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SUNMARY.
The major part of this thesis is concerned with the study
of transport and diffusion processes in ion-exchange ﬁembranes.

The ion-exchanger chosen for study was the ANF C60'cétion—

exchange merbrane, Previous‘studies,(l) (2)-had suggested that

this némbrane was frore homdgeneous.thén most‘commerciallyvavail-
able exchangers'and that if'exhibited a higﬁ Wéter content and
high electrical conductivity, all of which rade it a suitable
subject for study. It had also beeh reported thét'héat,treatment
of this meﬁbrane led to an irreversiﬁie expansion of the mrerbrane
‘ratrix, producing a menbrane with a higher Waﬁer content and 10Wérr

(3)

flow resistance. ‘ The nbrmal and expanded forms. of the
exchanger were studied in the:sodium form'in sodium chloride
solutioﬂs, so that-a comparison'of,the results'from'the two
exchangers might yield infofmation about the effect 6f,expansion
on the exchanger propertieé. In addition to the determination
of the bgsic properties of the exchangers; €oLe Water-Contént;‘
physical dimensions, capacity etc., this study entailed the reas-
urerent of the rollowing properties; (1) conductivity, (2) elec-
tro-osmotic flow, (3) diffusion of counter- and d-ions, (L) trans-
port nurbers of counter- and co—ibns.' These measurements were

made for each merbrane in 0.1M, 0.5F, 1.0K and 2.0M sodium

chloride solutions.  Three further experiments were conducted

on/



on both merbranes under thé’influence of an electrolyte concentra—;

tion gradient: salt flow, osrosis and erf measurerents were made .

with concentration gradients of~0.05/O.15 and 0.5/1.5. - .The
results of these eXﬁériments have been discussed in terms‘of the
current theories of membrane transport processes.‘ It has been
shown that the Nernst:Planck equation, modified to include the
effects of convection, can adequately_deSQéibe the vafiations in'
conductivity of the newbranes with changing externél,concen—
tration and the tortuosity factér,ne (= 1+vW/1-vW), énd absolute
rate theory, (L) have been used to éxplain, satisfactorily, the
dependence of thé ionic diffusion coefficients oh thefconcentra-
‘tion of the external solution. B

Combining the resuits of all the transport experiments, it
proved possiblé to carry ouf a corplete analysis of the systems

(5)

using the theory of non-equilibrium thermodynamics. - Examina-

tion of the results of this treatment reveals a number of import- -
ant observations.

(1) Where a linear relationship exists between the counter-ion
and water transference numbérs,'as it does for the C60 membfanes,
a corplete analysis of the system can be achieved using the data
rentioned above, |

(2) For the céunter-ions,‘isotgpe—isotope interaction is an
important term and should not be omitted from the calculations

(5)

a@s it has been frequently in previous studies.

(3)/
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(%) F¥or the co-ions, the isotopé term'is»not lérge enough to

significantly affect the fesulté, even when the electrolyte uptagé
is fairly great. | | . f
(L) Comparison of the,fésuits for the two'ﬁeﬁbfanes_shows that,
particularly at O.in, the vafiations in the luxes of:the species,
through the merbranes, can. be almostywholly attributed,to.fhe
difference in tortuosity of the éxchangers. o

In dilute.solutionsvit.has been possible to use sore simplify
ing assumﬁtions which have enabléd accurate predibtioﬁs'of the salt%
flow through the merbranes to be made. :

Using the electrolyte uptake data reguired for thé freatment
described above, a stnuétural analySis of the membrahés has been
obtained by employing the method Of‘Glueckauf.(G) This analysis
reveezls thst, although the membfanes exhibit inhomogenéify, thé
degree of heterogenéity is considerably less thén that Sbseerd in
" rost comrnonly used lop-exchange merbranes. The structural para-
reters have also been used in conjunction with the co-ion diffusion
data, to show that the noét continuous regions of the éxchangers
are thosé wherevthe fixed charge doncentration is verj IOW.“

The final chapter deals with a study of the ihofgénic ion-
exchanger, hydrous zirconia,.both in particle and.membrane form.
The main reature of this exchanger is the variation in ion-
exchange capacity with pH of the externai‘solution. (7> In the
chloride form, the coﬁnter—ion diffusion coe’ficienﬁs_have been |
determined as a function 6f the. capacity. The resulﬁs reveal'that

the/



Jy .

the diffusion coef“jcient 1ncreaue w1th decreasing capa01ty; i.e.
with increasing dlstance between the sites of minimum enervy, as |
predicted by the absolute rate theory. (L) Althouﬂh the'agree-
ment is not ouantltatlve ow1ng tothe assumptlons nade in the |
calculations, these_results confirrm the observations rade' for the

C60 merxbranes, that‘absolute'réte theory applied to diffusion pro-

cesses can be used in the treatment of diffusion in ion-exchangers
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lossary of Zymbols

Barred symbols refer to the exchanger nhase

unless otherwise stated.

lowest local counter-ion concentration in exchanger.

activity of species 1.

mean 2ctivity of an electrolyte.

highest locz2l counter-ion concentration in exchanger.

concentration of srecies i.

membrane thickness.

tracer diffusion coefficient of species i.-
generalised Stefan-Maxwell diffusivity.
electric potential, _.

diffusion potential thrdugh membrane,
parameter in structuralhana1YSis ( =m/am)
Faraday's constant.

hydration number of speé}es i.

current density. _
integral in structural analysms ( vfy (f + )
flux of species 1.

convective flux of species 1i.

diffusion flux of species 1.

electrical transference of Species‘i.
srecific conductivity.

parameter in structural analysis.
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e

< Pﬁlugx

<
a =

rhenomennlorical mobility coefficient;
concentration of fixed charges.
concentration of species 1.

Avogadro's number.

chapter 2. Pres:zure.

chavter 3. Permeability. (= De/e ).
amount of srecies i in moles.,-

degree of coupling of species i and j.

membrane cross section.

local rheromenological resistance coefficient.

integr2l ophenomenological resistance coefficient.

gas constant

radius of ion-exchange particles.
(i =1, 2). transport number of species 1i.
transference number of water. |
absolute temperature.

time.f

mobility of species i.

mobility of pure licuid.

partial molar volume of species 1i.
volume,

volume fraction of water in.exchanger.

generalised force on species i.

Triction coefficient between specles i and j.
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concentration of fixed charges in eauivalents
ver unit volume,

length co-ordinate.
parameter in structursl analysis.
heterogeneity parameter in structurzl snalysis.

electrochemical vayaum'gf species 1i.

Subscrints.
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counter-ion.

co-ion.

water.

matrix.

total test substance.

tracer isotopes of species 1

tracer isotores of species 1

chapter 2. parameter (= %g)

chapter 3. constant in structural analysis.
constan? in structural analysis. |
activity coefficient of species-i.

thickness of unstirred layer.

tortuosity factor.

disfance between ﬁositions of energy minima;
chemical potential of species 1i.
electrochemical potential of species i.

number of ions of species i formed by dissociation
of an electrolyte. ‘
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number of ion formed by dissociation of an
electrolyte, 12,

convection rate.
parameter (= c¢./c ).
. i"~o
specific flow resistance of an ion exchanger.
electric potential.
volume fraction function in struectural analysis.
sign of fixed charges.
entrovy production,

dissipation function.




CHAPTER ONE

7 Introduction




Trntrodnetinn,

Ton-exchangers are usuzally coasidered *to he irsoludle
counter-ions, These ions may be exchanged for a
stoichiometrically eouivalent amount of other ions of the

same sign if the exchonger is placed in contact with an

electrolyte solution, Exchangers wvhich carry nositively
charged counter-ions are called cation-exchangers while
¢

‘those c2rryine negatively charged ions are called anion-

An ion=exchanger usuzlly consists of 2 macromole-
cular structure which carries surplus rositive or regative
charges. Since electroneutrality must be_preserved at
all times, there rust 2lso be withir the structure, an
eguivalent number of exchangeable counter-ions, their

number depending on the number of fixed sites witnin the

exchanger. This cu

W

ntity is known as the capacity of
the exchanrcer,

When an ion-exchanger is vlaced in an electrolyte
solution, sorption of the electrolyte by the exchanger
may occur. The sorbed counter-ions present in the
exchanger in addition to those compensating the frame-
work charge, are accompanied by an eaquivalent amount of

so/



so c¢c2lled cc-ionszs, These are thec mobhile ions with
ch~rees of the same sirn as the framework cherce,

There are many different kinds of exchancer

~»
O}
@]
3
()
S

which are the naturally occurring inorganic exchangers such
as the zeolites, the gl%uconiies ete. but the greater
proportion of thom are man-made, Among the many

synthetic inorganic exchangers are the nydrous oxide gels,’

including Fe,0 21,04, C250,4, Bi,0 Z Th

B 273y T2¥3r vtov3r ooy Ogy 205, 1205,

Sr0,, 100,, and on' These oxides are pnseuio-armnhoteric
= o - ) -

and exhibit cation-exchange vronerties ‘2 solutions of

chnracteristics in solutions of »H below these values.
However, only the oxides of zirconium and tin are suffic-
ientiy st2able to warrant much study. (1)

The most commonly used exchangers are the synthetic

orgznic ion-exchange resins. Most of these materisls

consist of three dimensional networks of hydrocarbon

- - 02-
chiains which carry ionic groups such as -803, -C0,, - 3 y
(=8
,\2— . R Y: Nt \_x.,/
-As0Z , in catien-exchangers and =-NHg, N,
3 3 2 /\

in anion-exchangers. The matrix itself is hydrorhobic,
but the ircornoration of these ionogenic groupings
introduces hirdrophilic characteristics. Linear hydrocarbon
macromolecules (or rolyelectrolytes) of this type are

water soluble, but the lon-exchange resins are rendered
insoluble by the crosslinkide introduced between adjacent

chrins./
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chains. However the resulting matrix is elastic and
can-swell in the nresence of a solvent.

The chemical and mechanical stability of the resins
depends mainly on the structure and degree of cross-
linking of the matrix and the nature of the fixed grouns.
Most studies have been carried out using polystyrene based
materials, which, by careful selection of the degree of
cross-linking and the nature of the ionogenic grouvs,
can be made to yield exchangers with certain desired proper-
ties.

In recent years, icn-exchange resin membranes have
become commercizlly available and have been the subjects of
a considerable amount of work. Such membranes cocmbine
the 2bility to act as a serarating wall between two solu-
tions, with the chemical and electrochemical properties
normally associated with ion-exchzangers. They have not
only facilitated the study of fundamental transport
properties of ion-exchangers, but many of their properties,
e.g. their pemselectivity and high electrical conductivity,
have made them extremely important in chemical technology®
their rel=atively simple structure and well defined pro-
perties have also rendered them useful as simple model
systems for the more comvlex biological membranes, many

of whose properties remain as yet unexplained.



L.

Ton-exchange membranes may be subdivided into two
main classes, the so called '"heterogeneous" and
"horogeneous" membranes. _ "Heterogeneous" membranes
consist of colloidal ion-exchange particles embedded in

an inert binder such as polystyrene or polyethylene,

gels in the shape of films or ribbons. Thelr structure
is that of the normal ion-exchange resins. Practical
difficulties in preparing membranes based purely on
polystyrene has led to the production of graft co-polymer
merbranes of polystyrene and polyethylene, with improved
properties.

Althou~h many ion-exchange membranes have been
considered to have an homogeneous structure, there is now
a considerable z2mount of evidence which contradicts this
view, Results of electrolyte uptake experiments and
electron microscopy have shown that.these materials may
contain inhomogeneities of fairly large dimensions,
(several thousand angstroms). (2) (30 ()

The conclusions of a number of investigations indicate
that the graft co~polymer membranes AMF C 60 and C 100
exhibit a smaller degree of heterogeneity than is found
in most of the commercially available ion-exchange

membranes. (2) (3). Since all of the properties of

the/



5.
the membranes are affected to a2 lesser or grester extent,
by any inhomoseneities in the system, it is important
that experimentsl studies be carried out on membranes
which are as homogercous 2s possible, For this reason,

the above mentioned membranes, AMF C60 and C1l00, were

chosen for this study.

There are az number of variables which directly affect
the transport properties of ion-exchangé materials. These
include, (a) the nature of the matrix, (b) the nature of
the fixed groups, (c) the number of fixed groups per unit
volume and (d) the geometrical properties of the agueous
ch2nnels in the exchanger.' While a considerable amount
of work has been done on exchangers with different types
of hydrocarbon frameworks and with different kinds of fixed
groups, there appears to be little information on the
effect of variable capacity or variable 'pore! geometry
on the transport properties of the exchanger.

The effect of capacity changes is a particularly
interestins one. Absolute rate ﬁheory predicts that, if
the capacity of an exchanger decreases, with a-resultant
increase in the distance between the exchange sites, then
the diffusion rate of the counter-ions will increase
accordingly. The verification of this prediction can
only be made using an exchanger whose capacity can be

altered/



6.
altered while its other properties, in particular, its
geometriczl properties and water content, remain unchanged.

()

Boyd, Soldano and Bonner attempted to produce a series
of exchzangers of different capacity by desulphonating a
polystyrene sulphon=ate exbhanger. However, during this
processy changes were observed to occur in the cross-
linking and wster content of the exchanger and hence, the
conclusions drawn from the results of the diffusion
experiments con&ucted on these exchangers, must remain in
some doubt. In order to obtain unequivocal information
on the effect of variation in capacity on the ﬁroperties
of an ion-exchanger, it is necessary to ob%tain an
exchanger with‘variable capacity but otherwise constant
properties. The organic ion-exchange resins are
inaéequate for this tyve of study and it is in the group of
hydrous oxide exchsangers mentioned previously, that a
suitable material is to be found. By measuring the
transport proverties of .the exchanger in a number of
solutions of different pH, the effect of wvariable canacity
on the rronerties of the exchanger can be isolated and
studied. Such a study has been carried out using the
anion exchange properties of hydrous zirconia in
solutions of sodium chloride and hydrochloric acid, and
the results are tabulated and discussed in Chapter 4 of
this work.

Although/ .
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Although a number of experimental studies have been
conducted on scries of exchangers of a similar tyre but
with different degrees of cross-linking, no complete
study has been made of the transnort properties of
exchangers with the same basic structure but with known
differences in their geometric properties and water
content. Such a2 comrarison has now been made between
the untreated and heat treated forms of the AMF C60 and :
Cl00 membranes prepared as described by Arnold and Koch.GDu);
In the heat treatment described by these authors, the
membranes undergo an irreversible expansion with con-
:secuent increase in the fractional pore volume.and water
content of the exchangers. By examining these mem-
branes in z variety of acueous sodium chloride solutions
of different cencentrations, the effects of the expansion
of the matrix on the membrane properties were determined
under a variety of conditions, Such a comparison permits
an accurate assessment of the effects of the changes
introduced by the expansion into an otherwise identical

system,

Since the introduction of ion-exchange membranes,
a number of authors have determined some of the transport

properties of a large selection of membrane systems under

a/
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a variety of external solution conditions. Yany of
these results have been a2nalysed by use of the Nernst-
Planck equations which gives the relation between the
forces on and flow of any mobile species. The Nernst-
Planck equation does not, however, include the effects
of activity coefficients, convection or coupling of the
flows of the mobile svecies and hence a number of
extensions to the simnle ecquation have been emnloyed.
Particularly important is the correction for the effect
of convectior and where appropriate, the results obtaired
using the AMF C60 membrane systems have been analysed
using this extended form of the Nernst-Planck ecuation.,

The Nernst-Planck equation does not, even in its
extgnded Torm, include the effect of coupling between the
flows of the various ionic species, and hence, cannot
provide a comrlete ricture of the situation in an ion-
exchanger where coupling of this nature is very important.
The applicatioﬁ of the theory of thermodynamics of
drreversible processes to ion-exchange membranes has
allowed such interactions to be taken into account and
has enabled a full analysis of the system to be under--
taken. This %reatment also has the advantage that it is
not limited to electrochemical vpotential gradiehts only
as is the case with the Nernst-Planck equation. It

is/
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is possible, therefore, to employ a number of different
forces such as chemical potential gradient, electrical
potential gradient, and pressure gradient, either
individually or in combination, and measure the flows -

of the various species in the system. From this informa=-
tion it is then possibie to calculate the interaction
coefficients of each species with every other species

present in the -system.

In this present work, the normal and expanded forms
of the AMF C60 cation-exchange membrane referred to above,
have been examined in a series of agueous solutions of |
sodium chloride. Some transport and structural properties
of these exchangers have been measured and correlations
of the results have been found to be very good. The main
aim of this work has been to obtain sufficient transport
data on the systems studied to permit a full analysis of
the systems using the theofies of non-equilibrium » ,
thermodynamics, but where possible, parallel calculatiéns
have been carried out using fhe extended Nernst-Planck
ecuation, and a limited structural analysis of the
membranes has also been obtained using the electrélyte

uptake/



10.

untake data. (2) These membranes nrovide two very similar
systems which differ in certsain well defined respects
and can, therefore, provide a great desl of valuable in-
formation about the effects of these variables unon the
properties of the ion-exchange membrane system as a whole,
Using the wvariable can2city exchanger hydrous zirconis,
information has been obtained about the effects of capacity
variation on the properties of the exchanger, and although
the extent of the data is limited, some interesting cor-
relations have been found.
Both of these studies vnrovide information on systems
which up till now have received little attention, but

which can be made to yield a great deal of interesting

information which may be extended to other similar systems.




CHAPTER TWO

Transport and diffusion throueh

jon=-exchange membranes.-

e




lla.

Dole ITntroduection.,

There are three main theoretic2l approaches to the
problem of analysing the transport pfocesses occurring in ion-
exchanée membrane systems involving concentration and electri-
c2l potential gradients. These 3re: |
(1) Simplified kiretic theory, e.2. the absolute rate
theory of Eyring and co-workers, (100) (101) (102)
(2) The extension of the classical Nernst-Planck
ecuation. C6) _
(3) Apvlication of the theory of non-écuilibrium thermo-

(o]
dynamics. (19) (21)

The absolute rate theory approach has not been widely
used  and it has been employed in this present study only
to examine the effects of variation of the inter-site dis-
tances in the membranes on the tracer diffusion coefficients
of the ions through the exchanger nhase,

The extended forms of the Nernst-Planck equation have
been fairly widely used in the analysis of membrane pro-

() (7)) (31)

cesses. In this work, a simple extension
of the Nernst-Planck equation allowing for the effect of |
convection has been used and is fully described in section
2.2.1.

In/
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In recenrt years, considerable attantion has bheen paid
to the 2pnlication of non-ecuilibrium thermoiyn~mics to
membrane processes and it is with this approach that this re-
search vprogram has been chiefly concerned, The aim hsas
been to obtain sufficient data on a number of ion-exchange
membrane/solution systems, to enable a complete 2analysis
to be undertaken as described in section 2.2.2.

The accumulation of these dataz has also permifted a
number of other studies of the systems to be carried out,
and these szpnroaches are described in section 2;5 and in
chapter 2.

Where possible, correlations of the different approaches
to transport processes have been given and comparisons
drawn between the results of the different tyres of analysis

used.,
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1le.

2.2.1e . The ernst-Planck Ecuation.

)

Whenever an electric field is applied to an ion-
exchange system, transference of ions occurs, and the flow
of any ion, i, may be written in terms of its conjﬁgate
force'as follows, (6)

(T;)gy = -ﬁiziai grad ¢ (2.1)

where (Ji)el is the flow of species i under the
electric potential gradient,
{Ii is the mobilityrof species i,
z; its electrochemical valence,
cy its concentration,
and @ the electrical potential.
This expression is, however, only true if there is no
coﬁpling of the flows of the various species in the system
and, therefore, must represent a.considerable simplificae.
tion of the real situation in the exchanger.

The above flux is independent of the nature of the
electric potential, i.e. it is irrelevant whether the
field is applied from an external source or is a result
of diffusion within the system itself. Thus, in a system
with a concentration gradient across an ion-exchange mem-
brane, a diffusional potential is set up and electrical

transference is superimposed on the purely diffusional

flow,/
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flow, (Ji) aifr, which is given by Fick's first law, as

(3 = - Di grad ¢C. (2.2)

i)diff i

Where Bi is the self-diffusion coefficient of species if

Thus the resultant net flux of species i is given by

= i : :-'-" e, - U c /

Ji (Ji)dlff + (Ji)el D, grad &; - uyz,C, %rad)ﬂf
2.3

Using the Nernst-Einstein relation, u; = D;F/RT, this

equation may be rewritten as

J, = - D; (grad & + 2,;8,F/RT grad ¢ ) 4(2.#)

This relation is known as the Nernsf-Planck equation
and is valid for all mobile species, when an electric field
exists in the system. It does not, however, include the
eff?cts of pressure, activity coefficients, or of coupling.
In ion-exchange systems, coupling between the flows of
the counter-ions and the solvent is particularly important
and cannot be neglected. The simple Nernst-Planck
equation given above, must, therefore, be modified to
include this term. |

The Nernst-Planck equation was originally derived
for ideal aqueous solutions where the flows of the individ-
ual species were measured relative to the fixed solvent.

