration range diminishes.

Thus the principle of Harned's conductimetric method can 
be extended to concentrated solutions by the study of changes 
in refractive index rather than changes in conductivity.

Changes in concentration are monitored by measuring chan
ges in refractive index by means of a suitable optical system.

139The system used was devised by Philpot and Cook; the
170principle was also discovered independently by Svensson.

9 2Application of the method has been due to Longsworth, Moore
122 19 and Opperman, and Chapman.

The type of cell used is a Tiselius cell, the standard 
apparatus for electrophoresis studies, which is directly app
licable to the study of restrict ;d diffusion. The cell is 
shown schematically in Figure 5*1.

The height of the centre section is approximately 8.5 cm., 
each channel or limb having a cross-section of 3 mm. by 24 nim. 
The top and bottom sections contact the centre section on 
lightly greased ground glass flanges. The centre section may 
be isolated (Figure 5•2a), leaving an enclosed column of sol
ution of exactly the height of the centre section.

If a concentration gradient is introduced into the cell, 
then the diffusing column may be isolated and observed optic
ally. The rate of change of concentration difference between 
points in the cell £/6 and 5^/6 may be determined from the 
change in the interference pattern, and the diffusion coeff
icient may be calculated according to equation (5«3)> neglect
ing second and higher terms.

5-3.1 Theoretical Aspects. The principle of Rayleigh inter- 
ferometry is the ability of two coherent light beams to inter
fere constructively or destructively, depending on the phase 
difference of their waves. In Figure 5+3> two parallel beams 
of light are in phase at points A and B. At point M on screen 
S, the beams may be either in phase or out of phase depending
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Schematic r*epr>Gsentation of the dif fusion cell •

>. ■

Upper
Section

Lower
Section
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Figure 5,2 Relative positions of the sections of the cell 
during the filling procedure.

c)

(b) a)
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on the distance each has travelled.
If distance LM = y and AB = d, and the distance from slits 

to screen be R, then the path difference of the beams is 
dsin0, where

0  = tan 1(y/R)

When dsin0 is an integral number of wavelengths, then the 
beams are in phase and the intensity is a maximum.

i.e., when dsin0 = m X  m = l , 2 , . . . , n

As distance LM increases to LN, the beams become progress
ively out of phase until, at the point dsinQ = (m+l/2)X* "the 
intensity is a minimum. At the point LN = 2y, the beams are 
again in phase, dsinQ = (m+l)Xj and the intensity is again a 
maximum. Thus a system of alternating light and dark bands or 
fringes appears on the screen.

If, however, the beams are out of phase at A and B, then 
the positions of intensity maxima on the screen are shifted 
according to the relation:

dsinQI = mX-SXin

where S is the fraction of a wave by which the beams at A and 
B are out of phase, and 0m are the angles at which intensity 
maxima appear.

Two beams of light can be out of phase by virtue of the 
fact that they have traversed different optical path lengths, 
and represents this path difference.

Since the optical path length in a medium is the product 
of actual distance, r, and the refractive index, p,, of the 
medium, then a path difference can arise from a difference in 
p, as well as from a difference in r.

If different media, of thicknesses r^ and r^ and refractive 
indices p,̂  and p,̂ , are placed behind slits A and B, then

SX = P,ArA~ p'BrB 

If r^, then an<̂  ^he condition for inter-
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ference becomes

ds±n0m = m\ - p,B)

As the quantity (p,̂ - pig) changes, the value of © m , and 
therefore the positions of the interference fringes, must 
also change. A difference in refractive index difference be
tween media at slits A and B causes a shift of the entire 
interference pattern.

At point M in Figure 5*3 there is an intensity maximum 
when p,^= |j,g. If is constant and p,^ varies, then at point M

rA^A = A m X  (5 .4)

The order of the interference, m, depends upon the change 
in jj,̂, and only when A p ^  is such that A m  is an integer will 
an intensity maximum appear at M.

Equation (5 .4) is the condition applicable when a Rayleigh 
interferometer is used to determine a concentration change. A 
change in refractive index Ap,^ in a sample solution is iden
tified by the number of fringe shifts, A m .

If two cells, one containing a one-dimensional concentrat
ion gradient, and one which serves as a comparison path, ( in 
the experimental situation merely the medium of the thermo
stat bath), are placed adjacent to the slits in Figure 5 .4* 
and the cylindrical lens K inserted as indicated, then this 
lens serves to focus the vertical extent of the images of the 
cells on the screen without distorting the interference patt
erns which exist on every horizontal line. The screen in the 
experimental situation was a photographic plate.

Since the vertical dimensions of the interference pattern 
correspond to the vertical dimensions of the sample cell, 
then a gradual change in refractive index of solution in the 
cell can be related to a gradual shifting or bending of the 
fringes along a vertical trace. Thus a pattern of curved 
fringes the same shape as the concentration profile is ob
tained.
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5-3*2 The Optical System. The optical system used is shown 
schematically in Figure 5.5- A choice is offered between 
schlieren and Rayleigh optics, the latter being used for 
diffusion measurements.

The apparatus and cells were obtained commercially from 
Measuring and Scientific Equipment Ltd. The exact dimensions 
of the cells were determined by Barr and Stroud Ltd.;lengths 
were reported to +0.0003 cm.

Fine lines were inscribed across the faces of each limb 
of the cell at points exactly one-sixth and five-sixths of 
the overall length. These lines appeared as faint but dis
cernible markings across the photographs of fringe patterns, 
and served as a reliable frame of reference both for the 
orientation of the fringes and for the vertical position of 
the cell.

5-3-3 The Cell Assembly. As shown in Figure 5-1* the cell 
consisted of three parts. The centre part of the cell con
sisted of two limbs, rectangular parallelipipeds in shape, 
between flat ground-glass flanges. On isolation of this part 
from the rest of the cell, the height of the column of diff
using liquid is the overall length of this piece, therefore 
accurate knowledge of this quantity is essential.

The lower section was simply a flat ground-glass flange 
with a small box on the bottom which closed a U between the 
two limbs of the centre section through holes in the flange. 
A small capillary tube led from the box, to which a glass 
reservoir was fitted by means of a short length of Teflon 
tubing.

The top section consisted of a flat ground-glass flange 
with two slits through which the channels of the centre sec
tion were extended.

Prior to assembly, any possible traces of grease on the 
optical surfaces of the centre section were removed by thor
ough rinsing with Analar grade cyclohexane. All parts of the 
cell were then washed for at least 24 hours in a solution of 
Decon 75} a mild detergent. They were then rinsed thoroughly 
with tap water followed by distilled water, and dried using
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Figure 5»5 Schematic diagram of the optical system.
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Analar grade acetone.
MSE silicone grease was used to seal and lubricate all 

ground-glass surfaces between sections, and the assembled cell 
was clamped into the cell holder by means of the spring clips 
as shown in Figure 5® 6. All experimental solutions were fil
tered using a Millipore filter unit and degassed for 20-25 
minutes before use.

The cell holder incorporated a piston arrangement which 
allowed both the top and bottom sections to be displaced from 
the centre section by depressing plungers at the top of the 
holder. This permitted isolation of the centre section at the 
outer surfaces of its flanges by the opposing flange surfaces.

Glass reservoir E in Figure 5.6 was filled with the most 
concentrated solution. All channels of the cell were aligned, 
Figure 5 .2c, and solution from the reservoir was allowed to 
flow slowly into the bottom part of the cell, ensuring no air 
bubbles remained trapped. When solution had just entered the 
centre section, the bottom section was isolated, Figure 5 * 2b, 
and the small amount of solution remaining in each limb was 
removed. Each limb was then rinsed several times with dist
illed water and with dilute solution.

Finally, each limb and corresponding part of the top sec
tion was filled with the appropriate solution and the cell 
holder was placed in a constant-temperature bath maintained 
at 25°C +0.005 by means of a coiled glass mercury-toluene 
regulator. Circulation of the bath fluid was achieved by 
electric stirrers mounted on vibration-absorbing pads in two 
corners of the bath.

The difference in refractive index between the bath fluid 
and the solutions in the cell was normally such that a 
poorly-defined interference pattern was obtained. Longsworth 91 
resolved this problem by placing pieces of flat glass in the 
reference beam. It was found to be more convenient to alter 
the refractive index of the bath fluid by adding a sufficient 
quantity of ethylene glycol to the bath water to match app
roximately the refractive index of the sample solutions. The 
effect of this procedure is illustrated in Figures 5# 7a and b.

Concentration differences of the order of 0.04M were em-



Figure 5.6 Cell holder for the diffusion cell.
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Figure 5.7

(a) Upper photograph* Interference pattern before addition 
of ethylene glycol.