In ion-exchange systems, it is, in general, more cdnven—
ient to consider the matrix as fixed,+ and hence the

flows/
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flows are measured relative to the exchanger itself. Owing
to the coupling of the flows of counter-ions -and solvent,
there is a flow of solvent relative to the éxchanger
matrix., This flow is czlled convection. Since the
solvent flow is usually in the same direction as the
counter-ion flow, the vélue of the counter~ion flow
measured on 2 matrix fixed frame of reference is greater
than it would be on the corresponding solvent fixed
reference frame, and the co-ion flow is similarly smaller.
Thus, in the Hernst-Planck egquation which was derived
considering the solvent at rest, an additional term must
be included to‘take account of this change of frame of
reference. This so-called convective flow term is
given by

(J;)con = Eiv - (2.9)
where v is the linear convection rate in the direction
of the current. Thus, under the condition of an electric

potential gradient only, the overall flux of species i is

J; = Udar * Uideon
or J; = -z;c¢,u.grad g + c v (2.6)
where v = (w¥X/pyv, ) grad ¢

]

wﬁ3grad @
where Uy = FX/ gy, is the mobility of the pore liguid,
X/ |

e e o v
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X is the concentration of the fixed charges, w is the
sign of the fixed charges, py the specific flow resistance
of the exchanger, and v is the fractional pore volume

of the eichanger.v
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Convective Conductivity.

The electric current density is given by

- <

2.9d.
Toady

(2.7)

Therefore, substituting for Ji from equation (2.6)

F

M

F E (-223. 1, grad § + z,wu

F % (-éiaiﬁi grad g) + Fwﬁ3 % (ziEigrad 7) (2.8)§

111

111

1

1

L

(-223. 1. grad § + z.v c,)

383 grad @)

But, for conservation of electroneutrality

Z ;. C.

1

11

Therefore,

+wX =0

(2.9)

- )3 _,2= = L TPn
I=F ¢ ( zic uy grad 7) Fw'u3X grad ¢

FCE (250
FO T (z5e;0y

The specific conductivity k is

Using the Nernst-Einstein relation, this can be rewritten,

tion due to convection conductivity.

with/

K= -

i
grad ¢

= )3
F( T

£ = F2/RT 'ii ( 223,D

The second term in equation (2.12) is the contribu-

ii7i

) + ﬁ3X) grad @

(z.c,0.) + 1

17171

) + Fﬁ3

X

3

(2.10)

(2.12)

In 1on-éxchangers
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with high capacity and low flow resistance the convective

conductivity can be a major part of the total conductivity.
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2,2,1.b. Effect of convectior on transport numbors.

The transport number of an ion, i, is given by,

I .
= 238 (7305-05) (2.13b)
T .25 "
< ziulci«‘Xu3

or in terms of the diffusion coefficients,

z. ¥ - _
tl = = ”2; — 3 .
>3 —%T c;Ds + u3X
i -

Ecuation (2.14) gives the transport number of an ion,
i, in terms of its diffusion coefficient and allows for

the effect of convection.

2.2.1.c. Mobhility of the vore licuid,

In calcul~ting the conductivity of an ion-exchonre
membrane from 2 knowledce of the diffusion coefficients
in the exchénger, the value of the mobility of the pore
liouid, ﬁ3, must be known., In this study three methods of
calculating this term have been used, |

2a) TFrom transport number data.

If the transport numbers and self-diffusion
coefficients of the ions in the exchanger are known, then

substitution/
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substitution in equation (2.14%) gives the value of Use

b). From electro-osmotic transport data.

(7)

This method has been used by Meares to calculate

the value of ﬁ3 from the experimentally determined

~

electro-osmotic flow of solvent. The expression is

9y = = G, grad ¢

where o,is the rate of electro-osmotic transport through

the membrane divided by the porosity, v_. In order to |

calculate the potential drop across the membrane, the
value of -the specific conductivity of the membrane
must be known and this is the main drawback of this
method.

c). TFrom the electro-osmotic transport data using non-
ecuiliobrium thermodvnamics.

By definition of 1

(J

3,

= - ﬁ3 53 grad ¢ (2.16)

3)el

Anticinating the results obtained from the applica-

tion of non-equilibrium thermodynamics to the system gives,

(J3)el = (Zil3i+22132) F ( - grad #) (2.17)

t. Kk (2.1

B F(-graa®) (218
2 /-

8ince ty may be shown to be (z9139+25135) - F /% .

Therefore/

B L T,
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Therefore, equating terms in equations (2.16) and

(2.18) gives

= uyey
- tE -
43 T E? (2.19)

Substituting this expreséion into equation (2.12) and
rearranging, allows the specific conductivity of the
exchanger to be calculated from the self diffusion
coefficients of the ions and the water transference number
without having to use the value of the specific conductivity
in the calculation as has to be done in method (b) above.

Carrying out this substitution and rearrangement gives

i~

=)

2
k=L 2 (..%.0.) . 1 (2.20)
i i7ivi T-l—_——{_::g) .
T3
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2.242 Anvlication of Non-Ecuilibrium Thérmodvyvnamics.

The state of thermodynamic equilibrium'is achieved
when the internal parameters of the system under study
are completely determineé by the external parameters.
Such a system is fairly.simple and this is the reason why
classical thermodynamics have been concerned mainly with
the study of systems at ecuilibrium, where there are no
- variations of the state parameters either with time or
distance. Many interesting phenomena occur in systems
which are not in thermodynamic eouilibrium and in which
the forces on the srecies are non-zero. Such systems
cannot fully be dealt with by the theories of classical
thermodynamics and it is only the extension of thermody-

-

namics to include irreversible processes which has allowed
these systems %o be studied and explained. Such a treat-
ment recuires the knowledge of the relation between the
flows and forces which exist in the system and many
attempts have been made to discover such correlations.

In the early part of the nineteenth century a number of
these relationships were discovered, notably those of
Fourier (heat flow linearly related to temperature dif-

ference), Ohm (electric current proportional to

electromotive/

e
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electromotive force), and Fick (rate of diffusion of
matter determined by the negative gradient of‘concentra-
tion). These phenomena were examples of a flow being
dependent on its conjugate force. During this period,
howevér, a number of workers found that application of a
force could sometimes lead to a non=-conjugated flow.,

(8)

Rouss observed that application of an e.m.f. led. to

a flow of volume as well as a flow of charge, while it was
shown th2t application of a pressure force could produce
not only flow of matter, but also flow of electricity, and
the findings of Liebeck and Peltier established the
existence of the thermoelectiric phenomena. All these
discoveries suggested that there existed some form of
coupling between a force of one type and flows.of another
type. In 1854, Kelvin published the first thermodynamic
study of coupling phenomena in which he showed that for
sufficiently slow processes any flow may depend in a
direct and linear manner not only on the conjugate force
but also on other non-conjugated forces. Kelvin's
approach has since been modified but the study of coupling

forms the basis of the arplication of non-equilibrium

thermodynamics to irreversible processes.,

As an example of how coupling between flows and

forces/ .
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forces may arise, consider the effect of encentr-ation on
the properties of acueous electrolyte solutions. (9) In
very dilute solutions the ions are sufficiently far apart
that the coulombic irnteractions between them may be ignor-
ed, and consequently many of the ionic properties such as
conducténce, are adaitive, The flow of =2n ion will then
be proportionz=l to the gradients of its own properties

and will not be influenced by the pnroperties of the other
ions. In more concentrated solutions, however, the ions
must approach one another much more closely’and.hence in-
fluence one another's flows, The properties.of one ion
must, therefore, be influenced by those of other ions.
This is manifest in the non-adiitivity of ionic conduct-
ances at other than infinite dilution, the specificity of
activity coefficients, etc. It is this type of coupling
of flows and f orces which can bte analysed by the applica-
tion of ron-equilibrium thermodynamics and with which this
chapter will be chiefly concerned, but before roing on to
this dascussion it is necessary to give a brief outline of

the subject, to define its assumptions and its limitations.
L4

The theory of non-eauilibrium thermodynamics is
based on the adaptation of the equation for the second law

of/
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of thermodynamics derived f or eguilibrium conditions,
to the descrintion of local processes in regions which
may be considered to be at equilibrium even though
irreversible vrocesses are occurring in the system as a
whole. Using this assumption and with the limiting
condition of independent flows and forces, it is possible
to ‘calculate the entropy produced in the irreversible

processes as (10)

g = }::LJ;A'; . ‘ (2.21) .

- where o is the entropy production (always positive for

an irreversible process),

‘ L3 . - 3
Ji is the flow of species i, Xi its conjugate force,.
and the summation is carried out over all species. . It is
freguently more convenient to use another term, the dis-

sipation function, ® , defined as ¢=To . Thus

o= X JI3% (2.22)

where the new flows and forces Ji and Xi,are usually in
(1)
a more familiar form.
In the thermodynamic analysis of the system, the

(2.22) must be used.,

flows and forces defined by equation
Thus, choice of the set of flows fixes the appropriate
forces which have to be used in the thermodynamic
treatment. The criteria used to obtain the flows and
forces are that: (12) (a) the product of any flow and its

conjugate/
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corineate forece mist mve the s-me Aimensions as the dissipa-

tion function, (b) for n riven system, the sum of the nroducts

Jixi must remain the same for any trandormation of

flows and forces and (c) the flows and forces are indepen-

dent.
The manner in which these flows and forces may be
used to give a thermodynamic treatment of any system was

(13) (1)

developed by Onsager using.the principle of
microsconic reversibility, and the resulting set of
eouations, called the phenomenological equations, may
be written:

i 4 1kxk (1=1,2,3,....0) (2.23)

where 1ik are the phenomenological mobility céefficients,
so called because they have the dimensions of feducéd
mobility or conductance.

The magnitude and direction of the flows are
devendent on the reference frame from which the flows are
measurea. In aqueous solutions, it is usual to regard
the solvent as fixed and c=2lculate the other flows
accoriingly. In membrane systems, however, it is more
convenient to regard the membrane as being fixed and
measure the flows of the other species with reference to

it. The choice of frame.of reference is ektremely

important/ T
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important since it directly affects the values of the
1l - coefficients.

Application of this theory to membrane processes
also requires the assumption that there is equilibrium
at the membrane solution=-interface and that the chemical
potential of any stecies in the solution at the interface
is equal td the chemical potential of the same species
in the membrane at the ineerface between the two vhases.
The gradients of chemical potential of the same species
in the two phases may, however, be quite different.

Provided no coupling occurs, i.e. if the cross-
coefficients 1, (i#k) are zero, then each fiowbmay be
written 2as a linear function of its conjugate force in
accordance with the discoveries of Fourier, Ohm and Fick.
However, if the cross-coefficients are non-zero, then each
flow is also linearly rel=ated to its non-conjugate forces.
This linear dependence of flows and forces holds only
when sufficiently slow processes are occurring in systems
which are not too far from equilibrium, The applicabil=-
ity of linear non-ecuilibrium thermodynamics is, however,

- much wider tha? these limitations might suggest. (16)

The form of ecquation (2.23) allowe an alternative
set of equations to be presented which represent the
forces as linear functions of the flows:

X, =ZR; Ty (151,233, .. .n) (2.2%)

The/
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The set of R-coefficients, which because of their form are
often called rhenomenological resistance coefficients,

may be obtained from the corresponding 1- or mobility

coefficients by simple matrix inversion. Thus, a7)
i =l -
L] (2.25)

where ILT is the determinant of the matrix of l-coeffic-
ientsvand |1ik]is the minor of the determinant corres-
ponding to the term 1ik‘
81thourh this formulation adequately describes the
system, it can be seen that in order to obtain a cpmpleﬁe
analysis and determine the values of all the 1- or
R-coefficients, a large number of indepehdent experiments
are required, and this is frequently a difficult task.
It is fortunate, therefore, that the matrices of 1- and °
R-coefficients are symmetr;cél, thereby reducing consider-
ably, the number of unknown terms. | This symmetry was

first proved by Onsager (13)

and the symmetry properties
i.e. _

1ig = lygs and Ryy = Ryy  (i#k) (2.26)
are known as the 0Onsarer Reciprocal Relations, or, as
frequently abbreviated, O.R.R.  These reciprocal rela-
tions apprly only to systems which obey the limitations on the

flows and forces discussed earlier, and -under conditions

which/ ' .-
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which are not far removed from ecuilibrium.
From the fact that the entrony production in an
irreversible process must always be positive, it is

possible to obtzain a further inecguality relating the

(18) ‘

vhenomenological coefficients, namely,
. 2 : .
1ise kl,)}(1 ) (2.272)
2 . -
and Ry Ry 2(Ryy) (i#k). (2.27b)

The theory of non-equilibrium thermodynanis as
described above, is applicable to all irreversible pro-
cesses in which there exists a linear relation between
the flows and forces. The first applications of this
theory to ion-exchange membrane processes were made by

(19) (20)

Staverman and Lorenz. Their calculations are

very general but require a large number of independent
experimental methods to enable a complete analysis to be

(21) sttempted to simplify the

undertaken, Spiegler
situation and reduce the number of independent transport
data required, by making assumptions about the magnitude

(4+6)

of some of the terms. Meares applied this theory
to the phenol-sulphonic cation-exchange membrane Zeocarb
315 and obtained the first set of frictional coefficients
for an icn-exchanger. However, the assumptions used

by/



23,

(22) (23).

by Spiegler hdve been frecuently criticised
In prrticular it has been suggested that the frictional
interactions between the cation and the anion and the
isotore-isotope interactions in tracer experiments, are
not zero as suggested by Spiegler and that these assump-
tions invalidate the results so obtained.

The next section deals with the theoretical
approach used in this study and its relation to that used

by other authors.

Ty 11
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2.2.,22 Theory.

The study of transport processes in ion-exchange
membranes makes great use of isotopic tracders and hence it
is important to establisﬁ, at the outset, the effect of
isotope~isotonpe interactions on the calculation of the
phenomenological coefficients in membranes. For this
purpose, the excellent paper by Kedem and Essig (24) has
been used as a basis and the following theory is t=zken
mainly from this source.

This approach uses frictional coefficients and ié

concerned mainly with the local values of these coeffic-

ients, r.., which are then integrated through the entire

1]
thickness of the membrane to give the integral value,
Ax
R; = r.. dx. The subscript o refers to the total
i3 o 1] :

test substance, 1 to the abundant isotope, l“and 1" to
the tracer isotopes of test substance. The forces
acting on the various species are taken as the negative
gradients of their electrochemical potential, = %%. Thus,
using the formulation of flows and forces given in section

(2.2.2), together with the limitations imposed'by

equation (2.22), the forces may be written:

X; =-(dF,/dx) = v%_riiJj (2.28)

. where i represents either an' ion or an uncharged molecule.
¢ . .

Rewriting/

-
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Rewriting equation (2.28) expressing the flows of the test
species in terms of their driving forces and coupled flows

gives for the total test substancej

1 (2.29a)
-8o=1r J_ + ITr .J.
ax 00" 0 ; 0j" ]

and for the isotopic components,

dax 73
e T R . (2.29¢)
dx 11y Findie + zrl.j:rj .
. - 5 (2.299)
B oA SRS TS L CE URSP S AN LT

where the non-zero r . 's (i#k; i,k = 1,1',1") allow
specifically for the effect of isotdpe interaction.

. Examination of equation (2.29b), and considering
the assumed kinetic indistinguishability of i,l‘ and 1",
reveals that for a given value of dji,/dx and }Ijij, Ji
must depend not on the individual values of Jl' and Jl"
but only on their sum, Jl' + Jl". Hence rll'zrll”,
and must be independent of the ratios of the isotope
concentrations pl,/cl". Similarly, from equations
(2.29¢) and (2.29d), ryy = ryyqu, and rl"1”3=:ri"11,

Further, since equations (2.2§a) to (2.29¢) relate

conjugate forces and flows of the dissipation function of

the process, tge O.R.R. applies; ife. Tik = Tkie Therefore,
from/

..
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from these two discussions it may be seen that all the
ri's are equal, (i #k: i,k = 1,1',1").
Since Jo = Jl + Jl' + Jl”’ substituting for Jl, and

J1" in equations (2.29c) -and (2.294), gives

- 4 _ o
ix = (Pyiqa rik)Jl‘ +rJdo +Zr1,ij (2.30a)
- a_;%{' = (I‘lul“ - I’ik)Jl" + I‘ikJ ZI’l,, J (2.30b)
~ Since,

+(dfi,/dx) = RTdlne_/dx + RTd1nY,/dx + 2 Fd$/dx

+ ¥ dp/dx : T (2.313)
and +(d§T/dx) = RTdlnecqy/dx + RlenYﬁ/dx + ziFd$de
+ Fydp/ax | (2.31b)
then, since also Yo =¥y 2, = zp and v = vy, and
: - (Yo ) - (Z%Wy) =<pT a1n (&)
dx dx dx 1

-(dfio/dx). + (afig/ax2) = (r4q =Tix )Ty = (Tpu =T
= RT d lnpy/dx

where>pﬂ= cd/cy

Dividing by r,.-T;x and 1ntrodu01ngp,— Too -nk
Ty =T
(Apnendix A.1)
gives: ' | : & '
| - RT dpy 4“'(2. 32a)
Jg =ppdg = - T TTy ax S

-

Similarly,
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Similarly,

Ju = Ppdy = - RT apgu (2.32b)
Too — Lik dx _

Integrating in the steady state, yields,

ax
I ,£(rm ‘= Tik) X = 1p( I4 - oy Jo
RT J“ - P‘;l Jo )

and similarly for species ll&
Denoting the term _L (rgo =Tik ) - dx by the

cuantity RX,.called the éxchange resistance, then

RX Jg = P T | o

% = In ( ji-f:—%aj? | (2.33a)
and &B_X 1 ( Jft - IllJ) . 'l : (2 b)

AT n J‘“ - I,;Jo 033
Therefore,

o= pJy= J¢_ = Pig

To - %y Jw = PEdg -' (2.34)

If, for each tracer isotope, the tracer is added
to one side only, then §:= p$.= 0, and equation

(2.34%) reduces to

J,= (T /p5) + (Jiu/Pfu). (2.35)
which is identical to the well used relation,

Net flux = influx - outflux.
Thus, this relation remains valid in the presence of
isotope interaction.

The/
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The treatment outlined above, demonstrates that,
regardless of the interactions in the system, it is
possible to obtain the net flux under any given force
from two tracer fluxes, one with and one against the
applied electrochemical potential gradient. This result
is very important in determining the transport number of
the ions in the membrane using tracer technicues, and in
measuring the salt flow through the membrane when a salt
concentration gradient is maintained across it.

It is =21so possible to show from this appfoach, the
effect of isotope-isotope interaction on the tracer diffu-
sion coefficient of the mobile species in the membrane.

In an experiment of this nature, one of the species on one
side of the membrane is tagged with an isgtopic tracer

and the flow of the tracer is monitored. Since only

one tracer is used there are only two species of test
substance 'namely 1 and 1'. Thus, since no current flows
in the system and there are no salt concentration gradients,
Jg = Jl + J1, = 0, Therefore,

J, ==J

1

l'. (2.36)

The forces acting on the species are

X, = - (d§,/dx) = -RTdlne;/dx -RT dlnY:/dx - z,F

d'iq/dx - ¥, dpj/dx | (2.37a)

1

and/
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and Xy, = -(dfi;,/dx) = -RTdlne;,/dx - RT dln Y1'/dx
Since the solutionson both sides of the membrane are
identical apart from the presence of .tracer on one side,
then |
. ) 6
Yy =Yy % = ¢, and py = py,.
‘Also z; = zy, and 61 = Vl,.
Hence,
-_ m 2. 8a
X, = ERPE(de, /dx) F- 382)
and Xy =(—R$@¥dcl,/dx) _ (2.38b)

Since the flows of the other species 2 to n are zero,

substitution of J2=J3= -+..J,= 0 into equation (2.29) gives

X, = (-RIgfde,/ax) = r; 3, - rj1d (2.39)

-

and Xy.= (-RTglde,./ax) = ry,937 = rqiq09q, §2.39b)

Now, since Jl = =Jq1s .
X) = (RTgKde;/ax) = (ryq - 199,09 (2.140)
therefore,
I, = - RT de (2.41) .
1 ggy :
oty -ty () '

By Fick's first law of diffusion,

= de
J1 = - D &t

so/
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so that ecuating terms in equations (2.41) and (2.2 ),

gives

- . 2.42)

11 =
°p (F11 - Ty

This relation applies for each local region of the

L e

'exchanger. Diffusion coefficients are usually obtained

for the membrane as a whole, so that equation (2.42) f

ey e

must be integrated over the entire thickness of the

are emme

membrane to give the integral diffusion coefficient.

Integration of ecuation (2.42) yields

L (T L o

_ RT (2.43)
D = = RT
1 l; 11 clRﬁl

where Rflis the exchange resistance and differs from the b
resistance to net flow, R,,, by the isotope interaction,

R This result is of particular importance to the

1it* :
study of ion-exchange membranes, since if Rll' is large,

the assumption imolicit in Spiegler's relation D, =RT/c Rq- i
, 11 1811}

is wrong and must lead to erroneous results. This point

will be dealt with in greater detail in section'2.6.l;.