(b) Lower photograph. Interference pattern after addition 
of ethylene glycol.
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ployed, the two more dilute solutions being of similar, but

different, concentration.
Prior to forming the diffusion boundaries, photographs 

were taken of the interference pattern from each limb. These 
patterns consisted of parallel fringes since there was no 
gradient of refractive index. The photographs were necessary 
to determine any correction to be applied to all subsequent 
photographs due to any slight imperfections in the optical 
system and cell.

After approximately two hours for thermal equilibration, 
the boundaries were formed in each limb and the centre sec
tion isolated. Photographs were taken at approximately 12 
hour intervals over a period of 10-14 days, the typical dur
ation of a diffusion experiment. Time was measured using two 
electric timers started soon after the boundaries had been 
formed.

At the end of an experiment, solutions were removed from 
each limb by syringe, thoroughly mixed, and analysed titri- 
metrically.

5.3.4 Measurement of Fringes. Typical fringe patterns during 
the course of an experiment are shown in Figures 5 • 8a and b. 
The two vertical lines across these patterns result from the 
reference marks on the cell.

Phonographic negatives of fringe patterns were measured 
using a Nikon model 6c overhead projector, which incorporated 
a travelling stage with manual drive and vernier scales for 
measuring the position of the stage to 0.01 mm. in both the 
longitudinal and transverse directions.

The photographic negative was placed between two thick, 
optical-quality glass plates and positioned on the stage so 
that the reference marks on the photograph appeared; as vert
ical lines in the magnified image projected on to the screen. 
The position of the photograph: was adjusted until cross-wires 
inscribed on the screen centred upon one reference line, this 
line being parallel to the direction of longitudinal move
ment of the stage.

The mean width of a line was determined by setting the
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Figure 5•8

(a) Upper photograph* Interference pattern soon after 
the commencement of a diffusion experiment.

(b) Lower photograph. Interference pattern towards the 
end of a diffusion experiment.
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longitudinal vernier to zero and moving the stage longitud
inally until 25 lines had been crossed, using the cross-wires 
on the screen as a point of reference. The vernier reading 
was noted and the mean width of a line calculated.

Setting the cross-wires on a point considered to be the 
centre of a fringe, again noting the longitudinal vernier 
reading, the stage was moved transversely until the cross
wires centred upon the other reference line. The integral 
number of fringes crossed on traversing the projection was 
noted. The partial fringe was determined by moving the stage 
longitudinally until the cross-wires centred upon the near
est fringe, and noting the vernier reading. The difference 
in vernier readings gave the partial shift in mm., which was 
then converted to a fraction of a fringe.

This method of fringe measurement was found to be repro
ducible to 0.05 mm., or 0.1 of a fringe.

Photographs of the uniform concentration profile in each 
limb before formation of the boundaries were measured in the 
same manner. Corrections due to slight deviations in parall
elism of the fringes were applied to all subsequent photo
graphs of each limb. Such corrections normally amounted to 
0.1-0.3 of a fringe.

. 3 . 5 Treatment of Data. According to equation (5.. 3)* the 
logarithm of the concentration difference between two refer
ence lines will vary linearly with time, with a slope of 

2 q 2-D77 /*• Furthermore, any quantity which varies linearly with 
concentration will also follow this time dependence.

As shown in Figure 5*9* the refractive indices of cadmium 
iodide solutions are linear with respect to concentration

64over the range 0-1.6M, and so the logarithm of the measured 
fringe shift will vary as -D(tj-/.£)?

The measurement of fringe displacement,A  * and time, t, 
were fitted to an equation of the form

by the least squares method. The value of the diffusion co-

l n A  = x - yt

efficient was calculated from the relation
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Figure 5 , 9 Plot of refractive index versus concentration 
for cadmium iodide solutions.
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5 «4 Measurement of Transport Numbers by Concentration Cell 
Measurements.

5-4.1 Theoretical Considerations. The expression for the
gradient of liquid junction or diffusion potential in terms

c cof the transport numbers t^ and t , and the changes in the 
chemical potentials, dp, ̂ and dp, , of the component ions 1 and 
2, is given by equation (2.34)5

F(-^lAx) = (t^/z1) . .(fcu2/Jx)

where F is the Faraday and z^ the signed valency.
For a concentration cell of the form

Cd/Hg | Cdl2 | Cdl2 Cd/Hg
m = m ! 1 m = m 'T

the e.m.f. is given by the difference in internal potentials 
of the two electrdes.

Ecell =<Vtd = (V̂ Cd -VP + ^  -Vi,}-(Vci-VA’-) (5-5)

where f ) is the liquid junction potential and is the
electrical potential difference between the two bulk solutions.

Integration of equation (2.34) between the limits ’ and ,T 
gives the expression for the liquid junction potential:

> = elj - u p  +(t2/z2^ u - -  u p

which reduces to

Elj = (RTTj/zjF) .(In a p a p  + (RTT2/z2F) .(In a p a p  (5 .6)

T^ and T^ are defined as the integral transport numbers 
of cation and anion respectively.

For cadmium iodide, z^ = +2 and z^ = ~1> and equation (5-6) 
becomes

Elj = (RTTj/2F).(ln a p a p  - (RTT2/F).(ln a p a p  (5 .7 )
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For the half-cell Cd/Hg / Cdl^m'), the e.m.f. is given 
by the Nernst equation,

ECd = ECd + ( RT/2F) .In a' (5 ,8)

Substitution of equations (5*7) and (5 .8) in equation 
(9>5), and using the fact that T + T = 1} gives

X Au

Ecell = (RTT2/2F)4n ar (a2)2/ai' ’(a' ' )2 (5 - 9 )

Substituting a = mf, where m is molality and f is the 
mean molal activity coefficient, equation (5!-. 9) becomes

Ecell = (3kT2/2).ln (mf)'/(mf)"

where k = RT/F.
E.m.f. values for concentration cells of the form

Cd/Hg / Cdl2(ra1) j Cdl2(m2) / Cd/Hg

were measured. Cell transference numbers, were calcul
ated from e.m.f. and activity coefficient data ̂  9 ̂  3 by

110means of the relation

tC2 = ( 2F/3RT) .dEcell/dln(k/mf) (5. 10)

in which k = (mf) „ „„..m=0.001

5*4.2 Preparation of Electrodes. Pure Cd/Hg amalgam was ob
tained by electrolysing the cadmium into the mercury, accord-

147ing to the method of Reilly and Ray.
Into one limb of the vessel, (Figure 5*10a), was measured 

an accurately-weighed amount of doubly-distilled mercury. The 
electrolysing current was allowed to flow for approximately 
95 hours, giving a 10% W/W amalgam. This was warmed to 60°C, 
thoroughly stirred, and transferred to an amalgam pipette. 
Thereafter it was melted down as needed and drawn into the 
electrode cups, (Figure 5*10b). Platinum wires sealed in the 
glass made contact with the external leads. Eight such elect-
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Figure 5.10
(a) Preparation vessel for Cd/Hg amalgam.

(b) A Cd/Hg amalgam electrode.
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rodes were made.
Bias potentials of these electrodes were measured in a 

0.5M solution of cadmium iodidb.. The average bias potential 
was found to be tP*01mV. All bias potentials were monitored 
continuously throughout the series of experiments and were 
found to be independent of electrolyte concentration within 
the precision of measurement, +O.01mV.

To test for any dependence of bias potential on amalgam 
composition, two electrodes of differing amalgam composition 
were made and the bias potentials of these were measured 
relative to one of the electrodes previously prepared. The 
results are shown in Table (5.1)•

Silver-silver iodide electrodes were prepared according 
to the method of Ives and Janz,^ and after preparation 
were allowed to stabilise for three days in the potassium 
iodide electrolysing solution. Bias potentials measured 
after this time were of the order of + 0.4niV., becoming 
very much larger, 0.5-3-OmV., on transference to a solution 
of cadmiumiiodide.

Similar behaviour for this system has been observed by oBates, and no explanation for the anomaly has yet been 
found. For this reason, silver iodide electrodes were not 
used in conjunction with cadmium iodide in the concentrat
ion cell.

5.4-3 The Concentration Cell. The cell design, shown in 
Figure 5«Hj is that of Pikal and Miller.

All experimental solutions were degassed for 30 minutes 
before use by bubbling purified nitrogen through the sol
utions. The nitrogen was presaturated by passing through 
distilled water and Dreschel bottles containing the exper
imental solutions.

Amalgam electrodes were rinsed with dilute nitric acid 
to remove any oxide film, rinsed with distilled water, and 
pre-equilibrated for approximately 30 minutes in test-tubes 
containing the experimental solutions.