TN D, T T

4

v s g gy T g g

Having shown the effect of isotope-isotope inter-
action on the theory of non-equilibrium thermodynamics,
it is now possible to proceed and give the~thebry which §

may/ . 1
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may be applied to ion-exchange membranes and which; under
certain assumptions, can be made to yield a complete

analysis of the system.

In the membrane syétem, there are four separate
species, namely, the counter-ion, 1, the co-ion, 2, the
water, 3, and the matrix (including the fixed charge), U,
Thus, the basic equations relating the flows and forces

are

X, = IR, .J. (i (2.44a)

1,2,3,4)

(2.44%h)

I

X
J
and Ji = )21. X. (i

1,2,3,4),

where the relation between the flows and forceé is as

given in section 2.2.2. ,
8 =To = XJ X, (2.22)
+ 11 :

Of the four forces, Xl to Xh’ only three are

independent as may be seen from the Gibbs-Duhem equation

- (2.45)
b3 ciXi = 0 -
i
It is possible to carry out a transformation on the
flows and forces and still preserve the yalue of the

dissipation/
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dissipation function, &. Thus eliminating Xh from
equation (2.45) and substituting in equation (2.22) gives

3 .

- 32 T X (2.46)

=izl b
in which the flows are now considered on a membrane fixed
frame of reference, which is the most convenient experi-
mentally. Hereafter, the flows so defined will be denoted
by Ji’ the asterisk being dropped.

The nhenomenological equations then become:

(2.47a)

1t}

X, f ZE%fJ.

i iYj (i = 1,2,3)

and J. = il (20)'1'713)

i ijxj 1 =1,2,3)

in which the O0.R.R. holds i.e. -
R, = R,.
N C D)
and lij = 131
and where the 1- and R-coefficients are related by
|1

. ¥

i
: ol

as discussed in section (2.2.2).

There has been considerable discussion as to whether
a system is best renresented by the 1~ or R-formalism.

There/
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There are 3ivantaeces and Adisadvantages in both renresen-
tations. The advartsare of the l-coefficient annroach is
that these coefficients have the dimensions of mobility or
conductance ani tend to zero as the concentration tends
towards zero, It is also possible to derive ecuations,
from this apnroach, which will predict various pronerties

g, the salt flow with a concentration

<

of the system, e.
gradient, or the e.m.f, of a concentration cell. The
R-coefficients have an advantage.over the l-coefficients
"in that they are frame of reference independenﬁ (25) which
the l-coefficients are not. The use of the R-coefficients

also allows the calculation of the interactions of 211 the

other species with the membrane matrix, i.e. with species 4:

Thi8 is not possible using the l-coefficients on a membrane
fixed frame of reference, However, the cross-coefficients
in the R-coefficient approach are frequently found to be
negative and some authors have found the significance of
'negative friction somewhat difficult to explain.
It is now fairly generally accepted that the sign of the
R-coefficients depends on the nature of the interaction
which they measure. If the interaction is aftractive,
then the R-coefflcients are negative, while repulsive

interactions/

t.

i
;.

(9) (26) <27)‘-
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(28)

interactions give rise to positive R-coefficients.,

The work of Spiegler (21)

has shown that resistance
coefficients may be thought of as representing a frictional
interaction between the various species. On this basis
the term ciRij represenﬁs the friction of one mole of.
species i with those species J in unit volume around it:
ciRii represents the frictioqal interaction of one mole
of i with all other species excent its own in unit volume,
while ci(Rii - Rii‘) represents the frictional interaction
of one mole of species i with 23ll other specieé including
its own, in unit volume around it.

Since the two approaches, using 1- or R-coefficients,
can equally well be applied to ion-exchange membrane

systems, they have both been used where appropriate in the

present study.
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2.2e24D0 . Mobility Coefficient Anvnroach

(9)
The methods used are based on those given by Miller
* for binary electrolytes, and in some cases the equations
are identical in form to those obtained for agueous
(9)

solutions.

FElectric notential sradient onlyv.

Conductivity,

When an electric potential is applied across the
membrane the current flowing in the system is given by

_ (2.48)
I = (zlJl + 22J2)F

where Jl and J2 are the flows of the two mobile ionic -
species, and Z; and Zy are the signed valences of the
ions. The forces acting on the various species are

X; = - (6} ,/dx)

- (d.pi/dk) + ziF(_dg/dx) | (2.%49)
Since the concentration on either side of the membrane

¢

is the same, then

-(dp; Ax) = 0

Therefore, for the ionic species the forece is given

(2.50)

by

X, = z,F(-a¢/dx) (1 =1,2) (2.51)

and/ i
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and for the water,

X, = o. ’ | (2.52)
The phenomenological equation becomesi
I = 15K + 1% | . (2.53a)
Ty = 1% 192x2 © (2.53b)
Iy = 131X1 1%, - (2.53¢)

Substituting for the flows Jl and J2 in equation
(2.48) gives for the current:

+ 2 T (2.54)
2122)
However, by Ohm's law,
-+ I=E (-ag/ax) (2.55)
where k is the specific conductivity.
?
Therefore,
= p2 2.y (2.56)
= F2a
— 2 2
where a = (27144 +’zlz2(l‘12 12) *25155) (2.57)

Eouation (2.56) is identical to the one obtained by
Miller for a binary electrolyte, since in both the solution

and the membrane there are only two mobile charged Species.

Transport Numbers./
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Transport Numbers.

The transport number of an ion is defined by the

"relation:
z:B®J," : '
t, = 11 (2.58)
l T ——————
I
and the water transference number is given by,
_ : (2.59)
ty = FIo/T :

Substituting for I.using equation (2.,48) in the

¢ s X
expression for the counter-ion transport number gives

tl leJl 2.60)
2.60
Fzydy + 2,75) ,
which on substitution for Jl and J2 reduces to
. _ 2 (2.61a)
ty = (1/a ). (zll 11t Z122112)

A similar calculation for the co-ion and for the ~

water yelds

ty = (1/a) (2315 + 733,15)  (2.610)

and t3 (1/a ); (lel3 + 2, 123) (2.61e)

Chemical Potential gradient.

When the membrane is placed between two solutions
of the same electrolyte:but of different concentrations,
a potential difference is developed across the membrane,

but/ .
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but no current flows in the system.

ioeo I = (ZlJl + Z2J2) =0

In this case the forces acting on the species are -
given by the negative gradients of their electrochemical
potential, i.e.

X, = (-dp;/dx)

= (-dp;/dx) + z,F(-d ¢ /dx) (i=1,2) (2.62)
and X, = (-dp,/dx) (2.63)
3 3
Substituting,
Jp = 119X 1K + 1y 9%
and Jr + 1,-X, + 1. ,X
2 2171 222 + 123X3
into equation (2.62) and rearranging, gives
(zllll + 22121))(1 + (z1112 + z2122) X2 +
' (2.64)

(21113 + 22123)Xé = 0.
Comparison of the bracketed terms with equations (2.61a)

(2.61b) and (2.61c) shows that equation (2.6%) may be

rewritten
t t t '
1 X ___2_ + = 0 (2065)
Zl 1 + 22 X2 -—3~X3

or  (t/29). (-df;/ax) + (t,/2,). (-dpy/ax) +

(t3)o (-dpS/dX) = 0, (2.66)

Expanding (-dﬁi/dx) and collecting terms yelds |
(t1/21) (dp/dx) + (t,/2,) (dpy/dx) + (3).
(dpy/ax) = F(-d ¢ /dx) (2.67)
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Integration of this expression gives the diffusion
potential set up across the membrane. If electrodes
reversible to the anion are used for measuring the cell
potential, and if a Dénnan equilibrium is assumed at the
membrane/solution interfaces,then for a 1:1 electrolyte,

the measured e.m.f. is given by

_ RT 20 RT 231
E = -Zﬁl (=) 1In (az ) 4§§F—) 1n (a3") (2.68)

(See appendix A.,2,)

Salt flow.

It is possible to obtain a relation which expresses
the salt flow through the membrane under the influence of a
concentration gradient, in terms of the l-coefficients,
some of the transport properties of the system, and the
actiwity gradients of the salt and the water.

The salt flow, in the absence of currenf,‘is given by

Jo = 3/ vq) = 3/ v,) (2.69)

where. v, and v2' are the number of counter- and
co-ions obtained from one molecule of salt and
where V= v, + 62.

Expanding J; in terms of (dﬁﬁl/dx) and (d ﬁz/dx),
and substituting for the term (F(-d ¢ /dx)) using

equation/
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e i

equation (2.67), yields for a 1l:1 electrolyte, after

rearranging, (see appendix A,.3.)
Jg = (1/a)(1y4 122—@112)(_% B/dx)
+ 1, - 9hfy L, J/ax) (2.70) ¢t

AN AT

This is equivalent to treating the system as
comprising only two mobile speéies, namely the salt(s)

or (12) and the water (3). The term (1/a)(1441,,. "1q5 121);

t. T

a

represents an lgg coefficient while the term (1 - i )
S 1

is an l33 coefficient. Since the forces ('d'ﬁz/dX) and
(-dp3/dx) act in opposite directions, the coupling of the
salt and water flows as represented by the term 1533}(3:E
tends to reduce the salt flow through the membrane,

unless 113 is less- than ( utlt3/zl).

Osmotic flow.

Using a method similar to that used for obtaining

the salt flow, the osmotic flow J3 under a salt concen-

tration gradient may be shown to be, (see appendix Al)

I, = (1, - af1t s
737 M3 7 T Capppran) + gy - t5e)
(-dyx3/dx): . (2.71)

where/



where again (11'3 - “:lfj) can be token as 1;. and

2
(l33 - t3

of coupling is to reduce the water flow produced by the

a) as 133. As for the salt flow, the effect
direct coefficient 133 unless 113 is less than
( atlt3/zl). Comparison of equations (2.70) and (2.71)

shows that lS3 =1 and thus the transformation has

3s
preserved the 0.R.R.

The five independent equations (2.561) (2;6lb) (2.51c)
(2.70) 2and (2.71) contain six unknown l-coefficients and
SO a cqmplete analysis of the system using only this
information is impossible, although section 2.6.2.>shows that
by making some assumptions about the system, a reasonably
precise analysis can be achieved, for dilute solutions. |
There are of course other ways of revnresenting the
system using the l-coefficient formulation, Writing
the phenomenological equations for applied electric
potentiasl and concentration gradients, six equations
relating the flows and forces of the‘mobile species afe

obtained:

el _ el el el | }
JiT = ‘11X1 + 1% + 113x3 » (2.722a)
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el

gt = 10§t 15+ 1,35 - (2.720)
J§l - 131X§l . 132X31 + 133X§l (2.72¢c)
ITo= X X+l (2720
IS = 1,05+ 12?}(; * 15373 (2.72e)
35 = 1990+ 19X+ 1558 (2.72£)

where the superscripts el and ¢ refer to the electric

potential and electrochemical potential gradients res-

pectively. |
However, only two of the last three ecuations

(2.72 (d - f))are independent, since the forces are

related by the equation (2.65) proved in the preceding

section, Therefore, the situation is again one of five

-

independent equations and six unknowns., It is only

possible to solve'for the l-coefficients if the valuelofv

one of the coefficients is estimated. This approach

is discussed further in section 2.6.2,

e e ——
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2e202eCo Trictional Coefficient Renresentation.

As discussed in section 2.2.2, the flows and

forces may also be related by use of the resistnance or

frictional coefficients, Rij‘ Given applied electric
potential and concentrntion gradients, six equations
analogous to ecuations (2.72) may be used to represent

the system:

x5t = RllJil + RypT5 R13J§1 | (2.732)
x5 = R, ISt RIS 4 R23J§l | (2.730)
(G = Ry TP RISt RygIT ©(2.73¢)
X3 =Ry J7 + Ryo0s + R13J§ (2.734d)
‘Xg = RyJ7 * Rypdy * R23J§ | | “(2.73¢)
xg =.R31J§ + 332J‘23 + R33J§ (2.73f)

As for the mobility coefficients, however, only
.five of the six forces are independent, and so there
remains one more unknown than there are independent.
eguations. A number of authors have used tracer difusion
experiments to supprly further relations involving the
R-coefficients, but it has been shown in section 2.6.1. thaf
this introduces further unknown frictional interactions

between/
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between the isotopes and hence, this method cannot

be used to produce a complete analysis of the system
unless proof can be gbtained that the values of Rll‘ and
R22, are so small that they may be ignored. There are,
however, a number of other reasonable assumptions which
may be made in order to reduce the number of unkhown
R-coefficients to the same as the number of independent

equations,

Fixed charge interactions.

As mentioned in section 22.2, one of the advantages
of using the R-coefficient approach is that the interac-
tions between the mobile species and.the matrix can also
be obtained.. The Rhi coefficients are obtained from a
relation which is one of the requirements of this

(29)

representation, namely,

n
:Ellchij =0 (i = 1,2,3,4) - (2.74)

0y

J:
This equation provides four further relations from which

the values of th! th, R3k’ and th may be obtained.

Second frictionél coefficient representation.

Another representation of the phenomenological

(21)

equations which was used by Spiegler involves the

use/ ' -

oy e, g e e
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use of the friction coefficient Kij’ defined as

Fiy= =Ry (uy -y (2.75)

where Fij is the frictional force between species i

and j moving with respective velocities uy and'uj

xij is, therefore, the frictional coefficient between one

mole of i énd the existing concentration of jaround it in
the membrane phase, Spiegler's assumption is that, under
steady state conditions, the directly épplied thermo-
dynamic force, Xi, is balanced by the frictional inter-
action of species i with all the other species;

Thus,

Xy = Fip “Fi3 Fay o (2.76a)
i Xy = -Fp1 -Fo3 -Fou - (2.76b)
X3 = -F31 -3 -y (2.76¢)
Expanding in terms of equation (2.75) and re-
arfanging, ‘
X - (20773)

1= Ryp + Xyg My = Xjou, - X5 g

Xy = Ryt + Ry + Ry + Ry duy -Ryquy (2.770)

- - (2.77¢)
X3 = -Epuy = Rpplp & (Ryy + Ryp + Ry ug

Since u; = Ji/ci, équation (2.77) becomes

= % e < _ (2.78a)
- (X, t X4 + X X
X. = 12 7 13 14 ) J-12J-X_1.1J

1 o] g 7 g 3

ey oy T

S A
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= = + 7 .
Xp= 2L gy + 21 23 2h) gy - fa3
1 p) 03 3

X, = Fag - X (Bt X+ Xg, ) 5 (2.78¢)
. 3 = cl 1 02 2 C3 3

This equation is identical in form with equations

(2.47a) so that equating the corresponding coefficients

gives,
X, ‘ _
Ryy = Z_.}_j , . (2.79)
i ¢y ' ,
N - T (2.80)
R, . = R.. = = 14 = T« jl 2.30 ‘
1] Ji —é'a'i ,Ci' »

Substiution for Xij in equation (2.79) gives

© eyRy = 2 ¢4Ry 4
i

which is the requirement referred to above, equation
(2.74).

The matrix of xij coeffiéients is not symmetrical
and does not lend itself to such simple manipulation as
does the R-coefficient formulation. Therefore, the

R-coefficient approach has been preferred in this work.
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2e263 Correlation of Simple flux eauations with

the Non-ecuilibrium thermodynamic

treatment.

Since the transport properties of ion-exchangers
can be treated either by the use of the extended Nernst-
Planck equation or by non-eguilibrium thermodynamics,

correlations must exist between the two approaches.,

In this section, some of these correlations are discussed,

and the validity of the Nernst-Planck approach evaluated

by'comparing it with the rigorous treatment of irreversible

thermodynamics.

For an electrical force only, the extended Nernst-

Planck eguation may be written, for species 1, as

. Jy = - ﬁlzlal(grad g) + Er»ﬁs(grad 2) (2.6)

For a cation exchanger, w= -1: therefore,

J - 512151 (grad @) - Elﬁj (gradd)

1.

zlﬁl(ﬁl + ﬁ3/zl) (~gradf®) (2.81)

Considering the non-equilibrium thermodynamic
approach, the proportionality constant between the flow
of a species i and its conjugate force is given by 1ii'
Therefore, equation (2.81) may be written as-

J; = 1972¢F (-grad #) ' . (2.82)

where,/

e e e e gy o e
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where, _
_ bl hnd (2.83)
11 = cl/F (ul + u3/zl) .

- Using the Nernst-Einstein relation, this becomes,

17 = € /F ( Dy F/RT + U3/2,)
or l11 = l ll/RT + cl 3/zl (2.8#)'
Therefore,
5,01 = RI(L; - 8,0,/2F) (2.852)

Likewise, it may be shown that,

62522 = RT(l22 - 52ﬁ3/z2F) : " (2.85b)

For a cation-exchanger and a 1l:1 electrolyte,
z| = +1 and z, = -1.
Therefore,

5,Dyq = RE(1y; = §18,/F) . (2.86a)

-

¢,D5, = RT(1,, + c,uy/F) (2.86D)

From equation (2.12),
= @l = 2 =
k = FS/RT(eDyq + c,D0,,) + Fi X
Substituting for ¢;D;; and ¢,D,, from equations (2.86a)
and (2.86b) gives,

£ = RILFE/RT(1y = 885/F + 1y, + &U5/F ) + Fil X
k= F(1) + 1y, - G3/F(3; - Gy) * FigX

k= P21y, + 1) - FG,X + FﬁBX'

k= Fo(ly + 1) | |

Comparison/
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Comparison with the rigorous non-eqguilibrium
thermodynamic equation for the svecific conductivity of
the exchanger, shows that the Nernst-Planck treatment
neglects the term in ll2¢ The emor so introduced is
negligible in dilute solutions where 112 is very small,
and even in concentrated solutions, the contribution of

1 is mall as may be seen by use of the equations

(30

12
derived by Miller for ternary mixtures

Even in
binary mixtures at high concentrétions, l12 is only some
10% of (14 + 122) and so this term does not significaﬁtly
affect the results.

Thus, in highly permselective exchangers where the
concentration of the co-ion is small, the term l12 will

also usually be small and the Nernst-Planck equation may

be used to obtain a good estimate of the specific conduc-

tiviﬁy and ionic transport numbers in the exchanger.

.
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2.2.4%, ' Tortuési&y.

In considering the diffusion of mobile species in
lon-exchangers, Meares has calculated an expression which
corrects the diffusion coefficients of the species for the
effect of obstruction of the diffusion paths by the
(31)

exchanger matrix. This calculation gives O, the
ratio of the true diffusion path 1engfh in the exchanger
to the geometric thickness of the resin, as

= (2-v,) / v, | (2.87)
where v, is the fractional pore volume in the exchanger,
Meares thén suggests that this correction should also be
applied to the force producing the diffusion of the species
and hence arrives at the expression, |
02 (2.88)

Dcorr - Dmeas‘

where Dcorr and Dmeas are the corrected and measured
diffusion coefficients respectively.

When applied to the diffusion of counter- and co-ions
and water in Zeocarb 315, PSA membranés, this relation‘

fives values of Dco r which agree fairly well with the

r
corresponding values of the diffusion coefficients of. .
these ions in aqueous solutions of the same concentra-
tion, However, many other authors have foﬁnd that,

in/
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in a number of other membranes, the agreement is far from

(32) (33) (34)

satisfactory. It would appear, therefore, .
that the nature of the membrane contributes to the effect |
of tortuosity on the diffusion coefficients in a manner
"which is not wholly accounted for by the relatioﬁ (2.88).
The values of © for the Zeocarb 315 membranes are very low
(approx. 1,5-2.0) whereas in many of the other systems
studied the values of © have béen much larger, and the

use of equation (2.88) for these systems has produced
values of DCorr which are much larger than the‘corres-

ponding solution values. This suggests that the expres-

sion (2.88) is overcorrecting the experimental data.

Consider a membrane as shown in fiéure 2.1\;‘; Then
making the same assumptions as Meares (31) regarding the
structure, i.e. assuming the exchange sites lie‘at the |
corners of a cubic lattice, then the ratio of the true path
length to the.geometriq thickness is as before,

e = (2-vw) /vw

If the true diffusion path is represented by the route

abcde...z, then, when an ion situated at f, say, moves to

t

position/
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position g, the condition of electroneutrality reguires
'that another ion must move to fill the vacant position f.
Because of this coupling of the movement of the ions, the
flow along the section ef* must, on average, equal that along
the section fg, and the force experienced by an ion is

- the same no matter the direction of the next step. There
is, therefore, no need to resolve the force along the
direction of motion as has been done in Meares' approach.
The correction to the diffusion coefficient becomes simply
0, and the relation between the corrected and measured
diffusion coefficients is '

D = D (2.89)

corr meas®
It is this expression which has been used to give
the~corrected ionic tracer diffusion coefficients 1n the

C60N and C6OE membranes used in this study.
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2e36 Experimental
2¢3.1 ' Preparation of Solutions.

With the exception of those used for the conductivity
measurements, all the solutions used throughout this work
were prepared from AnalaR sodium chloride which had been
dried at 120°C for several days and stored in a desiccator
over phosphorus pentoxide. The solutions were made up
in Grade A volumetric flasks at 25°C using distilled water.
For the conductivity measurements, the solutions were
prepared from AnalaR sodium chloride which had been twice

(35)

recrystallised from a water/ethanol mixture

22 and 0136, wefe obtained

Radioactive isotopes, Na
from the Radiochemical Centre, Amersham, as aqueous
solutions of sodium chloride. These solutions were madé
up to the appropriate concentrations in graduated flasks

using AnalaR stdium chloride and distilled water.,

2+3.2. Counting Methods.

All radioactivity‘méasurements were made using a
Packard Tricarb Liquid Scintillation Spectrometer, model
3003,/
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- 3003, fitted with an automatic sample changer and print
out device, model 527. The phosphor used was dioxan
based and was suitable for aqueous samples (36). Small
samples, usually 0.08 ml.- but occasionally .OM45 ml., of
the aqueous sodium chloride solutions were added to 10 ml.
of the phosphor solution contained in special low-pot-
assium content glass vials. When solutions of concentra-
tion higher than 0.5M were used, precipitation of the
sodium chloride occurred. Samples counted with a pre-
cipitate showed that, owing to variations in the distribu-
tion of the rrecipitate on the bottom of the vial, the
error in the cdunt was increased by a factor of 2-3, 1In
all cases in which precipitation occurred, therefore,

a small volume of water, usually 1 ml., was added to each
vial to dissolve the preciritate and restore Y4mcounting -
geometry. If was found that this volume of water did
not have any significant quenching effect. .

The background count of each vial was determined
before the samples were added and any vials with high
counts due to adsorption of radioactive isotopes from
previous samples, were rejected. The average background'
count was gprox. 25 cpm. o |

The conditions of the eiperiments were so arranged

that/ t
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that no activities of less than 100 cpm above background
were measured. Samples were counted for at least 20
minutes, during which time sufficient counts were recorded
to give a statistical error of 2% on the lower counts and
1% on the higher ones. The efficiency of counting, as,
measured by counting a standard fadioactive solution, was

greater than 90%.
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23636 Ion-Exchance Membranes,

The membranes used in this work were the AMF C60
and Cl00 polydthylene/polystyrene sulphonic acid cation
exchangers, ménufactured‘b& the American Machiné and
Foundry Company. The C60 membranes were made from low
density polythylene containing 35% of styrene and up to
2% divinyl benzene. 40% of the styrene was grafted using
free radical initiators, the rest rolymerised in the bulk
of the polyethylene. Oleum was used as the sulrhonating
agent. The C100 membranes were manufactured from high
density polythylene containing 23% of styrene.and no
divinyl benzene, the cross-linking being done by Co60

radiation. Chlorosulphonic acid was used as the sulphonat-

ing agent.

- 1IN
Arnold ard Koch (1O

have reported that CAHO membranes
undergo an irreversible exnansion on heating. 'Therefore,
it was decided to study, rot only the C60 and €100 mem-
br-nes as obtained from the manufacturers, but to include
samples of the heat trested membranes to determine the
effect of expansion on the propertiés of the exchanger,
A sheet of each tyne of membrane'waé immersed in

water =t 9506 for about h=21f =an hour. During this treat-

ment the CAO membrane hecame slightly ovague and

expanded/
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expanded both in thickness and length. Close examination
with aAmicrosc0pe failed to reveal any visible damage to
the membrane, The Cl100 membrane, on the other hand

showed considerable damage. Large regions of damage were

visible on the surface. These regions can best be describ-

ed as blisters. They were fairly wide-spread, and were
considered to be unsuitable for further investigation.
There were however, some areas where expansion had occur-
red without the attendant blistering. These areas were

selected for further study.

L T AL R O T
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234, Conditioning Process.

The sheets of 1on-éXQhange membranes were cut into
circular discs approx. 3.§ centimeters in diameter using
a machined brass dye. These discs were treated in turn
with methanol, 1M hydrochloric acid, distilled water,
IM sodium hydroxide and distilled water again, each treat-
ment lasting several hours, This cyéle of treatments
was repeated a number of times, Any monomer or other
organic solvent soluble materials remaining in-the mem-
branes were dissolved out bj the methanol, while the
hydrochloric acid and sodium hydroxide removed gny acid
or base soluble impurities, e.g. iron eor other heavy‘metal‘
'iong, accummulated in the course of preparation.

After each cycle the weight of the leached sodium
form membrane was determined as described below, The
- cycling process was continued until no further changes
occurred in this weight after several treatments.

The discs were then eocuilibrated in approx. 1M
sodium chloride solution for several days to ensure that
they were completely in the sodium form, i.e. that all the
counter-ions 'associated' with the fixed sites were sodium
ions. The membranes were then placed in distilled water

for/



olL.

for several days to leach out any sorbed electrolyte.
During the succeeding experiments, the-membranes were
required in equilibrium with a number of sodium chloride
solutions of different concentration. It was found that
several days were required for the completion of the

equilibration process. In all cases the equilibration

time was at least three days, and freacuently one week,
During this time the equilibrating solutions were frequently:
changed., | |

!

2.2.5, Dry Weights,

Each leached membrane, in the sodium form, was placed
in ; petri dish in a desiccator over phosphorus pentoxide and
the desiccator evacuated using a water pump. The desic=-
cator was then sealed and placed in an oven at 40°C for
several days. The membranes were then removed and
weighed to determine their dry weights. This process waé
repeated several times until constant weight was obtained.

At no time in the course of subsequent experiments was anyl

of the membranesallowed to dry out again.

2.3.6./
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2.3.6. Wet Weights,

The following method, reférred to as a kinetic method
of weighing, was used to determine the wet weights of each
membrane after equilibration with water or sodium chloride
solutions.

The membrane was removed from the solution with which
it had been ecuilibrated and its surféce quickly blotted.
dry between two hardened filter papérs. At thé instant
when all the moisture had been removed from the surface,

'a stop-clock was started. The membrane- was then carefullf
examined to see if any traces of solution remained on its
surface., If any moisture was observed on the surface, the
membrane was replaced in the equilibrating solution and the
process restarted. If there was no moisture on the sur-
face the membrane was placed on a small wire rack suspendéd
from a balance pan. The weight of the rack was already
known, The rack plus membrane were then weighed,. the
weight being noted every fifteen seéonds for the next
minute and a half. The total time taken for this procedure
was about two minutes. The weights were plotted against
time and extrapolated back to zero time to determine the
true wet weight of the membrane, The welght loss was
about 0,001 gm. every 15 seconds.

This/ ~
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This procedure was carried out about ten times per
membrane per enuilibrating solution, The average of these
determinations was taken as the wet weight of the membrane
in that solution, The weights were reproducible to
+0,0003 gm,

This process was carried out for each membrane at
each of the reguired sodium chloride concentrations. The
cohplete process was then repeated to determine if any
weight changes had occﬁrred during this cycle. No such

changes were observed.

Each membrane disc was then examined under a light
microscope to ensure that the membranes chosen for further
study had no visible ihhomogeneities or surféce damage
which might invalidate the results -of succeedingi experi-

ments. )
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2¢3e70 Physic2l dimensions.,

' Diameter
The membrane was removed from its equilibrating
solution and placed, stiIl wet, between two thin giass
plates, The membrane was positioned over a fixed sheet

of graph paper in such a way that its diameter could be

determined by use of a travelling micrésCOpe. The average

of eight such determinations was taken as the diameter.

The error on the measurement was * 0,03 cm.

Thickness.

The apparatus used was a Mitrohic guage and is
shown in figufe 2¢20 A small volume of»solﬁtion was
placed in the membrane container and the membrane placed
in position so that it was completely immersed in the
solution. The membrane was slipped below the tip of thél
measuring device which had previously been adjusted to read
a predetermined value, The new reading was taken and
the membrane thickness obtained by difference. The
predetermined value was set so that the reading with the
membrane in position was almost zero, since the instrumeht
was most accurate in this region. Readings’were taken
over the entire surface of the membrane{v No deviation.

from/
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from the averépe thickness, of greater than the
exnerimental error was observed, The error on the
measurements was * 0,0003 cm.

An attemnt was also made to determine the membrane
thickness using a micrometer screw gaure, Here.  the
membrane was clamped between two thin f1at giass plates
and the thickness measured. The membrane was removed
and the new fhickness measured. The membrane thickness
was then easily calculated. This method waé, however,
less accurate than the first owing to slight deviations in

the thickness of the plates.

2.%.8. Ton-Exchange Capacity Determinations.

The scientific capacity of each membrane was
determined by an isotopic dilution method. The membrane
in the leached sodium form was surface dried and placed
in a known volume of 0.,005M sodium chloride solution

22, the specific activity of this solution

containing Na
also being known. The membrane was allowed to equili-
brate overnight in order that an equilibrium distribution

of the Na22

should occur. Samples were then removed
from the solution and their specific activities determined.

From/
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From these results it was possible to calculate the

capacity of the membrane as shown in Appendix A.5. Three

such determinations were carried out for each membrane,

the reproducibility being about ¥ 1.5%. .
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2.3.0. Flectrolyte Untske,

Two methods of determining the electrolyte uptake
were tried. (3) Lenching out the sorbed salt and
measuring the conductivity of the resultant solution. -
(ii) Leaching out the sorbed electrolyte and titrating
with silver nitrate. |
(1) Conductivity method.

The principle of this method was similar to that of
the method described by Glueckéuf and Watts,(38) the rate
of desorption being measured by the increase in conduc-
tivity instead of the increase in radioactivity in the
solution, The cell used for this purpose is shown in
figure 2.3. The cell was Weighed dry and then containing
approx. 80 ml, of distilled water, so that the volume
of the water could be obtained. The cell was then pl=aced
in an oil bath maintained at 25% 0.00SQC, and nitrogen,
Vpresaturated with wate? vapour, allowed to flow in through
inlet tube A, The flow of nitrogen served two purposes;
it degassed the solution and mixed it thoroughly. The
nitrogen flow foréed the solution round the circuit
. through the electrode chamber where the conductivity was
measured using two platinised platinum electrodes connectéd

to/ | | |
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to a Wayne Kerr B331 conductivity bridpge. The nitrogen
flow was continued until the conductivity of the water had
reached a steady value. The membrane was then removed
from the equilibrating solution, its surface carefully
dried with filter paper, and placed on the glass rack
above the water level in the cell. Since the execution
of this step required the cap of the cell to be removed,
with a resultant inflow of air, the conductivity of the
water increased. The cap was replaced and the membrane
allowed to remain suspended above the water level while
degassing of the water continued. The nitrogen atmosphere
of the upper cell was saturated with water vapour so that
the membrane did not loose water by evaporation. When the
conductivity of the water reached its previous steady value
the membrane was quickly iowered into the water and a
stop-clock started. Conductivity measurements were
taken at half minute or minute intervals for ten to fifteen
minutes and at longer intervals for several hours.,

A conductivity - sodium chloride concentration curve
had previously been determined by making additions of
a standard sodium chloride solution to the cell from a
weight burette, and measuring the conductivity. It was,
therefore, possible to relate the conductivity measured
in the electrolyte desorption experiment to the concentra-

tion/ ! -
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concentration of sodium chloride in the solution.
Unfortunately, this method nroved unsafisfactory.
Instead of reaching a steady value after a few hours, the
conductivity of the desorption solution continued to
increase indefinitely. Various attempts were made to
explain this phenomenon and these are discussed in the

discussion sections,

‘ ;
(1i) Titration method.

| This method was bésed on the fact that even very
dilute solutions of sodium chloride, i.e. 10'”M,'can be
titrated acourateiy by a potentiometric method. '

The method of carrying out these titrations is as
follows. The solution to be titrated was placed in a
.small beaker containing a small magnetic stirrer and a
silver eleétrode.

The beaker was covered with parafilm, to prevent
evaporation, and placed in a small water .bath on top of
a magnetic stirring bldck. " A1l the experiments were
carried out with the wdter(bath at 25% O.IOC. The silver
nitrate used for the titration was placed in a 10 ml.
calibrated burette which could be read accurately .to
0.02 ml. Into the nozzle of the burette was sealed a

silver/
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silver electrode and thé tin of the nozzle was’drawn out
to a fine point. The tip of the burette was immersed
in the solution which was to be titrated so that the
solution in the nozzle acted as a liquid junction. The
finely drawn out tip served to minimise dif fusion of the
silver nitrate solution into the beaker while e.m.f.
measurements were being taken. The two electrodes were
connected through a Solartron digital voltmeter, model
LM 1867, capable of measuring to 0.01 mV, The ionic
strength of the titrant and the electrolyte deéorption
solution was approx. 0.1, sodium nitrate being used as the
supporting eleétrolyte.‘ This helped to minimise the |
liquid junction potential.

Titrations were carried out with standard sodium

L

chloride solutions and even at 107 'M the error was only

2-3%. The electrolyte desorption solutions usually had
"

sodium chloride concentrations much greater than 10~ M,

The membrane was removed from the equilibrating solu=-
tion, its surface thorohgh}y dried with filter paper, and
placed in a small beaker to which were added 5 ml, of
0.1M sodium nitrate solution. The top of the beaker was
covered with parafilm and the membrane allowed to

~equilibrate/ .
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equilibrate for several hours. The membrane was then
removed from this solution, its surface washed with 2ml.
of sodium nitrate solution, the washings being collected .
in‘the beaker in which the eguilibration had been carried
out, and the membrane placed in a second beaker with 2 ml.
of sodium nitrate solution and again left to eguilibrate
for several hours. The membrane was.then removed from
this solution and equilibrated with the next .sodium chlor=-
ide solution. The 7 ml., and 2 ml, portions of solution
now containing the leached sodium chloride were titrated
potentiometrically as described above.

Besides reducing the liquid junction potential in the
titration, the sodium nitrate served a purpose in the
leaching process. After leaching, the membrane was in
equilibrium with a solution in which the nitrate concen-
tration was many times greater than the chloride concen-
tration. Electrolyte uptake from this solution was,
therefore, mainly sodium nitrate. This was reflected in
the fact that greater than 95% and frequently as high as
99% of the sodium chloride leached out of the membrane
was to be found in the first beaker, At no time were
more than two'equilibrations required to remdve all the
sodium chloride. from ‘the membrane,

The/
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The concentration of the solution was calculated
from the e.m.f. data using a linear titration plot
‘method. (39) The error on the determination was about
1% for the membranes eguilibrated in 0.5M,1.0M, and
2.0M sodium chloride solutions. Forthe equilibration

with 0.1M sodium chloride solution, the error was approx.

3.




2.3.,10, Membrane conductivity.

Membrane conductivities were measured using a high
precision conductivity cell described in the U.S. Manual
for Testins Permselective Membranes (40); and shown in
figure 2.4. The cell was filled with the appropriate
solution, placed in a polythene bag, and positioned in an
0il bath whose temperature was maintained at 2510.QO5OC,
Solution stored in a reservoir which was also in the oil
bath, was then forced through the cell under a vpressure
of compressed air, It was found that this process accele=-
rated the rate of attairment of thermal equilibrium. - The
flow of solution was stopped beforevconductiﬁify measure=-
ments were made using a Wayne Kerr B331 conductivity bridge
capable of an accuracy of~iO.Ol%.(58) When a steady
reading was obtained the system was considered to be at
thermal equilibrium and this value of the conductivity
recorded. The cell was then removed from the bath, dis-
mantled and the membrane whose surface had been thoroughly\
dried, placed in position. The cell was returned to the
oil bath and the thermal equilibration process repeated
until a steady conductivity reading was again obtained.

The cell was so constructed that the same volume-of solution
was used whether the membrane was present or not. Thus

from the two values of the conductivity recorded as above, ..

it/ -
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it was possible to calculate the resistance of the solution
and of the solution plus membrane., The resistance, and
hence the conductivity, of the membrane was then easily
calculated. The measured value of the membrane resistance
was corrected for edge effects using the equation derived
by Barrer (Ml). This eguation is given in Appendix A.6.
In the measurements described above the radius of the
membrane was many times that of the area exposed in the
conductivity cell. The edge effect correction was there-
fore, fairly large, being about 4% of the measufed value.
The membrane conductivities recorded in the results section

were the averages of 8-10 values obtained for each membrane

in each solut ion. The reproducibility of the values was
£14. |

In this method the resistance of the membrane was
obtained indirectly, but it has several advantages over the

&+2) (43)

other direct methods described in the literature.
() These d irect methods involve clamping an eiectrode
to the surface of the membrane and hence include the
difficulty of circumventing the effect of interfacial
resistances. Althoughftﬁis problem has been alleviated
by measuring the resistance at various points along the

membrane length and calculating the true resistance by

difference/



difference, the indirect method described here requires

no such modifications. The direct methods also measure
the resistance of the membrane strip along its length
whereas most other transport measurements are made in the
direction normal to the membrane surface.. If the
membrane is anisotropic then the results obtained by the
direct method may Be in error if they are used in conjunc-
tion with other properties which have been measured along
different diréctions.

In many -of the cells used to determine membrane
resistances, there is the problem of the membrane drying
out during the measurement, or of conduction along-a liquid
film on the membrane surface if the membrane is immersed
in a shallow bed of solution. The indirect method used
here does not suffer from any of these problems. However,
there is one limitation on the use of this method. In |
dilute solutions, the conductivity of the membrane is much
greater than tifat of the solution, and hence the difference
in resistance between the two measurements is. small. To
overcome this problem a-‘very small area of the membrane
was used so that its resistance was of the same order as
that of the sélution. :In the cell used here, the area
of/ ‘
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of exposed membrane was approx, O.l cm2., and even using
this area, the lower limit of accurate resistance measure-
ment was 0,1M, The disadvantage of using such a small
area is one of reproducibility. Gregor, Kramer, Lalik,
Holmstom and Saber (*2? have found differences of 300%

in the resistances of pieces of membrane cut from the

same sheet., Therefore, a number of samples of membrane -
were examined and one disc of C60N and one of C60E were
cut up into smaller areas and their resistances determined.
The results of these measurements were all within 1% of
the mean. The small area of membrane was therefore taken

as representative of the entire disc.
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-

2¢3.11, Calibration of diffusion cell,

The cell was set ﬁp as shown in figure 2.5, except
that the membrane was replaced by a sheet of silver foil
and the solution was 0.0005M silver nitrate in 1.0M sodium
nitrate. In the experiment the silver foil acted as the
cathode in the circuilt and a niece of silver wire placed
in one of the sample portals was the énode. Current
was supplied from a variable voltage supply,'the’rate of
voltage change being kept constant, The current flowing
in the system was monitored by measuring the potential
difference across a standard 20 ohm resistor in the circuit,
using a Servoscribe (Goerz electro potentiometer screiber
RES11) chart recorder, Curves similar to the one shown
in figure 2.6, were obtained. The experiment was repeated
several times for each of a number of stirring speeds in
the range 250 to 550 rpm., and from the values of the
limiting currgnts obtained, the mass transfer coefficient
for the system was obtained as shown in appendix A.7,

The reproducibility of the limiting current was x 2-3%. .

t




81.
2.3.12, Iracer Diffusion Coefficients.

The most accurate method of determining individual
ionic diffusion coefficients in ion exchanse memhrasnes is
to vse steady state radio:isotope diffusion across the
membrane between two solutions of identical chemical
composition, but to one of which has been added a2 cuantity
of isotonic tr~ncer of the ion under study. There is an
initial time lag while 2 steady state or ocuasi-steady
state, is set un in the membrane. Thereafter, the flux
of tracer through the membrane is constant so long as
the difference between the tracer concentrations in the
two bathing solutions is not allowed td diminish signhifi-
cantly. In the steady state, the tracer concentration in
the initially inactive solution increases linearly with
time and from this increase, the tracer diffusion coef-
ficient may be calculated as follows (47)

The steady state isotopic flux is given by

J= ¢'b
e | (2.90)

where J is the isotonic flux in moles cﬁzsec_l,

¢’ is the concentration of tracer in the membrané.on thev
high activity side, ‘ |

D is/
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D'is the tracer diffusion coefficient in the membrane and
d is the membrane thickness.
The indices ' and " - refer to the high aﬁa low activity
sides resp. BN
For mass balance in the system,
T = V.dC"/dt. (2.91)

where g is the area of the membrane through which diffusion
occurs and V" is the volume of- solution on the iniﬁially
inactive side. |

Since a steady state has been attained, each side of

the membrane is in equilibrium with the adjacent solution,

" provided that there is no interfacial resistance.