The cell, with electrodes in position, was flushed with 
nitrogen and filled with the experimental solutions of 
higher and lower concentrations through stopcocks A and B 
respectively. The liquid-liquid junction was formed by open-



Table (5.1) 
composition

Electrode

1

2

103

Dependence of bias potential on amalgam
i

Weight % Cd to Weight % Cd to Bias
wt. Hg in amalgam total wt. amalgam potential

(mV)

4.76 4.55 -3.16

7.00 6.54 0.01

3 10.00 9.09 0.01
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Figure 5.11 The concentration cell.
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large 120° three-way stopcock C. The filled cell was placed 
in a water thermostat maintained at 25°C +0.01 and allowed 
to equilibrate for approximately one hour. The e.m.f. of the 
cell was measured at 15 minute intervals for a further period 
of two to three hours and was found to be invariant in that 
time within the precision of measurement. Stopcock C was 
closed after each measurement to minimise the possibility of 
diffusional mixing.

To minimise errors in e.m.f. due to heat of mixing at the 
liquid-liquid junction, the concentration difference between 
the two half-cells was kept less than 0.5 molal.

Bias potentials were measured regularly and were found to 
be <0.02 mV. E.m.f. measurements were made using a Solartron 
Digital Voltmeter LM 1867 with precision +0.01 mV.

5-5 Measurement of Conductivity. Conductivity cells were of
7 1the Jones and Bollinger type> the design being such that 

errors due to polarisation and shunt effects were eliminated.
Polarisation errors are avoided by the use of alternating 

currents and platinised electrodes.
69,184Shunt effects are eliminated by avoiding close prox

imity of the filling tubes and parts of the cell of opposite 
polarity.

Two Pyrex glass cells of cell constant 35*801 and 87*265 
were used to investigate the concentration range 0.001-1.0M. 
Approximate cell dimensions are given in Table (5*2).

A schematic diagram of the cell is given in Figure 5.12. 
The bulbs incorporated in the filling tubes facilitated 
rinsing and filling the cells.

5*5*1 Platinisation of Electrodes. The platinising solution-----------------------------  72
was that recommended by Jones and Bradshaw, consisting of
0.025N HC1 containing 0.3% platinic chloride and 0.025% lead

73acetate to improve the adherence of the deposit.

5*5*2 Calibration of Cells. Calibration was carried out 
using 0.01, 0.1, and 1.0 Demal solutions of potassium chl-

7 2oride as recommended by Jones and Bradshaw.
Quantities of potassium chloride required for 1 Kg. of
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Table (5*2) Approximate dimensions of conductivity cells*

Cell 1 Cell 2

h 10 cm. 15 cm.

D 1.6 cm. 1.6 cm.

1 7 cm. 12 cm.

n 14 cm. 14 cm.

V 15 ml. 20 ml.

0 35*801+0.007 87.265+0.010

h = distance between electrodes.

D = diameter of electrodes.

1 = length of narrow portion between electrodes, 

n = height of filling tubes.

V = approximate volume.

0 = cell constant.



Figure 5*12 The Conductivity Cell.
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solution, with the corresponding specific conductances, are 
given in Table (5*3)* Normal vacuum corrections were applied 
to all weights. The solutions prepared were considered acc
urate to +0.01%.

Cell 1 was calibrated using 0.01D and 0.1D solutions of 
KC1 and was used only for solutions less concentrated than 
0.1M. Cell 2 was calibrated using 0.1D and 1.0D KC1 solutions 
and was used for solutions more concentrated than 0.1M.

The conductivity cells were re-calibrated every few 
months. The change in cell constant during this time was less 
than 0.1%.

5.5*3 Degassing of Solutions. All solutions more dilute 
than 0.1M were degassed for 30 minutes using purified nit
rogen.

Comparison of the conductivities of degassed and un
degassed samples of the same solution showed no difference 
when the samples were more concentrated than 0.05M. Degass
ing became increasingly important as the solutions became 
more dilute.

5.5*4 Constant Temperature Bath. The thermostat bath con
sisted of a tank filled with a light-weight non-conducting 
transformer oil heated by means of a light bulb and cooled 
6y the controlled circulation of water through coiled 
copper tubing immersed in the bath.

Temperature was maintained at 25°C +0.002 by means of a 
coiled glass mercury-toluene regulator and monitored using 
an E-mil TOT IMM standard thermometer, model K14047, calib
rated to National Physical Laboratory standards.

5*5*5 The Conductance Bridge. Measurements were made using 
a digital autobalance precision bridge B331 manufactured by 
Wayne-Kerr Co. Ltd., incorporating a circuit which elimin
ated errors in resistance caused by the use of long connect
ing leads.

The bridge operated at a frequency of 1591*55 Hz., with 
provision for operation with an external frequency source.
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Table (5*3) Weights of KC1 required for, and specific 
conductances of, 1.0, 0.10, and 0.01 Denial solutions.

Solution gm. KCl/Kgm. soln. specific conductance
(denial) ( in vacuo) (ohm.cm.)

1.00D 71.1352 0.111342

0.10D 7.41913 0.0128560

0.01D 0.745263 0.0014087

?
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An accuracy of +0.01% was obtainable by operating six 
push-button decades, three for capacitance and three for 
conductance, which gave simultaneous digital displays.

5.5»6 Filling of Cells. Before filling, the cell was rinsed 
several times with 5 ml. aliquots of solution. The cell was 
then filled to a reference mark on the filling tubes, en
suring no air bubbles remained in the cell.

The cell was placed in the oil bath and, after thermal 
equilibrium had been established, readings were taken every 
few minutes until they were invariant.

Specific conductances, k, were calculated from the rel
ation:

k = (3/R

where (3 is the cell constant and l/R is the conductance.
After correction for the conductance of the water, the equiv
alent conductance, A , was calculated from

lOOOk/N

where N is the concentration in equivalents/litre.

5*5*7 Measurements with External Frequency Source. According 
to Jones and Bollinger, the frequency dependence of con
ductance is given by the relationship

R = R, - R2 R .(rt2*C2 (5*11)p t t p w  p

where R^ is the apparent resistance, R̂ _ the true resistance,
04 the angular frequency in Hz., and the capacitance in 
farads.

If R = R, , equation (5--.ll) becomes p t

R = R, - R^.U)2.C2 (5.12)p t p w  p

Since R varies from 30-5000 ohms, and C is of the order
-12 P Pof 10 farads, then, for the frequency range 1000 to 4000
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3 2 2Hertz, the error R = R^. .C is negligibly small, much less
than 0.01%. Theoretically, an error of this magnitude cannot 
be observed on the instrument.

It was found impossible to verify this, however, since 
readings using an external source oscillated by +0.5%* The 
cause of this was probably local electrical interference 
from other instruments in the laboratory, and it was necess
ary to assume no frequency dependence.



CHAPTER 6

RESULTS OF TRANSPORT EXPERIMENTS AND DISCUSSION OF THE 
IRREVERSIBLE THERMODYNAMIC ANALYSIS OF THE SYSTEM
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6•1 Results of Diffusion Measurements.
The results of diffusion measurements using cadmium

iodide solutions are given in Table (6.1) and shown
graphically in Figure 6.1. Also shown in Figure 6.1
are the results of earlier diffusion measurements by

37Garland, Tong, and Stockmayer using the porous 
frit method, and by McBain, van Rysselberghe, and 
Squance using the diaphragm cell technique. Porous
frit data may be considered accurate to approximately 
+ 5%, though the accuracy of the latter data must be 
considered doubtful, since no method of stirring the 
solutions in the diffusion cell was employed. Diff
usion data obtained in this work were considered acc
urate to + 0.3%»

6.% Results of Concentration Cell Measurements.
Experimental emf values in millivolts for concen

tration cells of the form

Cd/Hg I Cdl2 Oj) j CdI2U 2) J Cd/Hg

are given in Table (6.2). Every value represents the 
mean of at least 16 individual voltage measurements.
The last column gives the standard deviation from the 
mean, 0~ , in millivolts, corresponding to each mean 
emf. For the calculation of emf transference numbers, 
emf values for concentration cells of the form

Cd/Hg | Cdl2(m=0.00l) j Cdl2(m) | Cd/Hg

are required. Combination of the emf1s of experiment
ally measured concentration cells from Table (6.2) 
gave values for cells symbolised by that above/ th&se
values are given in Table (6.3)» Whenever there was 
more than one way to combine the emf1s , all possible 
combinations were averaged. The estimated error is
+ 0.3$.

Transport numbers were obtained using equation (5-7)* 
which necessitated calculation of the term
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Table (6.1) Diffusion coefficients for Cdl .
________105P_________

Concentration (l) ( 2) (3)
(M)

0.005 0.959
0.00501 - - 1.181
0.00724 ~ " 1.128
0.0096 - 0.873
0.01 0.859
0.03889 “ ~ O .814
0.0414 “ 0.855
0.04397 " " 0.810
0.05 O.789
0.080 “ O .824
0.083 " O.834
0.09339 ~ " 0.787
0.09439 “ “ 0.779
0.121 “ 0.808
0.15 0.732
0.160 " 0.807
0.1729 “ “ 0.754
0.1781 ~ “ 0.750
0.2419 " " 0.738
0.2515 ~ " 0.734
0.292 “ 0 .768
0.4572 " " 0.719
O.50O O.69O O.785 -
0.6037 ~ " 0.727
0.7896 ~ ““ 0.754
0.7936 ” “ 0.761
0.947 “ 0.809
0.9713 ~ " 0.798
0.9796 ~ “ 0.801

(1) Reference 101
(2) Reference 37
(3) This work



Figure 6 . 1 cDiffusion Coefficients for Cdl .
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Table (6.2).

Potentials pf CdI2 concentration cells of the type 

Cd/Hg / Cdl2(m1) j Cdl2(m2) / cd/HS

m l m2 E.m.f.(mV.) ( mV.

0.0009747 0.004981 -26.18 0.07

0.0009747 0.0099599 -35.90 0.02

0.004981 0.0099599 - 9.83 0.01

0.004981 0.049572 -27.70 0.05

0.0099599 0.049572 -18.09 0.02

0.0099599 0.099138 -25.32 0.03

0.049572 0.099138 - 7.17 0. 02

0.19822 0.41058 - 9.86 0.02

0.099138 0.19822 - 8.00 0.03

0.099138 0.41058 -17.85 0.02

0.29971 0.41058 - 4.58 0.01

0.19822 0.29971 - 5.38 0.01

0.099138 0.29971 -13.36 0.01

0.29971 0.65303 -11.82 0.02

0.41058 0.65303 - 7.28 0. 01

0.41058 0.90705 -17.39 0.02

0.65303 0.90705 -10.11 0.03

0.65303 1.10493 -13.43 0.03

0.90705 1.10493 - 3.32 0.04



Table (6.3).
Potentials of Cdl concentration cells of the type

Cd/Hg / Cdl (m=0.001) 1 Cdl0(m) / Cd/Hg Z | Z

m E .m.f.(mV.)

0.004981 -26.18
0.0099599 -35.96
0.049572 -54.05
0.099138 -61.25
0.19822 -69.25
0. 29971 -74.62
0.41058 -79.16
0.65303 -86.44
0.90705 -96.55
1.10493 -99.87
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(3RT/2F) ln(k/mf)

where k=(mf) _ . Since Ag-AgI electrodes couldm=0.001
not be used, activity data were obtained from the lit- 

7 39 156erature 9 9 and curve-fitted by the method of
least squares. Coefficients of this curve-fit between 
Inf and m, and between Inf and lnm, are given in App
endix 1. The activity data were used to calculate 
(3RT/2F)ln(k/mf), and the resulting values were curve- 
fitted against their corresponding emf values, again 
by the method of least squares. The resulting poly
nomial was of the form

E = 0.411353x-5. 549613x2-78.60436x3 
Cel1 , (6.1) 

-390.$5362x*

where x = (3RT/2F)ln(k/mf).
Equation (6.1) reproduced experimental values of 
to an accuracy of + 0.1$. Differentiation of equation 
(6.1) gives:

(6.2)d(Ecell)/dx = 0.411353-11.099x-235.8lx2
-1562.5x3

and since x = (3RT/2F)ln(k/mf), then

dE/dx = (2F/3RT),dE/dln(k/mf) = t® = 1-t^

from equation (5*7)• Transport numbers obtained in 
this way were interpolated to round-number concentr
ations, and are given in Table (6 .4 )* Fob comparison,

159the results of Sahay, using the moving boundary 
method, are also shown; the values differ by up to 5%, 
In order to ascertain whether this discrepancy refl
ected a true experimental difference, or whether the
difference was due merely to the method of different
iating equation (6.1), values of t*? were evaluated

157using the method of Rutledge. Rutledge's method
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Table (6.4)>

Transport numbers for Cdl2*

m c
tl ti

0.005 0.431 0.450

0.010 0.416 0.448

0.050 0.311 0.321

0.100 0.205 —

0.200 0.053 —

0.300 -0.051 —

0.400 -0.135 —

0.500 -0.213 —

0.600 -0.290 —

0.700 -0.365 —

0.800 -0.436 —

0.900 -0.499 —

1.000 -0.556 —

* J.N.Sahay, J. Sci. In. Res., 18B« 235, (1959). 

** Calculated by the method of Rutledge.

(GoRutledge, Phys.Rev., Ĉ), 262, (1932)).

tl

0.435 

0.420 

0.314 
0. 201 

0.057 

-0. 049 

-0.139 
- 0.218 
-0.291 
- 0.362 

-0.433 

-0.499 

-0.559
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evaluates the differential of the function y=f(n), 
values of dy/dn being found from values of y observed 
at equally-spaced intervals of n. The differentiating 
tool used is a fourth degree polynomialj it is applied 
successively to sets of five consecutive data points.
It is not implied that the data as a whole may be 
adequately represented by a polynomial or any other 
elementary type of function.

If the five values of n, ( n_25 n-l* no* n l3 anC  ̂n 2̂  
are spaced at equal intervals, h, so that

h = n^-n^ = n^-n^ = n^-n_ ̂ = ....  etc.

and the five corresponding values of y are y , y
y , y^j and then the derivative at the points
-1, 0 , and 1 is given by:

(dy/dn)n=n = (l/l2h) (-3y_2“10y_1+l8yC)-6y1+y2)

(dy/dn)n=n = (l/l2h)(y_2~8y_1+8y 1~y2)

(dy/dn)n=n = (l/l2h)(-y_2+6y_1-l8y0+ 10y 1+3y2)

A computer programme, given in Appendix 2, was used 
to evaluate t^ by the above method over the concen
tration range 0.001-1.0M. The results, shown in Table
(6.4)5 indicate a true experimental difference between

159this work and the results of Sahay.

6.3 Results of Conductivity Measurements.
Tables (6.5) and (6.6) summarise the results of 

conductance measurements in dilute (<0.1M) and con
centrated solutions respectively.

Interpolated values of from this work are com
pared, in Table (6.7)? with the literature values of 
Rabinowitsch and van Rysselberghe, Grunnell, and

1 r O
Carlson. Agreement with Rabinowitsch's data is ex
cellent, within + 0 .2% in all cases, though poorer

agreement is obtained with the more recent data of
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Table (6.5).
i  p «  n f  P.HTConductivities of Cdl„ solutions* 0.001-0.1M.

Molar Concentration Equivalent Conductivity

0.001114 103.2Q
0.002109 92.19
0.002998 87.37
0.004654 76.24
0.006109 71.42
0.008271 66.15
0.010919 61.03
0.019475 50.94
0.042019 38.53
0.058696 33.93
0.079468 30.36
0.091171 28.94
0.102582 27.73
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Table (6.6).
Conductivities of Cdl^ solutions, 0.1-1.0M.

Molar Concentration Equivalent Conductivity

0.13908 25.21
0.15347 24.60
0.16767 23.72
0.19905 22.83
0.23773 21.48
0.27912 20.81
0.32407 19.84
0.32819 19.83
0.35372 19.44
0.36259 19.32
0.36728 19.30
0.38331 19.10
0.40583 18.78
0.49850 17.82
0.50186 17.80
0.55483 17.33
0.58499 16.86
O .59384 16.85
0.64556 16.41
0.65589 16.36
0.66870 16.30
0.76342 15.69
0.78576 15.46
0.84731 15.12
0.93592 14.58
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Table (6.7) Experimental and literature conductance
data for Cdl^.

Concentration * ** (l)
(M)

0.1385 25.33 - 25.30

0.25 - 21.4 21.28

0.282 20.65 - 20.63

0.435 18.46 - 18.45
0.50 - 17.81 17.81

0.615 16.73 - 16.71
0.855 15.07 - 15.08
1.00 - 14.18 14.30

*

*

reference 146 

reference 158 

(1) this work (interpolated)
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van Rysselberghe.

6 * 4 Irreversible Thermodynamic Analysis of Results.
The results of diffusion, concentration cell, and 

conductivity measurements complete the parameters re
quired for an irreversible thermodynamic analysis for 
the system Cdl^-H^O over the concentration range 
0.001-1.OM.

For calculation of the L. . and R. the activityij iJ
correction term, (1+mdlnf/dm), was evaluated over the 
full concentration range by differentiation of an 
nth. degree empirical fit between Inf and lnm:

n_
Inf = a^ + a^(lnm)1 (6.3)

i=l

Two such equations were used, covering the concen
tration ranges 0.001-0.1M and 0.1-1.0M. The coeffic
ients a^ for both equations are given in Table (6.8). 
Values of the function (1+mdlnf/dm) given in Table 
(6 .9 ) were obtained by differentiation of equation 
(6.3) by the method of Rutledge described previously.