Therefore,
- ¢! = ¢t and ¢" = c" (2.92)
c c o] c

Substituting for J from equation (2.90) and cl from -
equation (2.92) into equation (2.91) gives, on rearranging,

D= de"/dat.v".c.d.
C'.C.q ’ (2093)

This equation is valid provided c', the tracer con-

centration in the active solution, remains virtually
unchanged throughout the duration of the expeériment. This }
is the situation in most diffusion experiments where the
concentration of tracer in the initiallyvinactive side

is/
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is monitored until only some 1-2% of the total activity
has passed through the membrane, If, however, c' is
allowed to chanre significantly during the experiment,

then ecvation (2.92) may be modified and the tracer

diffusion coefficient given by (48),
D =dle"/c")/dt. V'ec.d (2.93a)

.0

The above derivation implies steady state.conditions
and ideal membrane diffusion control. However; at the
membrane-solution interfaces, there will be a region of
liguid which will remain unstirred no matter how efficient
is the stirring in the bulk solution. This liouid film
has a very important influence on-the nature of the | 7
dif{usion characteristics of the system. If the diffusion
rate in the film is lower than that in the membrane then
the diffusion through this film will very auickly become
the rate determining step of the complete diffusion pro-
cess. If, however, the rate of diffusion in. the membrane
is the slow step then this process becomes rate determining.
The exact nature of the dependence of the diffusion |
characteristics on the other properties of the system can
be determined as shown below. |

In the tracer diffusion experiment, the gystem]is in

overall/



8)4'0

overall ecuilibrium and ﬁhere are, therefore ho bulk
gradients of activity coefficients, of electric potential
and of pressure and no convection occurs, Therefore,
applying Fick's First law for the species i, ‘the flux
becomes (h 9>
J, = -D;de,/dx (2.9%)

This relation holds both in the membrane and in
the unstirred licuid films adjacent to the membrane
surface, Furthermore, the flux of species i in the
membrane and in the films must be equal. Thefefore,
examination of figure 2.7 shows that the flux of species
i is given by: | | "
7. =D, CI-Cv =D, Byt o Ggu=p Cn  (2.95)

) i i-——g—- i )

i 1

5.

where Di~ is the diffusion coefficient of the species i,
¢; 1s its concentration, d and & are the memb;ane and film
thicknesses resp. | The barred species refer to the
membrane phase and the indices ' and " refer to the high
and low activity sides resp.

Also, under the equlllbrlum conditions ex1sting at.

both solution-membrane 1nterfaces,

ol
OI

& |
g 0 (2.96)

1l
S= S ang Sin =
c B o] c

where/.
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where ¢ 1is the total bulk concentration of the species of
which i represents the tracer isotope.
From equations (2.9%) (2.95) and (2.96), the tracer
flux is given Dby, oo
g o=- D% | (2.97) .
a1l + 2Dici5 )
D,c.d
ivi

The criterion for determining whether the diffusion
processes will be membrane or film diffusion controlled

(50)

can be readily obtained from equation (2.97).

If Dye;d (- then J, = D,8  and the process
IT='?T D2 | <

is membrane diffusion controlled. Similarly, for film

dlffu51on control the relation D.c.d must hold.

fT""'« 2
The nature of the diffusion protess is therefore
governed by the dimensionless factor D,c.d / DiEiS. By
substitution of typical values into this quotient it ig

(

possible to show 50) that For co-ions, film diffusion
control can only operate under extremely unfavourable
conditions, whereas for counter-ions, film diffusion
control may be quite common. For a given sysfem, the
only variable in the quotient D c,d / 51516 is the film
thickness, s . It is, therefore, important to keep

the/
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the film thickness as small as possible in order to

obtain membrane diffusion control. This is done by
efficient stirring as close to the membrane surface as
possible. In practice, counter-ion diffusion usually has
some measure of film diffusion control and correctioné

must be applied to the observed values in order to obtain
the true membrane dif“usion coefficients, A number of

(51)

~_attempts have been made to calculate this correction.
(52) (53) There have also been a number of attempts to
calculate the film thickness, &, all of which,give values
of the order of 10 - 100 microns depending on the stirring
speed or efficiency of mixing; (51) (5%) (55) (56) In chis
present study the correction used is that given by Scatter-
good and Lightfoot, (57) and the theoretical basis of-this

treatment is to be found in Appendix A.7.

Tracer diffusion was measured in a cell similar to

(7.)

one described by Meares: , and is shown in figure 2.5.
Small magnets were scaled into the rear paddles of .the
teflon stirrers and these were driven by master magnets
conﬁected~ to a train of gear whecls powered by an ‘electric

motor./
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motor, The motor was connected to the power supply
through a voltage stabiliser to ensure that the speed of
rotation of the stirrers would not be affected by voltage
fluctuations, and would remain constant throughout the |
experiment. The stirrer speed w=2s measured directly

using a stroboscopre, (Dawe 1200?5. The volume of each
half of the cell was approx. 60 ml,

The membrane was removed from the solution, its
surface dried, and placed between two perspex discs.
These discs could be so positioned that exactly the same
area of membrane was exposed on either side. The disc
and membrane were then mounted in the cell, which was
then filled with the appropriate solution from two
burettes in such a way that both sides were filled
simultaneously, so vreventing bulging of the membrane.
The cdmplete assembly process was carried out as rapidly'
as possible to prevent the membrane drying out. This
would have contributed to.buckling when it reswelled. - A
thin layer of paraffin wax was then put round the outside
of the seal to prevent any leak of water from thé water
tank inﬁo the cell. The cell was immersed in a water
bath at 2520.100 so that only the sample portgls remained

above/
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above the surface, and left to ecuilibrate for at least
half an hour. A known volume of solution was then re-
moved f rom one side of the cell and replaced by an egual
volume of solution of the  same concentration containing

22 135 as reguired by the

radioactive tracer ions, Na br C
nature of the experiment. The stirrers were switched on,

a few seconds allowed for mixing then a stop-clock was
started, and samples were withdrawn from the initially
inactive side at noted times. This procedure was con-
tinued until épprox. 2% of the added radioactive isotope

had passed through the membrane, The time required for a
counter-ion diffusion experiment wés 1-2 hours, whereas

a co-ion experiment required up to 12 hours. Samples

were also taken froﬁ the active side near the start and -
end of the experiment, The samples were withdrawn using
Hamilton microlitre syringes which were fitted with |
Chaney adapters to ensure that the same volume of

solution was removed in each sample. The volume of the
samples was approx. 0.08 ml. and was reproducible to 0.1%.
The radioactive samples were counted as described in section
2.3.2. The activity on the receiving side was corrected
for the volume of the sémples removed, (see Appendix A.8).

A/ -
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A plot of activity agzinst time gave a straight line whose
gradient was used in calculating the diffusion coefficient.
The error in the gradient was never greater than 1.5%.
In calculating the diffusion coefficient, a correction
was applied for film diffusion effects as described in

Appendix A.7. (97)
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2.3.13. Diffusion with 3 Concentration Gradient =
-S~21%t Diffusion.

The method was similar to that used for tracer
diffusion. The membrane was eoullibrated for three days
between two solutions of the same concentration as those
to be used in the salt diffusion experiment, during which
time the solutions were freguently renewed. A diffusion
experiment was then carried out, the co-ion, chloride,
being labelled with 0136. The membrane was then re-equil-
.ibrated to remove any sorbed 0136 and the procéss'repeated,
the diffusion of 0136 being allowed to occur in the direc-
tion opposite to that used in the first experiment.
Therefore, the flow of 0136 with and against fhe concen-
tration gradient could be obtained and the net flow of
chloride calculatec. Since electroneutrality must be
maintained, this repfesented the flow of sodium chloride

with the concentration gradient.

2.3.14, Transport Numbers.

There are three chief methods which have been
employed to obtain transport numbers of ions ih ion-
exchange membranes: (a) Hittorf's method, (b)‘modified,
Hittorf's method and (c) membrane potential method.v In
the/ ‘
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the following sections the advantages and disadvantares
of each method will be discussed.
(a$ Most trahsport number measurements have been

made using the Hittorf methnod, (097 (60) (61) (62) (63)

(6@)_(65) (66) (67) (68). In this type of experiment,
the same electrolyte solution is placed on elther side

of the membrane and 2n electric current passed through the
system for =2 given time, using either reversible Ag/AgCl
electrodes or irreversible platinum eléctrodes. During
the experiment, concentration changes of 10-15% 'in the cell -
solutions are comron., Vhile these changes do not appear to
affect the transport number significantly in dilute

(69)

solutions,

(70)

where the co-ion uptake is small, Kressman

and Tye (71)

and Lewis and Tye showed that at higher
concentrations the transport number could be dependent

on the concentration of either the donating or the receilv-
sides, both of which were changing during the experi-
ment. A further disadvantage of this method is the
dependence of the transport numbers on the current density
used. (72) (73) (7%) wiip gilute solutions, the effect
(79) ‘

is one of polarisation while in,condentrated solutions
the dependence on current dehsity has been attributed

to/ -
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to the effect of back diffusion caused by the concentra-

tion gradient produced during the experiment. (72) (73) (74)
(76),

Although a number of experimental methods have

e L o

been devised to overcome these problems, the availability

of radio-isotonic tracers has led to improved- methods of

transport number- determination.

R e

(b) The use of radioactive tracers means that the
transport number may be obtained from the net flow of tracerv
ion added to one side of the transport number cell, Since
small concentrations of tracer can easily be detected =
radiochemically, this removes the need to produce large

changes in the concentrations of the bathing solutions dur-

ing the experiment. There is, however, a need.to deter-
mine the tracer flow with and against the electric potential

gradient, in order to obtzin the net flow of isotope due

(77) .

solely to the electric current. Recently Meares has

T e S e, T T g R T TN TS T

shown how the transport number may be obtained from flow

with or against the electric potential gradient and the

atians el e i

self diffusion flow.

Using the net flow of isotope, the net flow of the-
traced ion can be obtained and the transport number cal-
culated from the equation,

£y = 2,79, /T (2213a)
where/
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vhere z;, is the electrochemical valence of species i, Iy
its net flow and I is the.current density. F is Faraday's
constant,. | | |

The transport number may also be calculated from the

ratio of the fluxes with and against the current using

the following ecuation, (24) (78)
In(3 4,y = tii a | (2.98)
257094

where Ji and Ji' ére the fluxes with and against the
current,Ei is the concentration of Spécies i in the
membrane, ﬁii is its membrane self diffusion coefficient
and d is the membrane thickness.

(c) Membrane potentials in concentration cells
containing an ion-exchange membrane, have been used as
another method of calculting the average transport number
of the exchanger. If electrodes reversible tb the
anion are used then the e.m.f. of the cell is given by

(67) (79) (76)

the expression

- £ ] & !
E =2t RT 1n.(3_)

_-_'ﬁ‘_ all (2.99)

where %i is the apparent transport number which has been

a
+

derived ignoring the effect of water transference. In
dilute solutions this equation gives a good estimate of
the true transport number., The true value for any

concentration/
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concentration may be calculated from the membrane potential

if the water transference at that concentration number is

known, by use of the equation, (&) given in section
(2.2.2b) b
E= -2FRIL ,, af' _ ¢ B in a3’ (2.68)
F 3.” 3 all .
x 3

The value derived from this equation is an average value
since the concentration of the solution is not the same on
both sides of the membrane. If the concentration differ=-
ence is small, then the transport number calculéted in
this way should be a good estimate of the value corres-
ponding to the mean of the two concentrations. Eowever;
the lower the concentration difference, the smaller the
e.m.f. and hence the greater the error in measuring it.
Also, the accuracy of tﬁe values of activities a+' and
at'" becomes extremely importaht. Therefore, the best
values of f+ are obtained by a compromise between the
accuracy of the e.m.f. measurement and the magnitude of
the concentration difference between the two solutions.
Transport numbers were determined by a co-ion flux-
ratio method. The cell used was similar to the one used
for diffusion, but fitted with circular electrodes situated
approx. three centimeters from the membrane, on either side
of it, and parallel to it.‘ The electrodes were made of

coarse platinum mesh plated with silver and silver chloride.

A/
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A fine coating of silver was plated on to the platinum
using potassium argentocy=anide (80). A thicker.coating
was added by electrolysing in 0.1M silver nitrate solution
using a silver anode, One of the electrodes was given
a fine coating.of silver chloride while most of the silver
on the other electrode was converted to silver chloride by
anodising in QG.1M h&drochloric acid solution using a
platinum cathode. During the transport number determina-
tion, this las% mentioned electrode was made the cathode
and released chloride ions into the solution while the
other electrode removed chloride from the other side of
the cell.

The procedure used to determine the transport
number of the ions through the membrane was similar to that
used for determining diffusion coefficients. - The radio-
active solution was added to the anode compT tment and |
the experiment allowed to run until sufficient activity
had passed through the membfane to allow an adcurate
determination of its value.. In practice, the time
required was usually about one hour, although longer’
periods were necessary when low current densities were
used. b.hS ml, samples were removed with Hamilton
‘syringes as before, The 1aréer samples were used in

order/ \
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order to reduce the duration of the experiment. In order
to prevent entraining of air bubbles in the paddles, the
samples removed for counting had to be replaced by an
equal volume of inactive solution of the same concentra-
tion. In calculting the flow of the isotope, a correc-
tion was.applied for this procedure, and is described in
Appendix A.8.

After the prescribed time the direction of the current
was reversed and the flow of radioactive isotope again
similarly determined. During this period Cl36 ions were
being removed from the receiving side by the electrode
reaction. A correction for this dilution of the tracer
concentration was applied as described in Appendix A.9.

) The current was supplied from a constant current
supoly source - Solartron P.S.U. AS.1413. ' The current
flowine was monitored throughout the experiment by
measuring the potential dron across a standard resistor,
using a digital voltmeter.

After use the cell was thoroughly cleaned and the .
silver chloride electrodes reconverted to silver electrodes
so that all traces of Cl36Aw9naremoved. The electrodes

were then replated before re-use,

The/
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The current density was never allowed to exceed
4 mamps per em®. in order to avoid polarisation. The
membfane properties were such that at this current density
the flux ratio was of the order of l.i-l.2; | Therefore,’
the co-ion tfansport numbers were obtainable to an

accuracy of only + 10%.

2.3.1 Llectro-osmosis and Water

TransTerence Numbers.

These measurements were made in the cell:usedvfor
transport number measurements. A horizontal calibrated
capillary was attached fo each side of the cell so fhat
the changes in volume of the solution on either.side of the
membrane could be determined. C7) The stoppers and cones
of the capillaries were lightly greased with apieson to
prevent leaks from the cell. The solution used was de-
gassed before use by placing it in a flask under reduced
pressure and shaking vigorously for a few minutes, In
this way most of the dissolved gasses were removed. Care
was taken when filling' the cell, to ensure that no .
bubbles colleeted on the teflon stirrers. The level of -
the solution in the capillaries was read using a clip-on
magnifying glass, and the current was supplied and

measured/
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measured as in the transport number experiments.
Cbrrections for the electrode reactions were avpplied
to the volume changes in the usual way 7, The average
of six or more such experiments was used in calculating
the electro-osmotic transport, and the water transference
number for each external solution concentration, The

reproducibility of the measurements was + 2%.

2,3,16. Water Flow with a Salt Concentration
' Gradient - Osmosis. '

The method used was similar to the determination of
electro-osmotic transport, excepf that instead of appl&ing
a potential between solutions of the same concentratibn,
the concentrations on either side of the membrane were
different and no electric potential was applied. As in
the case of the salt diffusion experimehts, the membrane'v
was ecuilibrated between the appropriate solutionsvfor
three days before the osmotic flows were determined.

The reproducibility was'+ 3%,
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2.3.17. E.M.7. of a concentration cell.

The cell was set up in a manner similar to that for
the determination of osmotic flow except that the fwo |
capillaries were replaced by a matched pair of Ag/AgCl
electrodes, one, being placed on each side of the membrane.
_ After allowing a period of time for thermal eguilibration
to be completed, the e.m.f., of the cell was determined using
the digital voltmeter described previously. The e.m.f.
was monitored over a pneriod of several hours to determine
how rapidly it decreased from the true equilibrium value.
This rate of decrease was never -so large that significant
error was introduced by failure to record the vélue during
the period of thermal equilibration. The error on each

e.m,f, measurement was approximately + 1%.
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Ratio of water contents of normal and

expanded membranes., ‘
- . -
03(k)/c3(E)
concen-
tration. C60ON C6OE C1O0N ClQOE
0.1 0.76 0.88
0.5 0.77 0.89
1.0 0.77 0.89 '
2.0 0.795 0.93
Table 2.6. _ o
External DNa emPseet x 106 Ecl em®sec™t x 10
solution con-
centration C60N C60E C60N C60E
(molar?) i
0.1 1.76 2,26 3.38 .62
0.5 1.49 2.11 - 2.53 3.94%
1.0 1.36 2.03 2.09 3.56
2.0 1.03-  1.68

1.46

R T TR AT
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“Tortuositv Factor 4.

Ext. solution .
concentration C60ON C60E
(molar) - -
0.1 4.81 345
0.5 %.99 3.61
1.0 5,60 4.07
2.0 M6 4,58 .
EE
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245 : Discussion.

The results shown in Tables 2.1 - 2.4 show the
general properties of the~ion-exchange membraﬁes studied
in this work, and demonstrate the effect of‘the external
solution concentration on these properties. Comparisohs
can be made of the various membrane systems étudied, the
effect of the thermal eXpansion of the exchanger being

particularly interesting.

2.5.1. Water Content.

The water content 6f an ion-exchanger depends.on the
'tightness"of the resin structure and on its ability to
swell and hence accommodate the solvent. This, in turn,
depends on the degree of cross-linkiﬁg of the hydrocarbon.
matrix. The wéter content also depends on the concen-
tration and nature of the fixed and mobile ions, but where
these afe similar, as they are in the membranes studied
here, the main factor influencing the water content is the
structure of the membrane itself, Bearing this fact in
mind, exXamination of figure 2.8 yields information aboﬁt
the structures of the membranes relative to one another.

LR

The C100 membranes have a fairly low water content suggest-

ing/
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sugresting that the structure of thesé membranes is fairly
tight whereas the C60 series exhibit a high water content
corresponding to their more open structure. In both cases,
the effeét of the thérmﬁl'tkeatment»is to expand the
structure of the membranes and enable them to absorb more
water from the external solution. |

The effect of membrane expansion on the ﬁater content
of the membranes is constant over the entire range of con-
centration studied, as is demonstrated by the constahcy of
the ratio, 53(N)/53(E), shown in table 2.9, :

When an exchanger is in ecuilibrium with the external
Solution, the chemic2l potentiél of the water. in the exchang;
er is equal to tggt of the water ig the external solution,

©oie. M3 T M (2.100)
Evpanding this eauation and choosing the standard-states

so that F13° = r*30 , this equation may be rewritten,
(178) '
RTln a; = RTIn a3 + (P - P) vy (2.101)

where P ani P sre the nressures in the external solution
and in the exchancer resp., a, and 53 are the water activities
~ in the external solution and in the membrane resp., and 53

is the p.m.v.’of water.

As the concentration of the external electrolyt

solution/
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solution increases, so the activity of the water in the
splution decreases. Since the concentration changes in
the exchanger are small compared to those in the external
solution, the water activity in the exchanger changes by a
smaller amount than doés the external water activity. -
Reference to equation (2,101), therefore, shows that a
drop in the water activity in the external solution is
reflected by a drop in the swelling pressure term

(P - P) 53. " Thus as the external concentration increases,
the swelling pressure decreases and consequently, the ex-
changer swells less and absorbs iess wéter from the solu-
tion. Since the water content and degree of sweliing'of
the exchangers are. so closely related, the similarity of
the shapes of the curves in figures 2.8 and 2.9 is not un-

expected.

2eDele Electrolyvte Untake,

In principle, the mbst accurate method of determining
electrolyte uptake, especially at low external solution con-
centrations, should be by measuring the conductivity of the -
solution containing the salt leached out of the membréne
whicﬂ had been previously equilibrated with ah electfolyte
solution. ‘This method has been .uséd by Mea;es (81) to

determine/
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determine the sodium chloride uptake by ZeocarB 315
membranés. In this present study furfher modifications
to the technique were attempted as described in section
2.3.9, in an effort to obtain, not only the absolute value
of the co-ion uptake, but also the rate of effusion of the
electrolyte from the membrane. These efforts were, how-
ever, frustrated by failure of the conductivity of the
leaching solution to reach a steady value. It was con-
éluded thaf in the leaching process, not only was sorbed'
electrolyte being released into the external_soiution but
sbme other process was occurring which also contribufed to
the rise in conductivity of the sdlution. This hypOthesis
was supported by the fact that a membrane previoﬁsly
leached for several weeks in distilled water, showed similar
behaviour. |

When a membrane which had been ecuilibrated with a
concentraﬁed electrolyte solution (1.0M) was used, the con-
ductivity due to the large amount of salt released was
sufficient to swamp this anomolous iﬁcrease and the pre-
.liminary results obtained from such experiments agréed very
well with those obtained from the potentiometric titration
method. When the equilibrating solution was dilute,

however,/
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howeve}, the corductivity of the leaching solution was low
and the constant increase in conductivity due to the secon-
dary process was sufficient to render this method uvnusable,

Therefore, the values of the electrolyte uptake recorded
in this study were obtained using the potentiometric titration
method described in section 2.3.9. |

The uptake of electrolyte by the resin is governed by
the magnitude of the Donnan potential ﬁhich tends to exclude
the co-ions. The efficiency of this exclusién is greatest
at low solution concentrations and reference td~Tables 2.1 -
2.4 shows that even at 0.1M, the co-ion concentration in the’
exchanger, Chy is less than 1% of that of the counter-ions,
Cqe Expansion of the membrane matrix leads to a reduction
in the value of the Donnan potential and hence to an increase
in the electrolyte uptake. Thé results show that the co-ion
concentration in the expanded membranes is considerably
 greater than in their normal coﬁnterparts. As the external
concentration ipcreases; the electrolyte uptake increases
ever more rapidly until-at 2M the electrolyte uptake for the
CAOE membrane represents some 30% of the total exchangeable
ion concentration.