A computer programme was used to calculate the 
phenomenological coefficients, L_̂  . and R^ ., from the
transport data. This programme, given in Appendix 2 ,

108reproduced Miller's data for several systems to
+ 0 .1%.

The mobility coefficients, .(i,j=l,2), were
calculated from equation (2.45)* and the frictional
coefficients, R^ .(i,j = l,2), were obtained by matrix
inversion of the L ... The ion-solvent frictional co-

13efficients, R.„(i=l,2), were calculated from the R. .7 ±0 ij
using the relations defined by equation (2 .19).

The results are presented in Table (6 .9 ) , in 
which S is the formal ionic strength of the solution.
In this Table , infinite dilution values for the 
quantities D and were calculated by combining the 
literature value for X j ~  with the value for X ^ 2+ 
obtained from the (extrapolated) transport number of 
cadmium ion at infinite dilution by means of the
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Table (6.8) Coefficients of equation (6.3).

Coefficients 0.001-0.1M 0.1-1.0M

0 -3.322705 

-0.103363 

0.258200 

0.047974 

0.002432

-3.684670

-0.538461

0.081779

0.018005



Table (6.9) (overleaf)

Phenomenological coefficients for Cdl .Zi

'Act. term' in these tables refers to the quantity 
( 1-hndlnf/dm) .

Data at infinite dilution is extrapolated.
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relation

* ? -  X ? / ( X ° + X ° )  = X ? / A 0

The value of A ?  obtained in this way was 58.9 ohm *
2 -1cm.equiv. * with an estimated uncertainty of approx

imately + 1%.
No reliable estimate of A ^  f°r cadmium ion exists

in the literature* though Garland* Tong* and Stock-
37 24* —1 2 —1mayer used the value for Mg (53.Oohm cm.equiv. 0*

since the conductivities of Cdl and Mgl solutions
are almost identical at 18 C. A value of 61.6 ohm 

2 -1cm.equiv. was used by McBain* van Rysselberghe* and
101 — 1 2  — 1 Squance and a value of 53.8ohm cm.equiv. is

available ^ *  but must be considered unreliable since
1 c iit is omitted from both Robinson and Stokes' and

Harned and Owen's ^  classic textbooks. However* the
present diffusion work suggests that the estimate of 

- 1 2 - 153*Oohm cm.equiv. is too low and that the true
value of A ?  for Cd̂ ~*" lies in the range 58-60 Ohm *

2 - 1  \ 0 2+ cm.equiv. * close to the values of A 1 for Ca and
2«j- _ ̂ 2 -i lSr of 59•50 and 59*4r ohm cm.equiv. respectively.

0Accordingly* D was calculated using the Nernst ex
pression* with A i  taken as 58.9 ohm ^crrwequiv. ̂

Since the L . . are intrinsically more fundamental 
than the measurable transport parameters of diffusion 
coefficient* transport number* and conductivity* a 
study of their behaviour with concentration gives a 
more detailed insight into the processes occurring 
in solution.

Although very few systems of 2:1 electrolytes have
been investigated* there exist sufficient data for

10 8calcium chloride and cadmium chloride for some
general comparisons to be made.

Calcium chloride is a completely dissociated salt
24-in solution; the intrinsic mobility of Ca ion at

— 12 2infinite dilution being 1.59 7*10 moles /joule.sec.cm..
-12which compares closely with the value of 1.58.10

*''* A . J .McQuillan J . Chem. Soc. Far. Trans . 1 * 8_* 1558 * ( 19 74)
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moles2/joule . sec. cm. estimated for Cd2"*". In addition, 
the mobilities of chloride and iodide ions are 
almost identical. The major difference between the 
two electrolytes lies in the self-complexing behav
iour of cadmium iodide solutions.

A more direct comparison may be made with cadmium 
chloride, since self-complexing also occurs in this 
system, though to a considerably lesser extent. A 
measure of the relative degree of complexing in the 
two systems may be inferred from the fact that t^ 
becomes zero at a concentration of approximately 
0.25m in Cdl^ and approximately 2m in CdCl^. Figures 
6.2,6.35 and 6.4 show the variation of the L̂ _. with 
concentration for the three systems.

The direct mobility coefficient, L^^(i=l,2), is 
a measure of the mobility which an ion would have in 
the absence of interactions with oppositely-charged
ions. The L . . includes a large obstruction contrib- n
ution, as well as smaller effects such as the coul-
ombic interaction of other i-type ions, solvation,
and reference-frame interactions with the solvent.

2+In dilute solution, the intrinsic mobility of Cd
in Cdl decreases rapidly from its value at infinite

2+dilution, in common with the trend observed for Ca
in CaCl9, though with steeper slope. At higher conc-

2 +entrations, however, L ^ / N  for Cd"- in Cdl^ increases 
to a maximum at approximately 0.25M, thereafter show
ing a general decrease with increasing concentration. 
This behaviour is anomalous in that the intrinsic 
mobilities of most salts show a steady decrease with 
increasing concentration,^ as exemplified by L ^ / N  
for Cd2+ in CdCl2.

The intrinsic mobility of I in Cdl exhibits the 
same anomalous behaviour as cadmium ion in Cdl0, with 
an initial sharp decrease at low concentration and a 
substantial increase at higher concentrations. Both 
CaCl and CdCl show a similar decrease at low cone-

Ld £d

entration which continues to higher concentrations.
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Figure 6.3 Variation of with concentration for CaCl2,
CdCl2, and Cdl2#

Cdl
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CdCl
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Figure 6 . 4  Variation of L-j^/N with concentration for CaCl2, 
CdCl2, and Cdl2«
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A rigourous analysis of a situation as complex 
as that which exists in aqueous cadmium iodide sol-

112utions cannot be made at this time. However, Pikalls 
analysis of ion-pair formation in simple electrolyte 
systems of symmetrical salts indicates that complex- 
ing of this type will decrease the intrinsic mobil
ities of the component ions. Similarly, a larger 
degree of ion association in the form of neutral ion 
pair- or charged complex-formation may explain to a 
large extent the observed sequence of the coupling 
coefficients, L^/lST.

Cdl > CdCl > CaCl
A  A  A

6i5 Self-Complexing in Cadmium Iodide Solutions.
Equilibria in solutions of cadmium iodide have 

been investigated by McBain, van Rysselberghe, and 
Squance, Riley and Gallafent, and Bates andg
Vosburgh. In the latter work, the stability constants

+  -  2-for the species Cdl , Cdl , Cdl , and Cdl. are re-" o 4
ported. The stability constants are defined by equ
ations (6.4)-(6.7)*

13 1 = CCdX+/CCd2+-CI- (6-4)
e2 = ccdi/cCd2+-ci- <6-5)A

13 3 = CCdI~/CCd2+,CI_ (6.6)

P4 = CCdI2-/CCd2+-4-4
and are related to the concentrations, C , of the 
vardous complex species in solution.

Using the values for $ 29  ̂2* anC  ̂^4 ®a^es anĉ  
Vosburgh, and the activity correction data of Reillyy| Q
and Stokes for CdCl , the concentrations of each

A

species present at various bulk salt concentrations 
were calculated. The results are given in Table (6.10)
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■i a Q
The activity correction data of Reilly and Stokes 
was taken since these authors have cast some doubt 
on the original activity correction procedure of 
Bates and Vosburgh. In the latter work, the activity 
correction involved the use of activity coefficients 
calculated on the assumption that a simple Debye- 
Hiickel type of equation was obeyed. The use of this 
type of equation is questionable, since it is appl
icable only at quite low ionic strengths and to ions 
of only one valency type. The data of Reilly and
Stokes are not open to the same objections. 148 Data
for CdCl^ were chosen on a ‘good guess’ basis, since 
no equivalent data were available for Cdl .

6.5.1 Irreversible Thermodynamic Representation.
A solution of cadmium iodide may be considered to

2+  +  - 2- contain six species: Cd , Cdl , CdX^, Cdl^, Cdl^ ,
and free iodide ion. Denoting these species by the
subscripts 0,l,2,3j4* and i, respectively, then the
dissipation function, , may be defined in terms
of the solvent-fixed flows, 3* , and the forces, x ,
for each of the species in solution. Thus

= T<7- = j0x0+j1x1+joxo+joxo+j/1x /1+j\.x̂ .2 2 3 3 4 4 1 1 (6.8)

Considering each complex species to be in local equ
ilibrium with cadmium and iodide ions, then the phen
omenological equations are given by equation (2.16).

n
h

Writing the expanded form of this equation in matrix 
notation, we have

d0 1oo ^ 1 102 103 10i xo
h 110 111 112 113 X14 Xli xi
d2 X21 122 123 124 12i X2
3 3

-
V 132 133 134 13± x3

d4 140 141 142 X43 144 X4i x4
di 1 iQ Xil Xi2 Xi3 1i4 1. .1 1 X .1

(6.9)
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and the equilibrium conditions are:

( j = l , 2 , 3 , 4 )X. x0+3Xi (6.10)

In addition, the total flows of cadmium, J0 and
iodide, , are related to the flows of the complex; 
species containing these ions, thus

(6.11)
Using equations (6.9)^(6.10), and (6.11), the L 
(j,k=l,2) of the binary solution may be related to 
the 1., ( j ,k=0,1, 2, 3 y i) of the individual species,
giving equations (6.12a-c )..