The electrolyte upﬁake data will be fully treated in
Chapter 3, but where this increase ih concentration of the
ﬁobilé ions in the pores of the exchanger has considerable
effect on the properties ofpthe resin this. effect ﬁill be

noted.



122.
. Diffusion.

As described in section 2.3.12 and Anpendix A.7. a
correction for film diffusion effects has been épplied to
2ll the tracer diffusion cdéfficjents. The magnitude of
this correction is fairly large, 10«15% for the counter-
ion in the membranes in eguilibrium with 0.1M solution, the'
correction for the other concentrations being considerably
smaller, approx. 2-3% or less. ;The‘corfection to the.
co-ion diffusion coefficient is also small never exceeding
1%. The magnitude of the correction is dependent on the
stirring speed employed in the experiment. One test of
the validity of_the correction is, therefore, to examine. the
corrected values for a given membrane'andrgiveﬁ solution
concehtratioh but at different étirring speeds. | A valid cor-
rection should, under these circumstances, produce identical
results for all the stirring speeds. The results of such a
series of experiments are shown in figure 2.13, where it may
be seen that the correction for film diffusionAeffects has
produced the same values for the diffusion coefficient over
a wide range of stirring speeds, although the uncorrected
values differ widely. A11 the diffusion cbefficients
in the succeeding tables have been determined at a

stirring/
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stirring speed of 550 rpm. and have been corrected as above.
From the film diffusion correction, the value of'thé.

film thickness can also be obtained. The values are in

the range 15-25 microné for stirring speeds of 550 to

250 rpm.‘ These values,;which are of course dependent on

the efficiency of the pafticular stirrer, are of the same

ordgr as other values of the film thickness calculated by

other authors, often using different techniques. (5%) (55)(56>:
(57) | ‘

The variations of the tracer diffusion coefficients ;
of the ions in an ion-exchanger with changing external con-
centration have been the subject of much work and discus=-
Sion. (82) (83) (8%) (32) (33) (38) (85) From the results
of these investigations no clear general ﬁattern emerges,
the nature of the variations depending greatly on the type ?
of exchanger used. Because of the differences in counter-
and éo-ion diffusion behaviour which have been observed by |
most workers, it is best to treat the two types of diffu- %
sion separately before drawing any general conclusions about

the behaviour of the ions in the exchanger phase. _ %

(a) Counter-ion diffusion.

In comparison with most other cation-exchangers (82) (83)
(86) (87) (88) (89) the sodium tracer diffusion coefficient:

in/
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in the C6ON and C60E membranes is fairly large, as shown
in table 2.6 and figure 2.12, This is due to the |
relatively high water contents and open structures of
these exchangers. The values for the expanded membrane
are ®nsiderably grester than thﬁse for the normal one,
again demonstrating the effect of increased water content
and openness of structure. It is, however, the variation
of thesé diffusion coefficients with the concentration of
the externél solution which demands considerable attention.
In contrast to the increasing resin diffusion cbefficients
which have been observed by many workers, the trend of the
sodium ion diffusion coefficients in the C60N and C60E
membranes, with increasing solution concentration, is
downwards.

This difference in the trend of the diffusion coef-
ficients is not simply due to the corrections which have
been applied for film:diffusion. Even the uncorrected |
values show a general downward trend, although the differ-
ence between the successive values are smaller than fof
.the corrected results. ' Also Meares has applied a correc-

(84)

tion for film diffusion to his results and yet has

found that the counter-ion diffusion coefficients increase

with increasing concentration.

There/:
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There still remains a considerable ﬁﬁmber,bf counter-
ion diffusion phenomena which are not quantitatively ex-

' plained. The difficulties of determining the potential
energy profiles, the effedét of electrolyte uptake and of
tortuoéity on the diffusion process are extremely iarge:
nevertheless, it is possible to present an argument which
can fit the observed facts, qualitatively at least.

The tracer diffusion coefficients of sodium ions in
agueous sodium chloride solutions exhibit a decrease with
increasing solution concentration (90) (91) and'this
tendency is displayed by all cations in aqueous solutions.

Although the concentration changes occurring in the ion-

exchanger are not so large as those in the external aqueous

solution, it seems not unlikely.that a similar decrease in
diffusion coefficients would be observéd'in the exchanger
phase. In addition to-the normal factors tending to |
reduce solution diffusion coefficients (e.g, increased
numbers of coilisions and increased electro-static drag),
there is the increased totuosity in the éexchanger which
also produces a decrease in the observed mobility of the
ions in the resin, (Sect. 2.2.4). ‘4

In the treatment of aqueous solﬁtions, anéther cause
of decreasing-diffusiontcoefficients with increasing con-

centration/
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concentration is ion-as-éciation. Tt is, therefore,
important to consider thé probability oflsuch an inter-
action in the exchanger.’ P.M.R. and Raman studies (92)
(93).(94) (95) (96) (97)5have shown the” complete absence
of covalent bonding but this does not exclude the pessib-
11ity of other forms of association which would not be
detected by these methodé.' Strauss and Leung (98) have
shown that site binding ef alkali and alkaline earth ions
occurs with many polyeleétrolytes, but the effect observed
with sulphonate groups is small, and in a recent study
~using sodium counter-ions and a PSA membrane, Meares (8&)
has shown that there is no evidence of specific association.

. In the absence of fﬁrther information, therefore, it
may be assumed that althbugh‘ion association cannot be ruled
out cempletely, it is imbrobable that fhe degree of
association is large enotigh to significantly affect the
counter-ion diffusion coefficients;

It has been suggested by Spiegler, (99) that the
exchanger diffusion coefficients should in fact decrease
with increasing concentration, and that the increasing A
trend observed in so man& exchangers is due to the inhomo-
genety of the resin stru%ture. At low externalkconcen—
tration when there is li%tle or no electrolyte.uptake
the/ ' § ' .

{
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the counter-ions will be concentrated in the regions of

high fixed charge density, where the cross-linking is.
probably greatest, and hénce; the diffusibnris slowést.

As the external cohcentration increases, so the electrolyte
uptake will increase. The counter-ions present in the
exchanger due to salt upﬁake will tend to be in regions of
lower charge density and lower cross-linking i.e. in the
regions known as voids. The diffusion coefficients of

these ions will be great%r than those of the original
counter-ions, and hence the average counter-ion diffusion
coefficient will be incrbased. As the salt uptake increases
and accounts for a significant proportion of the total
counter-ion concentration, so.this effect will be enhanced
énd may be sufficient to offset the general decfease in |
diffusion coefficient resulting from the increased concen-
tration and tortuosity. If this explanation is valid, then
the C60N and C6OE membranes must be considered to have more
homogéneous structures fhan most other membranes previously

. examined. This proposal is borne out by the~result§'of the
structural analysis, baéed on electrolyte uptake, which is
given in Chapter 3. S
Jakubovie, Hills and Kitchener (32) (33) have suggested
that if the counter-ions are held:fairly‘tightly in the

electrical/
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electrical double layer associated with the charged
polymer, then the gounter-ion mdbility vould d epend on the
distance between the potential energy minima corresvonding
to the fixed sites, the diffusion rate being lower if the
-site to site distances were lafge enough to prevent the ions

from jumping easily from one polyﬁer chain to another or

indeed from one segment to another segment of the same chain.

This type of "chain diffusion" would be facilitated by the
reduction of the distances between the sites and between
adjacent chains which would occur in solutions of higher
concentration, Therefore on this model the diffusion
coefficient would be expected to increase with increasing
exterhal solution concentration. Schlog; 85) has sug-
gested that if the counter-ions are pictured as moving from
one fixed charge to another across a potential energy
barrier, then the invading co-ions present athigher con-
centrations would provide troughs of high mobility and thus
facilitate the migration of the counter-ions.‘ In the
absence of other effects, both these theories would4pre-
dict an increasing counfer—ion diffusion'coefficient

with increasing external concentration, the oppesite of"
what is observed in the ‘C6ON and C60E membranes. It
seems, therefore, that this type of 'chain diffusion' is

. unlikely/ '
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unlikely to occur in these systems,
On the other hand, absolute rate theory applied to

diffusion processes (100) (101) (102)

predicts that the
diffusion coefficient of = species is proportional'to the
square of the distance between potential energy minima,
(see Section 4.6). For the counter-ions the positions
of energy minima‘in an ion—exchanger,}are the fixed sites
and the mobile co-ions, As the concentration of both
these species increases with increased electrolyte uptake -
and reduced swelling experienced by the exchanger in more
concentrated solutions,"so the distance between adjacent
energy minima decreases; It is to be expected, therefore,
that the diffusion coefficient of the counter-ions will
also decrease., | | |
Assuming that the fixed charges and the co-ions occupy
only the volume fraction of the exchanger which contains
aqueous solution, the average concentration of the positions
of potehtial energy minima can be obtained by dividing the
total concentration of these sites expressed on the basis
of the whole membrane, by the volume fractidn of water
in the exchanger, From this value,; and assuming thatnfhe
sites are distributed at the corners of a'cubic lattice,

. the value of A , the inter-site distance, can be calculat-
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calculated. If the diffusion process is to be explained
,'by absolute rate theory then D/X% must be a constant. The
results of this calculation for both membrénes are shown

in table 2.9.' For both membranes the quotient, I/M,

is reasonably constant, particularly so for the C60N
membrane, Considering the nature of the assumptions made
in this calculation it appears that the absolute rate theory
approach satisfactorily explains the trend in the diffusion

coefficients observed in these membranes.

v(b) vCo=ion diffusion.

As with the counter~ions, there appears to be no
general pattern for co-ion diffusion coefficients, some
exch;ngers exhibiting a decrease with increasing concen-

(38) (85) @81y

tration, others an increase As shown in
table 2.6 and figure 2.1%, the chloride co-ion diffusion
coefficients in the C60ON and C6OE membranes decrease with
increasing concentration of the external solution. Owing
to the high water contents of the exchangers, the co-ion
diffusion coefficients are large, the expanded membrane’
having values gfeater than the normal one, as expected.’
The variation of the diffgsion coeffiéiehts with concen-

- tration can be explained by arguments similar to fhose

employed/



131,

for the counter-ions. Whether or not'the exchanger has
inhomogeneities, the effect of increased gd-ion uptake

would be expectéd to mroduce a decrease in the co-ion
diffusion coefficients ih -a manner analagous to that observ-

(91)

ed in aqueous solutions . and the effect of the tortuo-
sity increase is to further reduce the observed mobility

of the iomns.

Comparison pf the values of the oounter-ioﬁ and co-ion
diffusion coefficients given in table 2.6, reveals that
the co-ion mobility is the greater. In aqueous solutioné,
chloride ions have an intrinsically higher mobility than
sodium iohs and the values of the diffusién coefficients in
the exchanger phase may be simply a reflection of this
faety or it may be that in the membrane there is a further

factor which tends to enhance the co-ion diffusion coeffic-

ients with respect to those of the sodium ijons. Wyllie (103%

~has proposed that the difference between counter-ion and
co-ion mobilities in the resin can be partly attributed to
the influencé of the matrix and the fixed sites. The
species which has the greater affinity‘for the fixed ionic‘
groups will experience a greater retardaticn from.the

presence/
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presence of the matrix than that species which can move
through the resin unhindered by interaction with the
exchange sites. Thus the co-ions'wduld be expected to
have a higher mobility than the counter-ions. Section
2.8 will deal with the relationship between fhe interéc-
tion of species and the effect on their mobilities, using

the theories of non-ecuilibrium thermodynamics.

(¢c) The effect of tortuosity.

If the analogy between acueous solutions and ion-
exchangers is to holdg then a correction to the exchanger
diffusion coefficients which allows.for the increase iﬁ
tortuosity of the aqueous paths along which the ions are
cbnétrained to move, should give the values of the diffu-
sion coefficients'of the ions in the correspohding agueous
solution of the same concentration, provided that the other
factoré which can affect the ionic diffusion, and which |
have been mentioned above, are not dominant. The calcula-
tion of this tortuosity:factor has already been discussed
in section 2.2.4, and the values of © are given in table
2.7 As expected, the tortuosity factor is lower for the
expanded membrane, and for both membranes, it increases
with increasing solution concentration. Since the

tortuosity/
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tortuosity factor corrects for the effect of thé polymer
chains onthe diffusion paths of the ions, the corrected
exchanger diffusion coefficiehts must be compared with
those of the same ions in équeous solutions of the same
molal concentration as that in the eichanger pores., Since
the diffusion coefficients of sodium and chloride ions in
solutions of sodium polystyrenesulphonate or even sodium
toluene sulphonate, at high polyelectrolyte concentrations,
are not recorded in the literature, comparisons have been
made with their values in agueous solutions of sbdium

' (90) (91)

chloride. The exéhanger diffusion coefficients

corrected for tortuosity, D6, are shown in table 2.8,
together with the literature values for the diffusion
coefficients in sodium chloride solutions of the same con-
centration. In view of the assumptions made in calculating
the tortuosity factor and the neglect of other factors such
as the interaction of the ions with the matrix, the agree-
ment between the observed and predicted values is fairly
good. The fact that even after correction, the counter-ion
values are somewhat lower in the exchanger than in the
agueous solution, whereas the'co-ions values are in very
good agreement, is interesting. Two possible explanatiohs
of this behaviour can be suggested. First, there may be

retardation/
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retardation of the counter ions by the matrix and the fixed
charges, and second, the tortuosity factor may be greater
for the regions of high counter-ion concentration than for
the exchanger as a whole. " This latter sug restion would
inmply that the counter-ion regions were more highly cross-
linked and less continuous than the regions of lower fixed
charge density. This proposal gains support from the
results of the structural analysis, the results of whlch are
given in Chapter 3e In the comparlson given in table 2 8
it must be remembered that the solution results are for
sodium chloride solutions where the ionic interactions may
be quite considerably different from those in the membrane.
The results in table 2.8 also show that the oorrection
-factor is' much closer to:O than to the 02 proposed by
Meares, (31) and found by a number of workers to give good
. (82) (84) :
agreement. ThlS is in accordance W1th the theory

proposed in section 2.2.4%.
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2.9, 4, Transnort Numbers.,

The transport number of an ion'in an exchanger
represents the fraction of the current carried bj that
species of ion when a potential difference is épplied across
the exchanger and a current allowed to passi - ije the
conductivity of the exchanger, the transport numberé of the
ions depend on their concentrations and mobilities in the
resin phase and on the influence of the solvent motion on
_ thermobilities of the ions. ’Néglecting this last factorz'
for the ﬁresent, then the transport number of ah ion may be
'written as |
| . CiDi
< i ‘Z:cj 3

j B

(2.,102)

o

the summation in the denominaﬁor being carried out over all
ionic species. The co-ion values calculated from this
expression are shown in Table 2,10, and are, in all cases,
greater than the experimental values shown in Table 2.11,

and figure 2.11. Theré are two main causes of this differ-
ence: the interactions of the counter--énd co~ions with

one another, and the effect of the solvént motion on the
‘mobilities of the ions.

The/ |
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The diffusion coefficients of each ionic species'in
the exchangef are measured‘while the other species’ of ions
are statistically at rest. In determiniﬁg the transport
numbers of the ions by passing a currenf through the exchan-
ger, the counter- and co-ions are forced to move in opposite
directions. %here will, therefore, be an e xtra drag
exerted by the counter-ions on the co-ions and vice versa.
Owing to the difference in concentration of the ionic
species, this effect will be much larger on the co-ions
and so Qill tend to reduce their mobilityiby an amount
greater than the correspondihg pedﬁction of the counter-
ion mobility. | |

When a current is passgd through:two solutions
spparated by an ion-exchange membrane flow of solvent also
occurs. This flow is usually in the same difection as the
counter-ion flow and, therefore, enhanceé the .mobility of |
these ions, while it tends to reduce the mobility and
hence the transport number of the co-ions. The difference
between‘the measured transport number and that calculated
from équation (2.102) becomes greater as ﬁhe external con-
centration increases. Since the mdbility»of the solvent
decreases with increasing external concentration (see
- Table 2.13), the increased reduction of the transport

number/
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number must indicate that the co-ions are in regiéns in

the exchanger where the effect of solvent transport is
small in dilute solutions but becomes increasingly more
Aimportant in more concentrated solutions. From this it
may be deduced that initially the co-ions are in regions

of low counter-ion concentration where any electro-osmotic
transport due to the movement of sorbed counter-ions is
small in comrarison to the total water transport. As the
electrolyte uptake increases the solvent transport assoc-
iated with the sorbed counﬁer-ions will become an ever
inereasing fraction of the total solvent flow, and hence
the effect on the co-ion mobility will be increased. This
hypothesis is in agreement with that proposed in section
A2.55 on conductivity and in Chapter 3 on the structural S

analysis.of the membranes.
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2.5454 Conductivity.

The specific condudtivity of an aqueous. solution of
an electrolyte is governed by the concentrations and'
mobilities of the ions. The mobilities of the ions are
themselves, influenced by the concentration, decreasing as
the concentration of the solution increases., However,
this deaease is fairly small, and is far outweighed by the
effect of the increased number of current carrying ions, on
the conductivity of the solution, For this reason, the
sfecific conductivity of an acueous electrolyte.solutioh
increases with increasing solution.concentration. In ion-
exchange resins the factors affecting the conductivity are
similar in nature but the magnitudes of the changes in
concentrafion and mobility of the ions in the exchanger
phase, are somewhat different from those .observed in free
aqueous solutions. As shown in Tables 2.1 - 2.4, the
total ionic concentration in the exchanger increases with
increasing external solution concentration, the rate of
increase, however, being much smaller in the exchanger.
The mobilities of the ions in the resin are also functions
of the external solution concentration but in this case
their dependence on this factor is much more marked than

in free solution. Due to the reduced swelling of exchangers

in/
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in concentrated solutions, the mobilities of the ions are
greatly reduced as a result of the increased tortuosity

of the pathé along which the ions are forced to travel. As
a result of the reduced wétef content of the exchanger in
the more concentrated solutionsy the convective contribution
to the total conductivity is also reduced and this, along
with the aforementioned factors, plays an impoftant part

in determining the variation of the conductivity of ion-
exchangers with external solution concentration.

Several workers (28) (10%) (105) (106) have’observed
that the conductivity of ion-exchangers increases with
increasing solution conqentration although the increase is
by no means as great as for aqueous solutions. This
meaﬁs.that, as the solution concentration increases, the
effect of increasing ionic cohcentration in the éxchanger
is sufficient to overcome the decrease in conductivity
due to increased tortuosity and the reduction of the con-
vective contriBution. ABoth.sets of membranes studied in-

this work show interesting deviations from this pattern

of behaviour.

C60ON and C6OE-membranes.

As shown in table 2.12 the electric conductivities
of both these membranes are gquite large, a consequence of

their/
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their open structure and low tortuosity.  The effect of
expansion is to produce conductivity-concentfation
characteristics which are quite different from the normal
form of the exchanger, Figure 2.10a shows that affer an .
initialldrOp in conductivity, which is displayed by both
membranes in the 0.1 to 0.5 molar range, the C60ON membrane
thereafter exhibits an almost constant. conductivity, where-
as the conductivity of the C60E membrane rises rapidly.
Between 0.1M and 0.5M, the effect of increased tortuosity
and reduced convective conductivity is dominant and leads
to a decease in the membrane conductance. Thereafter,
for the C6ON membrane, the effect of increased ionic con-
tration is large enough to cancel this effect, leaving the
conductivity virtually unaffected by the increase:in solu-
tion concentration. For the expanded membrane, the
tortubsity inecrease ié less and the increase in ionic con-
centration within the membrane isgreater and hence an in-
- crease in the conductance of the membrane is observed.‘

As discussed in section (2.2.12) the conductivit& of
an ion-exchanger is related to the concentrations and dif-
fussion coefficients of thé ions in the resin phase and to
the magnitude of the convective conductivity. It is,
therefore, possible to calculate the conductivity of the
exchanger, if the values of these terms are known. The

concentrations/ -
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concentrations and diffusion coefficients of the ions are

" given in tables 2,1, 2,2., and 2;6 resp. - The contribution
of the convective conductivity can only be calculated if
the mobility of the solvent is known. This term may be
calculated in a number of ways, as described in section
(2.2.1c), and the values of the water mobility calculated
by a number of methods are given in Table 2.13.' It is
interesting to note that the value calculated-using the
transport number data is smaller than that éalculated from

. the electro-osmotic flow data. This would suggest that
the co-ions suffer less 'retardation from the flow of solvent
than might be expected, a fact which in turn suggests that
the co-ions are moving in regions where the solvent flow is
smaller i.e. in ‘regions of low counter—ion'cdncentration.
‘This deduction is in agreemenﬁ with those obtained from

the structural analysis of the membranes which is given

in Chapter 3. The values of Eé calculated from equgtion .
(2,16) are, in tvery case, almost identical to those
obtained from equation (2.15). This proves that the
electro-osmotic flow of water must be directly proportional
to the total water content of the membrane a point which
will be discuésed in more detail in section 2.5.7.