1 1 00 01 102 103 104
1 1 10 11 112 113 114

Lll^ L00^ 1 1 20 21 122 123 124
130 131 132 133 134
1 1 40 ^ l 142 1A3 144

L12 r2l^ L0i^

101 2102 3103 4104 10i
X11 2112 3113 4114 Xli
121 2122 3123 4124 12i
131 2132 3133 4134 X3i
141 2142 3143 4144 h ±

L22(==Lii)

21
11
21

21
4-1

12
22

3l„i 6131 32
4141 8l42
4il 2li2

3113

6l23 
9133 
12143 
3li3 41i4

4114 1li
8124 212i
12134 313l
16144 4144 1 . .

v

(6.12a)

(6.12b)

(6.12c)

Using the concentrations of each species at
particular bulk salt concentrations given in Table

142(6.10), Pikal*s limiting law expression (equ
ation (4.7)) was used to calculate the ljk of equ
ations (6.12).

Pikal’s expression describes only ionic inter-
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actions, consequently no estimate is available for the 
19 • (j=Oj1*2,3*4*i) representing interactions between 
the neutral species Cdl^ and other species.

In these calculations, the values for X
( the equivalent conductances at infinite dilution of

+ — 2 — species Cdl , Cdl^, and Cdl^ ) were ’guessed1, that is
assigned certain values within the range 40-100 conduct
ance units. The ’guesses' for and were influenced

V 0 ^by the general premise that anionic A  values increase 
with increasing negative charge. Allowing for the un
certainty in the value of X q (X ^ ^ t )  obtained in this
work, calculations were performed using the value of 

oy 2Garland et al. of 53-0 ohm cm./equiv. as well as our
2own estimate of 58.9 ohm cm./equiv.

Several calculations were performed for each of several 
different bulk salt concentrations, using various ’guesses' 
for X^, X ^ * and X^. The (calculated) 1 obtained 
in this way were substituted in equations (6.12), giving 
values for These calculated values are compared
with observed in Table (6.11). Also given in this JTable 
are the assigned values for X °  X °  X ?  , and1 r r ^ 1 0
inson and Stokes' value was used for Xj~*

In estimating L^/N, runs 4 and 5 give the best corr
elation with the observed values, whilst runs 1,2, and 3 
consistently overestimate the true value. Runs 4 and 5 
again give the closest correlation in estimating L. /NX Zd
and runs 1,2, and 3 again overestimate the true value.
In estimating however, runs 1,2, and 3 give the
best results, whereas runs 4 and 5 seriously underestimate 
the true value, particularly at higher concentrations.

In assessing the validity of the calculations, it 
should be noted that, in general, Pikal’s limiting law 
expression tends to overestimate the cross coefficients
1 ( j ,k=0, 1, 2,3 *4* i; j/k) whilst underestimating the

 ̂ 142 direct coefficients 1.. (j=0,1,2,3*45i)• Accordingly,3 3 )  a
to aid the assessment of the data, the quantities /> , equ
ivalent conductance, D, diffusion coefficient, and t^, 
transport number, were calculated using equations (2.29)* 
(2.44)* and (2.35)5 and compared with their measured

X,, • Rob-4

and X?
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Table (6.11) Observed and calculated values of L../N  ----
for Cdl^*

Lu /N (xlO12)
run

Cone. 
(N)

Obs. 1 2 3 4 5

0.0 1.581 - — - - -
0.01 1.432 1.998 1.798 1.801 1.646 1.426
0.02 1.464 1.805 1. 807 1.816 1. 600 1.358
0. 1 1.515 1.756 1.782 1.817 1.512 1.289
0.2 1.556 1.778 1. 828 1.812 1.558 1.344

L i2/N (xlO12)
run

Cone. 
(N)

Obs. 1 2 3 4 5

0.0 0.000 - . - - - -

0.01 1. 131 1.555 1.557 1.566 1.317 1.096
0.02 1.528 1.854 1. 862 1.888 1.556 1.309
0. 1 2.430 2.729 2. 827 2.930 2.347 2.069
0.2 2. 803 3.133 3.307 3.435 2. 788 2.481

L22/N (xlO12)
run

Cone.
(N)

Obs. 1 2 3 4 5

0.0 8. 249 - - - - -
0.01 6.837 7.077 7.083 7.109 6.789 6.559
0.02 6.984 6.765 6.797 6.878 6.344 6.072
0. 1 7.533 7.186 7.549 7.856 6.514 6.029
0.2 8.033 7.283 7.9U 8. 294 6.709 6.056
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Table (6. 11) continued

Assigned values for A ?  ( i=0,1,3*4ji) •

A

A

run
1 2 3 4 5

0 
0 53-0 00.0 09.0 08.9 58.9

0 60.0 60.0 60.0 50.0 . .40.0

0
3 60.0 60.0 67.0 40.0 40.0

0
4 60.0 80.0 80.0 85.0 70.0

0
i 76.8 76.8 76.8 76.8 76.8
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values. The results are given in Table (6.12).
Equivalent conductance , A  , is taken as the most 

valid quantity for evaluation of the calculations, since 
terms involving 1 ^  ( j=0,1, 2,3 > 4, i) ca«el in the express
ion for A , thus eliminating one source of error. Add
itionally, in view of the fact that Pikal's equation 
is a limiting law expression, the most valid region for 
comparison of calculated and observed data is within the 
concentration range 0-0.IN.

On this basis, runs 1,2, and 3 give better estimates 
for A  than runs 4 and 5, possibly because any over
estimate for L ^ / N  and L ^ / N  is compensated by the under
estimate for Runs 4 and 5 also overestimate
L n / N  and L > though to a far lesser extent, whdjjfct 
seriously underestimating L^2/N, so one would expect to 
observe a low estimate for A  , which is in fact the case.

For the other transport quantities, D is in general 
overestimated by runs 1,2,3* and S> though run 4 yields 
results in good agreement with the observed values. 
Transport numbers are also overestimated , by all five 
runs, though in this case run 5 gives the best correlation, 
within approximately 10% at 0.1N.

In general, however, agreement between calculated and 
observed D, t^, and A is surprisingly good up to a 
concentration of 0.1N.

Although the theoretical equations presented above 
are semi-quantitative only in dilute solutions of cad
mium iodide, it seems likely that the qualitative aspects 
have some validity in any system in which complexing of 
this type occurs.
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Table (6. 12) Observed and calculated values for
D , and % . for Cdl_.i 2

A =9.3109.1012(4L1;l/N + L 22/N - 4L 12/n) .

b Obs.
run

Cone. 
(N)

1 2 3 4 5

0.0 - - - - -
0.01 74.86 74.92 74.94 74.96 75.47 73.35
0.02 62. 63 61.17 61.24 61.29 60.70 58.34
0.1 36.06 30.64 31.40 31.72 29.58 27.07

• 0.2 28.36 17.34 18.59 19.00 16. 65 14.03

t . =i (4Ln /N - 2L12/N)/ a 1

b Obs.
run

Cone. 
(N)

1 2 3 4 5

0.0 - - - - -

0.01 0.431 0.507 0.507 0.506 O.487 0.446
0.02 0.416 0.535 0.542 0.530 0.504 0.449
0.1 0.310 0.475 0.438 0.414 0.427 0.350
0.2 0.203 0.454 0.350 0.302 0.367 0.274

= 14.8734.106(Lll/N -L 22/N - (l12/n)2)/ a '

""^Obs.

run
Cone. 
(N)

1 2 3 4 5

0.0 — - — - —

0.01 1. 187 1.434 1.437 1.442 1.306 1.146
0.02 1.076 1. 226 1.230 1.243 1.088 0.956
0 . 1 0.806 0.890 0.919 0.947 0.775 0.680
0.2 0.780 0.861 0.904 0.934 0.767 0.673

a' = (4Lu /n + L22/N -4L12/n).
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Appendix (le) Coefficients of the equations between Inf 
and m, and between Inf and lnm, for Cdl2»

— 7/2logf = -0.0027871 - 4.82285m2 + 7.47439m - 6. 72163m'5'
+ 2•507 8lm

logf = -1.58101 - 0.45507 (login) + 0.2975 (lpgm)2 +
0.16034 (login)3 + 0.021593 (logm)