The values of the conductivity calculated using the above
mentioned terms are shown in Table 2.12., Givenlthat the

membrane/ : >
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membrane is not as homogeneous as is essumed in the calcul-
ation of these results, thé agreement between predicted and
observed values of the cenductivity is fairly good, the
results obtained using the"value of the water mobility
calculated from the electro-osmotic data being in closer.
agreement with the observed values than those obtained using
the .transport number data, It is partlcularly satlsfying
to see that the calculated values show the same trends as
the observed results, the conductivity of the C60N mem-
brane falling while that of the C60E membrane falls initially
" then rises steeply. | |

The conduetivity-concentratibn curves obtained in this
work are quite different’ from those obtained by other
workers using the saﬁe mémbfanes but in the hydrogen form,

Arnold and Koch (1O%) (106)

and Zapior, Leszko and Klinowski,
"found that.the conductivity of these membranes in sulphuric
and hydrochloric acids resp., showed an increase in the
concentration range étudied at this present work. This
.may be due to a type'of Grotthius chain conductance
meéhanism normally associated with hydrogen ion transport
in agueous solutions andeto.the much higher water content
and hence lower tortuosity, of the hydrogen ferm of the
membranes , t | |
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- The agreement of the predicted and observed specific
conductivities of the membranes found in this study, is
confirmation of the fact that the modified Nernst-Planck

equation is a good approximation for these systems.,

€100 and C1OOE membranes.

As shown in table é.14 and figure 2.10b, the cdn-
ductivities of the ClOON and ClOOE membranes decrease witﬁ
increasing external solution concentration over the whole
range studied. This suggests that the increase in the |
ionic cbncentrations in these membranes is insufficient
to compensate for the reduction in the mobilities of the
ions produced by increased toftuosity. The conductivities
of- the C100 mémbranes are much lower than those of the
C60 membranes, probably -due to the tighter structure and
greater tortuosity of the former. ) The effect of expan=-
sion is also guite different for the C100 membrane.

Figure 2.10h shows that :for the ClOO membrane expansion
produces a vertical displacement‘of the conductivity—
concentration curve, a result which differs gréatly from

the effect of expansion of the C60 membrane, (figure 2.,10a).

Since/
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Since the diffusion coefficients of the ions in the
C100 membranes have not:been determined in this study, it
is not possible to predict the conductivity of these mem-

branes as it was for the C6ON and C60OE membranes .
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2.5.6 Membrane potentials,

The e.m.f., develoved across a cation-exchange mem-
brane separating - two solutions of the same electrolyte
of different concentratioﬁ, and determined using electrodes
‘reversible to the anion of the system, gives a measure of
the ease with which the salt can diffuse througﬁ the mem-
brane and, as such, is a measure of the counter-ion trans-
-port number of Phe membrane, As describéd in section
2.2,2b,the e.m.f. of such a concentration cell is also
affected by the water transference and can be'caiculated
from equation(2.68) if the lonic and water transference
numbers of the system are'known. Since bOth these factors
are dependent on the concentration of the external solttion
and éince this is different on each side of the membrane,
" these properties must vary across the thickness of the
membrane. The values used in equation (2.68) musﬁ; there-
fore, represent some average of these terms for the mem-
brane as a whole. In calculating the results shown in
table 2.15; the values used were those for the membrane
in equilibrium with a solution whose concentration,waé the
mean of those used in the concentration cell., - Table 2.15

shows that the values of the e.m.f. so calculated are in

good/
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good agreement with‘the observed values, thereby, not only
confirming equation (2.68) but proving that the values used
in this equation represent a very‘good estimate of the mean
properties‘of the membrane. This is particularly interest-
ing in the 0,5/1.5 molal cells, since at these twd concen;
trations the membrane properties are quite markedly dif-
ferent.

Moial concentratioq units were'used in the concen=-
tration cell experimenté since the water and salt activities .
are given in the literature at integerl molalities. The
efror resulting from use of the values of the membrané
properties associated with the corresponding molar concen=-’
trations is negligible.  Even at 1 molal the difference
betﬁéen the molai and molar concentrations is only approx;
2% which would give an error of less than 1% on any of
the membrane properties, i.e. an error less than the un-

certainty associated with each e.m.f. measurement.
! .
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Electro-osmosis and Water

Transference numbers.

The concentration dependence of the electro-osmotic
transport of both membranes is quite normal, showing behav-
iour similar to that observed with a number of other mem-

(8%) (107) (108)

branes. The water transfé?ence number
for both membranes is fairly high at a solution concentra-

tion of 0.1My and falls, with increasing concentration, as

shown in table 2,11 and figure 2.15. At 1ow'concentrations,§

the value for the expanded membrane is some 50% greater
than that for the hormalione, but at 2.0M, the difference
is only approximately 10%. This demonstrates the effects
of the two main factors affecting water transpoft - water
contént and ionic concentration in the membrane.  The
increased water content of the expanded exchanger alloﬁs

a higher electro-osmotic transport, thus at low external
concentration the water trahsference number of the expanded
membrane is much greater‘than that for the normal one., As
the external concentration increases, so the water content
of both membranes decreases, reducing the electro-osmotic
flow. As shown in section 2{5.1, the ratio of the water.

contents of the two exchangersat any given concentration is

constant over the whole range studied; the lowering of the

C60E water tran$ference number relative‘to that of the»C.6ON

R
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T

T TR g
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membrané, must thefefore; be a result of the increased salt
urtake of the expanded exchanger, The electrolyte uptake
of the CH0E ﬁembrane is greater than that for'the C60N |
membrane (tables 2.1 and 22). Thus, while at 0.1M there

are approx. the same number of mobile ions in both membranes,

as the external concentration increases, the C60E membrane
has én ever i ncreasing excess of mobile counter- and co-ions
relative to the CEON exchanger. The number of moles of
water associated with eaéh ion will therefore fall more
rapidly fo? the expandedjmembrane, and hence the electro-
osmotic transport will also be feduced by a gréater amouht.
A number of authors have found that the electro-

osmotic transport of‘watéf in ion-exchange membranes is

dependént on the current density employed in the measure-
(73) (107) (108) (109) (110) (111) (112)

(107)

ments. Lakshmin-

aray-amnaiah reports that at concentrations of 0.1M
and below the water tranéference number increase with de-

Othopl @s) ace) {179)

creasing current density: have found

no evidence of this phenémenon. The effect of the current
density on the ts value in the C60N and C6OE membranes was
examined in this study iﬁ particular at the lowest concen-
tration studied, 0.1M, and the results are shown for this
concentration in table 2;18." There is no deper‘lder‘lcerof.t3

!

on/
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on current density for either membrasne and this obserVation4

was confirmed at the highér concentrations.

-

The electro-osmotic %ransport in ion-exchangers is a
very important property, ﬁaving many far reaching ramifica-
tions. The effect of the water flow on the membrane trans-
port number and conductivity has already been discussed in
terms of éléctro-convectivify and it was seen that this -
phenomenon contributed largely to the eycellent nermselect—
ivity and to the high conduct1v1ty exhlblted by both mem-

' brqnes. " There remaln two further interesting features of
the water transference numher - its linear relationships to
the counter-ion transferehce number and to the 53/31 ratio.

(68)

Wihger‘Ferguson and anin and Stewart and
Graydon‘(“5%) noted that in their studies, there .was a
linear relationshin betweén thé counter-ion and the water
'transference numbers. This linearity is also found in the
C60N and CAOE membranes used in this preSent study, as
shown in figure 2.16. The error in ty required to fit
_the straight line is approx. 2% i.e. within the experimental
error, This linear relationship between‘tl and £3 has

been/
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been used to grent advanfage in calculating the frictional
coefficientsvof 2ll the épebies in the membrane, and hence
will be dealt with more fully in section 2.6.%.

(114)

Kressman, wofkiﬁg on the cation-exchange mem-'
brane TNO 60 which is almost identical to the C60 membrane
used here, found that with the lithium form of the exchanger
in lithium hydroxide solution, the relationship‘between tl”
and t3 was linear until t, fell below 0.8 when the cufve
deviated markedly from linearity. The counter-ion trans-
port numbers for this syﬂem fell rapidly as the external
concentrétion‘increased,gprobably as a result of the high
mobility of the hydroxide co-ion. It may be that investi-
gation of the t3 - t; relationshipo in the C60 membran@s
in sodium chloride solution of much higher concentration
would also feVeal a similar deviatidn from linearity, but
over the range stﬁdied, the linear relationship was main-
tained. |
Spiegler (21) has proposed that for very porous mem-.
branes studied in the leached cdndition, a large part of
the water molecules can remain at a distance from the matf
rix., = This reduces the frictional interaction between the

water and the solid matrix. With this assumption he then

proposes/ !
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'proposes‘that his equation (43) would reduce to,
ty - H=88/8 - | (2.103)

where H represents the hydration number of the counter-ion
"and 6§ is the concentrq?iod of free water in the membrane.
For a membrane which contains sorbed electrolyte, the
above eduation has to be somewhat modified, as shown in
Appendix A.10.

If no assumptions are made concerning the state of
hydfation of the ions, then the expression (A.10.7) becomes

(g = Paocqlty - 1:2‘)/(6l +c,) | (A.10.8)

A plot of ty against 53(t1.- t,)/(cy + ¢5) should then‘be 2
straight line. The nlots for the CAON and CHOE mem-
branes are shown in figure 2.17. The relationship 1is
linear for both membranes and the value of P is 0.45 for
the normal membrane and 0.54% for the'EXpanded form. The
two plots intersect'on the t3—axis where t3 is:2.0. The
concurrence of the two plots at this point suggests that
the'finite intercept on the t3-axis_is‘due to the hydration
of the ions and is not a function of the membranes,-

If the effects of hydration are specifically included
in the calculation usingbequation'(A.lO.Z), then the plots

obtained are shown in figure 2.18, The relatiqnship

between/
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between t% and.Eg(tl-t2)/(5f52) is also linear for both
membrsnes the values of P* being 0.50 and 0,58 for the

" normal and expanded membranes re®., and ihe two plots again
intersect on the t3-—axis.~ Therpoint Qf intersection with
the axis is dependent on the wvalues of the hydratioﬁ num-
bers used for the ions, although the slbpes of the lines
are unaffected.

There are two ways in which the term'gg(tl-té)/(aféé)'
may take a zero value: v
(2) 1If ¢% = 0, then the free water conceﬁtration in the
membrane is zero and the only flow of water is that of
“hydration water. Since t§ neglects hydration wate? flow,
then t§ must-also take the value zerb. _ '
(b)) If t; = t,, then the transport numbers of'the counter-
and co-ions are ecual and the free water transported in
each direction must be equal. Therefore, no net flux of
- free water occurs, and again t§ must be zero.

These considerations imnly thatwthe tg againét
Eg(tl-fz)/(61+62) plots should pass through the origin-of
the co-ordinate system., Using H2=Hu = 0.9, (38) tﬁe'value‘
of H, which fits this requirement is 3.6 as.shown in figure
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2.19. This walue for the hydration number of sodium,

" although larger than that obtained by . Glueckauf (38) is
not at all unreasonable when compared with some of the
values obtained in aqueous solutions. This value of Hl
depends on the values taken for H, and I , particularly
that for H, . The greater the value of H,, the smaller

the value of Hl required to fit the above conditions.

A plot of t, against 53/61 is also lineaf, the points>
for both membranes falling on oﬁe line, as shown in figure
2.20. By neglecting the effect of the co-ion in trans-
porting water, this relationship attributes to the counter-
ion a degree of hydration which is far in excess of its
true value, and hence, the intercept on the t3-axis is
negative. The interest in this equation is the co-incid-
ence of the plots for the two membranes. The explanation
of this phenomenon may be éeen by considering the fofm of
the expression for t3. The water trahsference ﬁumber,may}
be written

t3 = J3F/I

TP/ (2077 + ZQJZ)F.' = (2.6q>.

" H

I3/(2 7y + 2575)
Ir/ | ’
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If J2 is small compared to Jl as it is in the exchsangers

studied here, then,

t3 = J'3/zlJl ' | 0 (2.10%)

J3/J1 (since‘zl = +1 for a cation-exchanger)
Thus if V3/V1 is a constant, then t3 is proportional to
'EB/Ei., Calculations for both membranes show that within
experimental error the value of v3/vl is-indeed constant

and ecual to 0.59., This means that in the electrical

"potential gradient experiments, the linear velocity of the

counter-ions is 1.7 times that of the water, and explains
why the plot of tg against'€3/61 is linear and coincident
for both membranes.

"The ty against Ej/Ei plot does not pass through the
origin as might be expected from the aboye calculation.
However, the values of 33 used to obtain the plot are the

total water concentrations in the membrane. =~ Since some

" of the water is present as water of hydration of the ionic .

species, the value: of'Eg which should be uséd is less

than the total water concentration.

()

A number of workers: have observed that the water
(68) azn (1B transference number is approximately half
the ratio (EB/Ei)‘ ' The value of 0.59 found in this study

falls/
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falls within the range of values exhibited by the other
membranes studied in this way. The explanation of this
recurring factor may be found by considering the frame of
reference used in membrane studies, namely the ﬁembrané
itself.,  Under an applied electric potential'gradient ahd
on a solvent fixed frame of reference, the counter-ions

and fixed charges would move in onposite directions with
velocities of vi and vﬁ respectively. Changing to a
membrane fixed frame of reference, the counter ions now
have a velocity of Vl:Vi + vi and the solvent a velocity
of v3=vﬁ. Thefefore, the ratio V3/Vl is equal to

vy/(v{i + v{). Since 1 and k4 are both ionic species, their
velocities might be expected to be similar, so that the
ratib:v3/vl takes a value ofvapproximately O.5Ias observed.

(21)

Spiegler's' equation (43) may be written in terms

of the frictional coefficients, R13 and R3), which will be
~used in chapter 4, and the relation then becomes

I3/9y = -°3f51 23 (@R /RaR 5y (2.106)

Anticipating the values of Rl3and R}+calculated in chapter
4 using a completely different method, the values of t3
for both membranes in 0.1M sodium chloride solution may be
obtained. In table 2.19  these values and the measured

vélues are shown, and the agreement is fairly good Showing

that/
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that Spiegler's pore model is useful for predicting

electro-osmotic transport in dilute solutibns,
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2¢5.8 | Osmosis.,

Yhen two aqueous soiutﬂ:ns of the same electrolyte,
but of different concentrations, are separated by an‘ion-
exchange membrane, a chemiéal'potential gradient is set up,
not only for the electrolyte but also for the water. This
water activity gradient is, of course, in the onposite
sense to that for the salt, and hence it might be expected
that salt and water flow would occur in opnosite directions,
the water flow being from the more dilute to the more con-
centrated4solutidn. This phenomenoﬁ is known as normal
osmosis. Nofmal'osmosis is found to occur in the case of
both the C6ON and the CAHOE membranes, the water flow rate
being shown in table 2.16. For both éoncentration gradients
studied, the flow rate for the expanded membrane ﬂaé found
to be 2-3 times that for the normal'ohe, an obsérvation
which is consistent with the higher water content and more
open structure of the CHOE membrane.

A compafison of the forces acting on the water shows
that in the 0.5/1.5 molal concentration cell, the force
is some ten times greater than that in the 0.05/0.15 cell
(table 2,17), while the water flow rate is only increased
by a factor of approximately 2,5. The two main factors -
producing this effect are the much reduced’wafer contents

of/
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of the membranes at the higher éxternal solﬁtibn concen-
trations and the increased salt flow occufring‘in the
opposite diréction to the water flow,'ahd prodﬁcing'a coupled
flow of water counter to the majin osmotic flow. Thisvlatter
effect is shown explicitly in the'non-equilibrium thermo-

dynamic treatment giveén in seetion (2.2.2b).
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249.9. . Salt flow.

Table 2.16 shows tﬁat,vas with the osmotic flow, the
salt flow for the C6OE meqbraﬁe is greater than thaf for
'~ the C60ON membrane, the factor in this case being approxim;
ately three.  The effect of using solutions of highef
concentration is much more marked, hdwever, in the case
of the electrolyte flow than it is for'thé osmotic flow,
The forces acting on the salt in both cells arebvery simiiar
(table 2.17) yet the salt flow is some thirty fimesgyeater
in the more concentrated solutions, a diréct result of the
increased electrolyte uptake of the membranes. The salt
flow is governed mainly by the éoncentrafion and mobility

(115) (116) (117) 4 10w

of the co-ions in the membrane.
external solution concentrations, where the electfblyte
uptake is small, the co-ion content of the e xchanger isvlow
and hence the salt flow rate is also small. At higher
concentrations, however; the co-ioh concentratioﬁ increases
rapidly and the membrane becomes a less efficient barrier
to salt flow,. The efféct of this enhanced salt diffusion
is to be seen in the membrane potential measurementsAwhere j
the e.m.f. of the cell falls off from its initial value |

much moré rapidly when external solutions of_high concen=-

tratidn are used.
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2.5.10, Conclusions.

The results and discussion above show quite clearly
the effect of the matrixjeXpansion on some of the transport
and equilibrium propertiés of the cation exchange mem-
brane AMF C60.,  As shown by the water content results,
the effect of expansion is constant throughout the range
of concentration studiedT The increased water content of
the expanded form results in a lower tortuosity for this
membrane with a consequent increase in the fiow rate of the
mobile species through the membrane. The tortuosity factor,
0, gives a very good fit over the entire range, the agree-
ment being better for the co-ion than for the countér-ion,
probably fér the reasons already discussed. cher work
on the same two membranes by Paterson and Ferguson (118) has
shown that for water diffusion, this tortuosity factor.gives
an excellent correspondence with the results from agqueous
solutions of the same concentration, éupplying further
‘evidence for this choice of correction. |

The exteﬁded form of the Nernst-Planck equation, which
includes the effects of convection but not of ionic inter-
actions, has been shown to work very well in prediciing the
nature of the variation ih conductivity of the ion-éxchange

membranes.,/ .
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membranes., The explanation of this good égreement is to

be found by considering the comrarison of the Nérnst-Planck
equation with the more rigorous non-equilibrium thermodynamic
treatment as shown in section (2.2.3). The difference

between the two approaches is due to the term 1., which has

12
been shown to be very small, even when the exchanger is in
eguilibrium with concentrated electrolyte solutions.

The effects of convection are very important in both
exchangers, especially in the more concentrated solutions.
At 0.1M, the convective conductivity contribution is more
than 50% of the total cohductivity, while, the relatively
"~ high COunter;ion transport numbers obtained for both mem-
branes even at the higher concentrations, is due largely
to the éffect of convection.

The CA6ON membrane displays properties which are very
desirable in an ion-exchange membrane, namely, high electric
conductivity and low co-ion transport number, " The expand=-
ed form has a higher conductivity but at the expense of a
slightly reduced counter=ion transport number, Even so,
the trénsport properties of this exchanger, in concentrated
solutions, are extremely good for many of the practical
applications of ioh-exchange membranes. -

The conclusions to be drawn from the transport data

on/
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on the two membranes studied, support the hypothesis that,
in many respects, ion-exchangers can be regarded as .concen-
trated electrolyte solutions and that many of the-relétions
used for these solutions can be sﬁitabiy modified by consid-
ering tortuosity and convection, to apply to ion-exchange

systems.
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Non-Eouilibrium Thermodynamic Apbroaéh-
Methods of Calculation of Results.

A number of methods of (calculatlon hpve been emoloyed
1nwkterm1n1ng the frictional and mobility coeff1c1ents from
the transport and diffusion data given in section 2.4.

Using only the data given in section 2.4, there is, unfor-
tunately, one more unknown than there are jndependént pheno=-
menological equations and hence some assumntions about the
system have to be made in order to obtain an estiﬁate of

2ll the onhenomenological coefficients, A number of éssump—
tions have been nronosed by other suthors, and each of these,
together with any new relations suggested by this present
study will be treated in the following sections.

In all of the succeeding calculations it has been
assumed that the average frictional and mobility coeffic-
ients jo and 1;j, used to deacribe the systems with salt
concentration gradients, are identical to those which apply
to the membrane in ecuilibrium with an electrolyte solution
whose concentration is the mean of those used in the concen-
tration'cell. There are no a opriori reasons for accepting
this assumption but the‘reasonable agreement between the

observed and predicted e.m.f's of the concentration cells

(see/
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(see section 2.5.6. and table 2.15) suggests that this

assumption is acceptable.
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2.6.1. Nerlectine isotone - isotore jnteractions.

This assumption was implicit in the theory presented

by Gpiegler,‘(zl)

and first tested experimentally by
(46) '

~ Meares, in which it~wasvsuggested that only five trans-

port and diffusional experiments were sufficient to give the

values of the major frictional interactions in the membrane.