Appendix (If) Coefficients of th e equation between 

transport number (t2) and molality for Cd^*

t2 = 0.55373 + 3.0554® - 7.5121m2 + 12.0803m3 -

9.3962m4 + 2.7748m5.
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Programme 1 This programme calculates concentration 
from measured specific conductances and the weights of 
solution before and after dilution. The relevant curve- 
fit equations are applicable only at concentrations <0.1M. 
The original concentration of the undiluted solution is 
calculated from these weights.
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begin comment Adaptation of programme 3 of Jalotas thesis for 
the calculation of concentration by the conductometrie method 
of analysis;
integer i,n,f,1,j,g,r; real k,wb,wx,wy,C,m,wg,lamda,st;
©pen (20) ; open(70); copy text (20 *70,jjJ_) ’ 
f :=format(>[>-nd.dddsdddsdddcj_) jagain: l:=read(20) ; 
if 1=0 then goto fin;n:=read(20); k:=read(20); 
begin array a/bl1:n];
for i:=1 step 1 until n do a[i]:=read(20);
for i:=1 step 1 until n do b[i]:=read(20);
C:=0.0;k:=ln(k); for i:=1 step 1 until n do 
C:=C+a[i]xkT(i-1); rep:st:=C; lamda:=0.0: 

for i:=1 step 1 until n do lamda:=lamda+b[i]xCT(i-1); 
C:=k-lamda; if abs((expX"st)-exp(C))/exp(C))>C.0003 
then goto rep else begin if abs((st-C)/C)>0.0003 
then goto rep end; r:=read[2C); 
if r= 1 then goto calc else begin C:=exp(C); 
copytext(2C‘,7c7T: 1) ̂ goto check ; end; calc:g:=read(2C); begin array p , q[1:gj;
C:=exp(C); wb:=read(20); 
for j:=1 step 1 until g do p[j]:=read(20);
for j:=1 step 1 until g do q[j]:=read(20);
copytext(20,7C,Jj]j ;wx: =read(2C); wy:=read(20); m:=0.0;
for j:=1 step 1 until g do m:=m+ p[j]xCT(j-1); 
m:=mxC; wg:= mxwbxwy/(1000+mXwb); 
m:=wgx1000/(wbx(wx-wg))j C:=0.0; 
for j:=1 step 1 until g do C:=C+q[j]xmT(j-1);
C:=mXC; end; end; check: write text (70, |C0NCENTRATI0N*=*J_) j
write(70,f,C); goto again; 
fin: close(20); close(70); end->
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Programme 2 This programme calculates the cell constant 
of a diffusion cell from specific conductance data pro
vided by cell calibration experiments using potassium 
chloride solutions. The programme may also be used to 
calculate the integral diffusion coefficient of any 
salt from the relevant data.



begin comment This program calculates concentrations
for a diffusion run by the conuctometrie method of analysis,
calibrates the cell for cell constant with a standard salt
and then calculates the integral diffusion coefficient for an
unknown salt;
integer l,n,i,f,j,r,s;
real v,k,t,C1,C2,C3*C4,c,di,dma,dmb,cma,cmb,ci,wx,wy,wb,wg,m; 
©pen(2C): open(7C);
copytext(2C,7C, Ij])jf: = format(£ -nddd.ddddddcj_) ; again: n:= readf2C); r:= read(2C);
begin array a, b[1:n], p,q[l:3lj
real procedure C(k);value k;real k;begin real st,lamda, CC; 
CC:=C.C; if r=6 then k:=ln(k); for i:=1 step 1 until n do 
CC:= CC+ aIT]xkT(i-1)"; rep: st:=CC; lamda:= C.C;
for i:=1 step 1 until n do lamda:= lamda+ b[i]xCCT(i-1); 
if r=6 then CC:- k - lamda else CC := k/lamda; 
if r=6 then begin if abs((exp(st)-exp(CC))/exp(CC))
>0.CGC3 then goto rep end else begin
if abs((st-CCy/CC) > C.CCC3 then goto rep end;
if r=6 then CC := exp(CC)j if s=15 then begin m: = C.C;
for j:= 1 step 1 until 3 do m:= m + p[j]xCCT(j -1);
m:= mxCC; wg : = mxwbxwy/(1CCC+mxwb);
m : = wgxl CCC/ (wbx(wx-wg));
CC:=<3.C; for j:= 1 step 1 until 3 do CC:= CC+ q[ j]xmT( j-1) ; 
CC := mxCC end; C:= CC end C;
real procedure d(c); value c; real c; begin 
if c<.ci then d:= 1.9834 - 1C.4c3Exc+ 97B75c2xcT2-3922C.CxcT3 
if c>.C1 and c<.1 then d:= 1.959C - 2.41C1XC + 27.3377xcT2 
- Ii8.482xct3;if c>.1 and c<.5 then d:= 1.9C175 -C.36375xc + C.825xcT2
-c.625xct3•

if c>.5 and,c<3.9 then d: = 1.84273 +C.CCC36C167xc +C.C186942
xcT2 -c.CC21745x cT3; end d;

for i:=* 1 step 1 until n do a[i] : = read(2C);
for i:= 1 step 1 until n do b[i] := read(2C);
s: = read(2C)'; if s=15 then begin
wb: =sread(2C) ; for j: = 1 step 1 until 3 do p[ j ] :*read(2C) ;
for j:= 1 step 1 until 3 do q[j]:=read(2Cj; end;
repeat: copytext(2C, 7C* JjJ.) * v:=read(2C);s:» read(2C); if s=15 then begin wx:=read(2C); 
wy:=read(2C) end; 

k:= read(2C); if k= C.C then C2:=C.C else C2 := C(k);

s:= read(2C); if s=15 then begin wx:=read(20);
wy:«read(2C) end; k:- read(2C); C3:= C(k); 
s:=*read(2C) ; if s=15 then begin wx: «read (2C) ;
wy:~read(2C) end;k:= read(2C); C4:= C(k);
t:=read(2C); l:-read(2C); C1:= C3+ (C4-C2)xv; 
cma:- (C1+C3)/2; cmb:= (C2+C4)/2;



70, [ cma*:= ])
7c, r cmb*=■ T7c, r C1*= n70, r C2*= T
7C, r C3*= T
70, r C4*= T
70, r Cl-C2*=*

writetext(7C,2 C3-C4*=*27j

write(7C, f, cma ); 
write (70, f, cmb] 
write(7C, f, Cl 
write(7c, f, C2 
write(7C, f, C3 
write(70, f, C4 
write(7C, f, C1-C2); 
write(7C, f, C3-C4);

ci:-(C1-C2)/(C3-C4); writetext(7C, _[_C1-C2/C3-C4 *=* 2 )j 
write(70, f, ci );
w r i t e t e x t (  7 0 , J ja e ta x d o  * = *  2 )  J w r i t e ( 7 C ,  f ,  l n ( c i ) x * 5 / t )

if 1=7 then begin c:= cma; dma:= d(c); 
writete5rtT7c>"~T^na*==*2) > write(70, f, dma); c:=cmb; dmb: = d(c); writetext(70, *
w r i t e ( 7 ^ ,  £> dmb) j
di: = (cmaxdma-cmbxdmb)/(cma“cmb); writetext(7C, _[d@i*=*2) * 
writei J C , f, di); writetext(7C , 2beta*:**2) > write(7C, f, ln(ci)xM5/(txdi) ); end; 1:= read(2C); 
if 1=1 then goto repeat else if 1=2 then got© again end; 
close(2C); close(7C); end->
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Programme 3 This programme calculates transport num-
157bers according to the method of Rutledge.
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begincQmment this program works out differentials by the method 
of rutledge from the coefficients of the curve fit 
equation between x and y;

realarray b[0:5]j 
open(2C) ; open(7C) ;
p:=*read(2C) ;
if p=C then goto redo;
1: ** read ( 20) ;
for 1:= 0 step 1 until 1 do b[ i] :=*read(20); 
for ii^l+l step 1 until 5 do b[i]:*Cj

redo: begin
array a[C:5b x[-3:2], y[-2:2]j 
c©pytext(2C,7C,Jj> k:=read(20)\ 
for i:=Cstep 1 until k do a[i]:=read(2C)j 
for i:=k+1 step 1 until 5~do a[i]:= C;

moredo:xstart:=read(2C) ; xfin:=read(2C) ; h:=read(2C) ;
noi^absC(xstart - xfin)/h); 
n:=entier(no) ;

begin array r [1 :n], s[1:n], t[1:n], E[1:n];
x[-3]•=xstart-h; 
for 31=2 step 1 until n-2 do 

begin for i:=-2 step 1 until 2 do 
beginx[i]:=xLi-1] + hj

f4:-format([3s-nd.dddddc]);
f 5 : “ fo rm a t(T 3 s -n d .d d d d d d T)\

if p-1 thengoto a Item; 
wr ite text(7C,1LccbsjDERIV*1[4 s]DERIV*2[4s 1DERIV* 31 ■4s]~ AVER A GE F6 s ]_X * VA CUE fc c Jj_) ; ~  ~

real xstart, xfin, h , no, conej
Integer i, j, k, n, f 1 , f2, f3, m, 1, p, f4, f5;

yLij:=aLUj+xLljx^aLlJ+xiljxiaL2j+xLljx^a[3]+
x [ i ] x ( a [ 4 ] + x [ i ] x a [ 5 ] ) ) ) )

t[j-1]:=(-3xy[-2]-1CXy[-1]+l8xy[c]-6xy[1]+y[2])/(12xh)
r[j]:-(y[-2]-8xy[-1]+8xy[1]-y[2])/(12xh);
s[ j+1 ]:=s(-y[-2]+6xy[-1 ] -18xy [C ]+l CXy [ 1 ]+3xy[2])/(12xh) 

x[-3]:=x[-2];

E[ j-1 ]:=»x[-1 ]; E[j]:»x[c]$ E[ j+1 ] :»x[ 1 ] ;
end;

f1:=format([4s-nd.dddd]);
f 2 :-format(r3s-nd,ddddT;; f3•*=format(T3s-nd. ddddddc])
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for 1:=1 step 1 until j+1do 
begin write(7c sf 1,11i]' 

write(7C,f2,r[i] 
write(J C ,f2,s[i],, 
write!70,f2,(t[i]+r[i]+s[i] )/3); 
write(7C,f3,E[i]);

end;
goto next;

a 1 te rn : w rite  te x t  (70, JLtc c6s JDERIV* 1 [4 s]DER IV*2 [4 s ]DERIY*3.[4 s ]_
AVERAGE^ s2DELTA *E£6sjMOLARITY^e e ]J_) I

fo r  i :=1 step 1 u n t i l  j +1 do
begin c©nc:=b[C]+E[i]x(b[1]+E[i]x(b[2]+E[i]x(b[3]+E[i]

x (b [4 ]+ E [ i ]x b [5 ] ) ) ) ) ;  
w r i te (7 0 , f1  ̂t  L i ] 
w r i te (70, f 2, r [ i ]  
w r i t e ! 7 C , f 2 ,s [ i ] . , 
w r i te (70 > f2 , ( t [ i ] + r [ i ] + s [ i ]  ) / 3 ) j 
w r i te (7C ,f5 , E [ i ] ) ; 
w rite (7 C ,f4 ,c o n c );

next. end;
m:«read(2C ); 

i f  m=1 then goto red©; 
i f  m=2 then g©to mored©;

end; c lose(2C); c lose(70) ;
end-*
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Programme 4 This programme calculates the phenomen
ological coefficients L^. and R̂ _. from the experiment
ally-measured transport parameters D, T, and A ,  print
ing the results in tabular form.



begin comment This program reads n sets of concn, 
molality/density, eqivalent conductivity, 
transport numbers, diffusion coefficients 
and activity term and it then calculates 
Onsager L and R coefficients and three degrees 
of coupling and outputs the results in tabular 
formj

integer r, r1, r2, n, z, z1, z2, f, md, i, DV; 
real R, P, T, M, q;

open(20)j DV:=read(20): open(DV);
f :=format(X’-nddd.ddddl) ; copytext(20, DV, Ijsl); 

repeat: R:=read(2o); F:=read(2o); T:=read(20;; 
again: copytext(20, DV, 1*1)5. - . .M:=read(20); r 1:=reaa(20J; r2:=read(20); 
z1:=read(20)s z2:-read(20); r:=r1+r2;
z:-read(20;; n :=*read( 20) ; md:=read(20); 

begin array c, d, m, tl, Ida, D, II1, 122, 112, R11,
R22, R12, R10, R20, R00, P12, x, y, act [1:n]; 

for i:= 1 step 1 until n do, begin
c[i]:-read(20): d[i]:=read(2o): Ida[i]:=read(20);
t1[i]:=read(20;; D[i]:=read(20;; act[i]:=read(20) 
end:
q := 10TQxRxTxrxr1xz1; 
for i := 1 steo 1 until n do begin 
xfi] :=D[i]/(qxact [i J) ; y [iT:=lda [i]/( 1000xFT2) ; 
if md = 3 then mfil :== d[i] else 
m[i] :~c [ij/(d [i] -0.001xc [i]xM; ;
111[i]:=y[i]xt1[i]T2/zlT2+r1i2xx[i]; 
if c[i]=0.0 then H2[i]:=0.0 else 
112[i]: =y[iTxtl[i]x ( 1-tl [l] )/(zlxz2) + r1xr2xx[i]j 

122[i]:=y[l]x(1-t 1 [i] )T2/z2t2+r2l 2xx[l]; 
x[i] :=111 [i]xl22[i]-l12[i]T2;
F11[i]:=122[i]/x[i]:
R12[i] :=-l12[i]/x[i] j Fl2[i] :=-R 12 [i]xy[i]
R22[i] :=111 [l],/x[l] ;

md = 3 then begin if = 0,0 then xTi] : = 0 . 01807 / z
else x[l] := l8.015xm[iI/( 1000 x z x c[i]) end

else x[i]:= 18.0l5/(zx(1000xd[i]-Mxc[i]));
R 10[i] 
R20[i] 
R00[i]

=« ( r 1 xR 11 [ i ] +r 2xR 12 [ i ]) Xx [ i ] ; 
=~(r1xRl2[i]+r2xR22[i];xx[i];
=-(rixR10[i]+r2xR20[i]jxxfi] end: test(o);

writetext(DV, 1 £11slcJj3slpi£7slEqv*Cond£6slt+l5slD( v)io5£sl
1+mXdlnGama/ dmi2cl 1); 

for i:= 1 step 1 until n do, begin 
space(DV, 5); 
write(DV, f, c[i] ); 
write (DV, format (Jjidd • ddddddjj » m[ij); 
write(DV, format(£-ssnddd.ddJJ , lda[ij); 
write(DV, f, tl[i]); 
write(DV, f, D[i]); 
write(DV, f, act[i]); newline(DV, 1); e&d;



writetext( DV, £ £2c9s£Sqrt*S £4s£l 11/N£5s£l 12/N 
£5s £l22/N£6s ]F 12£7s 1ft 12£c 10s £ 
x K ) £ 7 s £ o + 1 2 £ 6 s £ o + 1 2 £ 6 s £ i o + 1 2 £ 2 c £  £  ) ;

for i :== 1 step 1 until n do begin
space(DV, 5)j 
write(DV, f, 10xsart( z x c[i] X ( zl - z2 )/2) ); 
write(DV, f, 111[i] X io 1 2  ) ;  
write (DV, f, H2[i]X]o12 ): 
write(DV, f, I22[i]xi012 }; 
write(DV, f, F12[i]}; 
write(DV, f, ll2[i]/ sqrt( 111[i]xl22[i] ) ); 
newline(DV, l); end:

write text ( DV, £ £2c9s£Sqrt*S£4s£NR 1 l£6s£-NR 12£5s£ 
N R 2 2 £ 7 s £  Q 1 o £ 7 s £ q 2 o £ c  1 0 s £ x 1 o £ 6 s £ o - 1  1 

£7s£o-11 £5s£0-1 l£2c£ £ );
for i 1 step 1 until n do, begin

space(DV,5);
write (DV, f, 1' X sqrt( z X c[i] X (z1-z2)/2 ) ); 
write (DV, f, R 11 [i]xi0-11) ; 
write (DV, f, -R 12 [i]xio-11) ; 
write (DV, f, R22 [i]xio-11) ; 
write(DV, f, -R10[i]/sqrt( R 11[ i ]xR 00[ i ]  ) ) ;  
write(DV, f, -R20 [i]/sqrt(R22[ i ] x R 0 0 [ i ] ) ) ;  
newline(DV, 1); end:

writetext( DV, £ £2c9s£Sqrt*S£4s£-R lo£6s£ 
-R20£6s£-C0R 10£4s£-C0R2q£4s£R00/n£c 1 0 s £

x i o £ 7 s £ o - 9 £ 7 s £ o * - 9 £ 6 s £ o - n l 6 s £ 0- n £ 8 s l o - 7 £ 2 c £  £  ) ;

for i := 1 step 1 until n do, begin

space(DV,5)jwrite(DV, f, 10x sqrt( zx c[i] x (z1-z2)/2 ) ); 
write(DV, f, -i0-9xR1o[i] ); write(DV, f, -io-9xR20[i] ) 
write (DV, f, -*>-11 xR 10 [ij/( zx x[i]) ); 
write(DV, f, -*>-11 X R20[iJ/ (zXx[i]j ); 
write (DV, f, ROO[i]xio-7 )j newline (DV, 1); 

end end: n:=sread(20);
i£ n = 1 then goto again else_ if n=2 then goto repeat;
close(2o); close(DV);
end-»
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