‘Spiegler's equation ( 24 ) is ecuivalent to eguation
(2. 43 ) of this treatment, éxcept that Ryq1 and Rl2ivhavé
been omitted from Spiegler's considerations. Similarly
~in Spiegler's calculation based on the co-ion diffusion
coefficient, 322' was ignored. While neglecting the
isotope-isotope interactions, whether by accident or-
design, Splegler chose also to set 312 egual to zero. This

‘aséumption has been challenged by Spiegler himself (21) and

(22) (23)

by a number of other authors. It seems likely
that this assumption is not a good one and has not been

used in this present work. A number of aiestions have also

been raised concerning the validity of assuming that isotope-

isotope interaction is zero, (24) (97)'and it is one of the

aims of this study to ascertain whether or not this assump- -
tion applies to the membrane systems studied here. ;

Since only one assumption 1is required to enable a

complete/

i
|
|
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complete calculation of phenomenological coefficients to
be undertaken, each of the assumptions, Riqr = Q and

R22, = 0, have been made in turn and. the values of the
resulting coefficients compared, not only with bnelgnother,
but with the résults calculated from other, perhaps better

estimates,
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2.6.,2, Usines Mobility coefficients and assumine 1 0.

i

12
This is equivalent to using the five ecuations
(2.72a = e) and assuming 1,5 = 0 in order to calculate
the remaining five unknown d-coefficients. These five
l-coefficients may then be obtained and from them, by matrix
inversion, the‘frictional‘coefficients‘may be calculated.

As shown by Miller (9)

for aqueous electrolyte solutions,
112 is concentration dependent, tending to zero as c¢ tends

to zero. It seems probable then, that 1 in the exchanger

12
will tend to zero when the co-ion uptake is small, as is
the case for both the CAON and C6OE membranes in equilibrium
with 0.1M sodium chloride solution$s fhekratio c,/cy is
2.48 x 10”2 for the normal membrane and 5.42 x 1073 for the
expanded one. |

A method very similar to the one just described is
to use equations (2.56:), (2.61b) (2.61c), (2.70), and
(2.71), which were developed for the completely general case,
and then, in the light of the above discussion, to assume

that 112 and 1 are both zero,

23 |
‘Both of these methods afe_applicable only tp systems
where the co-ion concentration is low, i,é.'in this case to

the/
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the membranes eguilibrated with 0.1M sodium chloride solu-

tions,

2.6.3,. Assuming concentration devendence of 1 and 1

-13

23°

| In the preceding section it was assumed that l12 was
concentration dependent. If this assumption is extended
to include all the interactions of the ions with fhe water,
then this provides yet another method of obtaining s com-
plete analysis of the membrane system. The interactions
of counter- and co-ions with the(ﬁater molecules are ion-
dipole interactions and must thefefore, be of the same order
of magnitude. - Therefore, assuming the concentration de-
pendence of the l-coefficients, the following relation may
be written:

L y/,0= § /6, |  (2.107)
This relation can, at best, be regarded as an estimate of
1,45 but where ¢,> ¢y, the value of 155 will De small and
will not affect the values of the other coefficients signifi-
cantly. In theseAcircumstances, any reasonable estimate
- of 123 willibg sufficient to allow a complete analysis of
the system. This assumption will wbrk best where 62 is
small compared to &; but it may also be used at highe'r"c'2
' values to provide estimétes of the phenomenologibal coef -
ficients. | |
Some/
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Some direct support for this type of relation comes

from Miller's treatment of ternary systems (30), vhere

he used the mole fractions of the various speéies and the
véiues_of the l-coefficienfé in‘ﬁinéry systems to predict,
fairly accurately, the values of the 1-§oefficients in the -

ternary systems.
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2.6k, - Using the linearitv of the t3 versus‘tl plot.

The fact that t3 is linearly related to-tl (figure 2.16)
may be used to give a further relation between the frictiond
coefficients of 'the system.- Using ecuation (2.730) for

the case of an applied electric potential, where X 0, it

32

may be shown, on substituting t2 =1 -'tlvand rearranging,

that
ty= - (B2 " Py, g+ Boy (2.108)
R33 333 ,

Thus, if as in the present case, a linear relationship
between t3 and t; is observed, the gradient and/or intercept
of the t3-t1 plot may be ﬁsed to give a further‘équation
involving the frictional coefficients. Using this relation,
it is, thérefore, possible to give a complete analysis of

- the system without making any assumptions concerning the
values of the frictional coefficients involved. This method
may be used equally well over the entire concentration

range for which the linear t3 - tl relation is valid.

This mefhod of calculation is superior to the others
listed above since no specific assumptions concerning the
system are required and all the rlationships are experi-
mentally determined. It is, nevertheless, interesting to

compare the results so calculated with those obtained from

the above/

Y
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above assumptions and hence determine ‘which assumptions

best fit the experimental data.




_Estimated error in major |- and‘ R—cdeffiéientsj~fs *i5%.

ll'.ﬁ';" R-coefficients ' mole Jau]e Crn, Sec
- 1- coeﬁ‘;cxe.nts' mole jou.'lc cm sec
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Table 2.24a

“External solution: 0,1M sodium chloride at 25%c.

iRy x 10771 céoN | céoE 1.0M NaCl
cqRyy 9.9 | 8.2 2.4
¢5Rys 8.5 5.3 1.5

I 5,3%10 3.ux10"  o.bixi0”

Table 2.24Db

t

External solution: 0.1M sodium chloride at 25°c.

g o vz e

}gigiifmembrane) ‘ .
c4R, 4 (soln) CAON . ' .C6OEA
i=1 4.1 ERI
i=2 5.6 3.5
average(®,2) 4.8 3.5  _4
‘ C60N, - C60E. -
NOTE: © = 4.8 6 = 3.5
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2.8,  Discussion.

The discussion consists of comments'on,.and comparisons }
‘of, the values of the frictional and mobility coefficients
~ calculated for both membranes as described ahove, considéret
‘ing the 0.1M apd 1. OM cases separately, followed b&-generaiv

discussion of the trends exhibited by the results.

2.,8.1. C60N and C60E., 0.1M sodium chloride solutions.

Tables 2.20 and 2.21 show the values of all the ffic—"
tional c¢oefficients Ry gy calculated by a number of different
methods,, while tables 2.22 and 2.23 show the mobility coef=:

ficients, 1,., from which some of the R-coefficients have

ij? |
been obtained. The most interesting observation to be‘
made from tables 2.20 and 2.21 is the remarkable agreement
between the R-coefficients calculated using assumptions
2, 3, % and 5. As already discussed, in-section 2.6.4,AA

the values calculated using the tgtl relationship are con-

sidered to represent the best analysis of the system. -The

- fact khat three other assumptlons give almost 1dentical

results is indeed surprlsing and lends credence to the valid-

1ty of these assumptions for this system. ‘

It may be seen that the results obtained u31ng

essumptlon/
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assumptien 1, (Rll, = 0), differ considerably from those

obtai ned from the other assumptions. This suggests thaf
the isotope-isotope interaction of the counteréions'ishnot’;
ZEero. ,'The ratios‘Rfl/Rll~are 1.42 and 1.36 for‘the'normal‘

and expanded membranes reSpectively, values which, al]ow1ng‘

for the errors involved, must be considered to be very
simllar, if not identical. .vThe values of Riq: are

4.3x10M and -3.0x10tt

for the C60N and C6OE membranes
respectively. Since Ri11 represents a frictipnal interel
action between two species of the same 51gn it 'might be-
expected that the sign of Rll' would be p051t1ve (28) (113)
There seems little doubt: from the above calculations that

Ry11 1s negative but noeaxplanatioh of this anomaly is sug=-

gested at this time. ~ The magnitude of R+ 18 fairly large,

- almost of the same order as Rll’ and,therefore,'it has a

considerable influenee on the calculation'Of the other

R—coefficient values. This does not appear to be the'ease]

with R;51y since the analysis carried out neglecting th;S"

term -assumption 2- gives results very similar to thosedbiﬁif

obtained using the other assumptions 3, 4 and. 5.
The explanation of this can be seen. by examining

the two following equations,

c2/ |
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= = = - - (2.109)

o2 = Cafa1 T C3foy * ey |

- X - .

CoRont = €y (Ryy = Rysy) L
-3 = ' : . A (2.110)
= CoRon = CRoor R

In (2.110), c, R,y represents the frictional inter-
action of one mole of species 2' with those species 2fih
unit volume ih the vicinitye Since R,,' measures an.
ion-ion interaction its value should be of the same order
of magnitude as the other ion-ion interactions_particulafly
R,q and R,,. Therefere, since species 2 is a minor com= -
ponent of the system, c2 is very small and 02R2?, is small
compared to ¢;R,; and §R, , i.e. the terms of 02R22 .
Therefore, the differencée between 02 59 and c? 22 is"
negy;ble and the assumptlon that these terms are equal is
fairly satisfactory. A similar argument for species 1 and

1' shows why'ElRll, is a!fairly major term of clRfi ‘and

explains why the assumption that ¢;R;;, = O does not yield g

good results.

The difference between R§2: and R,, 1is only approx. .

14%, and since the error on the R-coefficients is considered .

to be of this order of magnitude, no good estimate,ofgange~j

" 1s possible.
No great reliance can be placed on the values of B ,,

Ry3/

PRI B e B N 38
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Ry and Ry, since their magnitudes and indeed, their

signs are dependént on the iuput data. Fairly large

variations in the values of these coefficients can be

achieved by using different t2 values which fallfwithin‘the

experimental error on this measurement. Much greater

aceuracy in the determination of transport numbers would

be required in order to obtain precise .val ues of the co-ion

frictional coefficients, One exception to the above is the

~ value of R23 which is calculated using the t3-tl'relationf

'ship._ Here R23 is obtained directly from the value of

: Rl3! one of the more precisely defined terms. ;

Since R12 like th measures the interaction(of,pOSitinl

ely and negatively charged species it would be expected

that the sign of these terms would be negative,

(28)

the calculated value of Ry, is positive. No explgnation

can be offered for this apparent anomaly except to suggest -

that since'the value of R

1o is one of the least accurate

results, no conclusions should be drawn from thlS discren-

 ancy. The sign of Rzu'ls subject to some variation de-

pending on the assumptions made in the calculation. Accord--

ing to convention, R

& should be positive since it measures

the interaction of two negatively charged species, ‘but like

i

whereas,

i



Ry, the value of R,y must be in some doubt and thérefore,'
no great importance can be attached to the‘Variations ob-
served. The other ion-ion interaétibn; measured by Ry

is precisely defined and in all cases is of the expected

~ sign,

The frictional interactions of all the ionic species |
with water, RiB’ R23 and'RSM, are_ailrof th¢ séme order ;f
magnitude, suggesting that the type of interactibn is .’
similar in all three cases. Since,speéieSAI:and 4 must
occupy similar regions of the exchanger, it ié'interesting B
to compare their values.,’ In all cases, the'valué of R3u
is lower thap,Rl3; the ratio R3)+/R13 havingva vélueAOf‘O.78 _
for the C60N membrane and 0.61 for the C6OE membrane.
For sodium chloride at 3.0 molal, the ratib;of 323/R13 has
a value of 0.55., - Thesezresulfs are not strietly compar-
able since in the éolution case, the ratio is a measure of ff
. the relative interactions of chloride and sodiﬁm ions with =
water, wherea$,‘inc the membrane it is a measure of the
interactions of sulphonate ions and pblymér matrix relativef 
to the interaction of sodium ions with water. The above ;Q;
result, nevertheless, indicates that the sulphonatefand;
‘sodium ions in.the membrane ihteréct withvthe_ﬁater:mole-inx
cules in a manner which‘is apélogoué to the tjpe of intef_fﬁ'v
action/ : i B | D '

4
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interaction encountered in aqueous solutions. This

analogy i; not.maintained.when the ratio R23/R13Ais,con;‘ |
sidered.  The value.of this term is largely dependent on
the assumptions made but inh all cases it is greater than
unity, (values in the range. 45-10).  This is not éimply a
consequence of the inaccuracy of R23 sincé}the t3;tl re-
lationship gives R23/Rl3.as'4.8 for the normal membrane

and 4.7 for the expandedAone. A1l normal cotlon—solvent
interactions are preater than the corresponding anlon-; |
solvent 1nteract10ns,(9).hence it is difficult to account fdr
this anomalous behaviour observed in the membrane"systems. |
The explanation may lie in the fact that the counter- and o
co-ions occupy dlfferent regions of the membrane, the
counter-ions being concentrated in regions of high charge-
density and probably low water conteht, whereas the co-ions
will tend to be found in regions ofllow cross-linking and
high water content. The results in chapter 3 show

that most of the counter-lons are in reglons where the

ratio c3/cl is considerably less than the average value fo?
the membrane as a whole.s The co-ions, on the ofher'hand, ;
are to be found in the regions where -the 63/51 ra#io is

. probably far in excess_bf the’averagé valgeQ It mgy'be5 :
therefore, that when the values of Ry, and°323vare calculated

using/
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using the average value 53/31, 313 is diminished andvﬂé?

enhanced.

It can easily be shown that 03R33 which is the sum of,
the frictional coefficients between one mole of water and

all other species per litre in the surrounding membrane
_system, is less than either & Ry or 5,R,y; ‘,thereb:;-r
explaining the relative ease with which the water is trans-
terred through the membrane under’ an applied‘water.chemieel‘
potehtial gradient.

Comparisdn of the ?alues.ofvthe frietional coefficients
. for the two membrane systems reveals that without ex ceptlonb
the interactions in the expanded membrane are less than
in the-unexpanded-form.: This result is 1n.agreement |
with the theory that the heat treatment expands the mem-
brane, reduces the drag! exerted by the membrane on the var- .
ious species, and hence increases the permeability of all .
the,mobile components of the system. . The ratios of the }
correspohding Ry 4's for the two membranes are in thehrangef'
1.5 to 3 and most of the flows in the expandeq*membrahenare;
larger by factors of the same order. o

Table 2.24a shows the values of the terms 01R11 Ahzijﬁz
(1 =1, 2 or 3), for both membranes ‘and for an aqueous Py

sodium chlorlde solution of the same molar concentratlon. jf

The/ co
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The ratio c,R,;/c;R,; for each membrane is shown in table
2.24D. The average value of this ratio for the'normal mem=
brane is 4.8 while the value for the expanded exchanger
is- 3.3. In both ceSeslthese values are very close. to thef
values of the tortuosity factor. It would appear, there-
'fore,‘that the total frictional interaction of one!mole of
any species in the membrane with those other species invone 1
litre of the surroundlng system can be calculated from the
correSpondlna value in aqueous solution prov1ded the tortuos-
ity of the membrane is known. This suggeats that the,
increased interaction eXDerlenced by any species in the mem-

- brane phase is produced only by the 1ncreased contact of the
species due to the longer -diffusion paths w1th1n the noly~’
mer m?trlx, and that the type of interaction in’ the exchanger
- pores is very similar to that which occurs‘between these = ‘
species in agqueous solutions. | |

13/3

ship is very similar for both membranes 1nd1cat1ng that the

The ratio R 23 obtalned from the t3-tl relation-
counter- and co-ion water interactions have decreased by .
relatlvely similar amounhts, upon expansion of the polymer i
matrix. This is in sharp contrast to the difference in .
the ratio R3,+/'R13 for the two membranee alree@y disqusseﬁ‘lf
in/ ' o : ' R

{
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in this section. = Ry, must decrease more rapidly on
expansion than does R13.] This is not really‘unexpecﬁed,
since as the matrix éxpands and allows'entrY'to more watér,j{
a greater proportion of the water will be'at somé diSﬁanceq$
from the polymer chains énd so the interactioh R3MIWill ve
‘decreased. The interaction of the countér-—ionsiwith the
water molecules can occur at any pointfwiﬁhin fhé.pores ahdfg
s0 the effect of egpansion?pn_313€Will,be:less»ﬁhan‘on: :}‘ .

R3,+o
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l-coefficients,

The 1- coefflclents calculated by the assumntlonsl'
1 and “3, (see tables 2. 22 and 2. 23) are almost 1dentlcal,
as would be expected from the similarlty of the assumptlons.
The mobility coefficients calculated. assuming 113/123
= ¢,/8,, are, for the most part, very similar to those cal-
culated using the aboVe essumptions._‘ Significant devietions
occur only in the values of 119 and 123,'and these coef-
ficients are so small in comparison with the others that it
is dlfflcult to determlne them accurately. |

The terms,lii/ci‘represent an intrinsic mcbility'of
the species 1 and hencefitfis interesting tO'ccmcare these
values for the different mobile components in the memhrane,'
as shown in table 2.25.5 The intrinsic mobility of the 1
water is much greater'than that ofceither of the twe.ionicﬁ:'
species, which explains the much greater flow of-water peff
unit applied force, (see table 2.16).. The effect: o
of expansion of the membrane matrix, is to increese
the intrinsic mobllltles of all the mobile spec1es, the:_;ﬁﬁ;
effect being greater with the water than w1th the ions.f '7

 Using the 1, /l

3 3

assumption the value of 112‘13

found/
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found to be vepy small and negative for both membrane

‘systems.  Since it is difficult to obtain the exact value

of this term, its Vélue in succeeding"calculations'wes taken“ 1

as zero. The negatlve value is obtained as a consequence
of obtaining the small term 112 by subtraction of two
‘large terms. Any small errors in these terms lead to
large errors in 1,,. Fortunately the values of '1,, and
123 are relati?ely unimpoftant in the metrix'inverSicn-pro- 2
cess to give the correspcnding R-coefficienfs}

Two equatlons relating the value of 112 to the values

of other l—coeff101ents have been given by Splegler (21)

22.)

and by Staverman, and these relations have been usedlhk
to estimate the magnitude'of this term. The Splegler
ecuation, which arises as a consequence of the model of the
system which he uses, is &12 33 13 23 The values so
calculated are given in table 2.26 together with those cal-‘
culated from the Staverman equation, 1., 13 = 23 ll’ Theseil
values can be iittle more than order of magnitude estimates n
~of 112, but they show that this term is small end-of the

same order as 1 21 thus conflrming that 1t may be taken as

2

zero without significantly affecting the other 1- and R-coeff-?

icients., ‘ A - 1_ 77",71F‘;'

Using/

S
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Using the 1- eoefficients calculated by use efbassump-f
tion 3, (tables 2.22 and 2. 23), it is possible to predict
the salt flow across the. membrane for a given chemical
potential gradient, This may be done u51ng eouatlon (2. 70)
which has not been used 1n determinlng the mobllity coef -
ficients. The predlcted and observed values of the salt
flow are shown in table é.27. In both cases,‘the predict-
ed values are somewhat higher (by -approximately 10% for the
C60N membrane and 20% fof the CAOE membrane) than the observ-
ed values, = a consequence ef ignoring 112.; The agreement
is considered very good indeedin the light of the error on
ts and hence 1559 and'tﬁis censtitdes a valid method for
predlctlng salt flows from electrical transference data alone
(tl,cht3,K) for membranes with low electrolyte uptake‘
| where 112 and l23 are negligible, _ "

A1l the l-coefficients are larger in the case of the
expanded membrane, indicéting not only increased permeabil-
ity of the mobile speciee under the eppried forces, but also |
the increases in the coupling between the flows of the
S‘pec:‘Les, as measured by the cross-coefficients. A ouan-e;ﬁ

titative measure of the degree of coupling is given by

(121)
Qij defined by,

ay 211y

" -
14 -
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Int his sytem where 52 ié small, the most interesting,}
coupling is between the ¢ounter-ions and thevwater;‘v The
degree of coupling for tﬁis interaétion q13, vis;O{59

for the normal membrane and 0.61 for the expanded form.

' These values must be considéred‘identical-within fhe ex-
perimental er-or. The much larger water trahsferénce num-
 ber of the expanded membfanevtherefore,is not a result of:};
the greater xbupling between counter-ions:and_Wétér:but is:vfj
a conseQuence of the greéter value_of'l'l3 for tpigfﬁgmbrane;f'

‘as can be seen from‘equatibn (2.71),k7f“: g 
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2.8.2. CéON and CéOE. 1:0M sodium chlorlde
- eolufwons.

The frlctional coefflcients for these systems are
given in tables 2.28 and 2.29. Ow1ng to the much larger
value of 52 observed at thls higher external concentratlon, :
it is no longer.possible to assume that l12 1s zero. Exemef
ination of the results reveals that there is not the great
measure of'agreement between the different essumptions as
was observed at.,0.1M, - ﬁor the reasons discussed in‘

section 2.8.1, the values calculated assumlng R, to be

11t
zero must be considered unrellable and they will be exclud-‘
~ed from the succeeding dlscu331on. - The assumptlonf |
that R,,, is zero fails to produce such good agreement .
| with the Rl3/R23 assumpfion, a fact which*sugéeststhat
R22, now represents a sighificant fraction of'R22Jso that
the RY, Degins to differ from Ry,. The 1,4/1,4 assumption
produces results which are closer to those from the
R;1+ = O assumption, and;so-they must be in some doubt.
1 is now fairly large,’and hence a more accurate assess=
ngt of its value is required than is glven by the relatlonfe
1sg =(c 5/¢q) 1q 3 f

Since the value: of" R13/R23 has been obtalned from
eXperimental data, the frlctional coefficients. calculated
from/ o L g o f:' ' v:'x.ILi'

{
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this relatlon should represent the best estimates which can.
be achieved from the existing data. :Mevertheless, these :
values, like those obtained from other assumptions, must
suffer from inaccuracies resulting from the assumption.
that the R;j‘s used in‘the concentration gradient exoefi-t"g
ments are identical to the RiJ's which apply to the systems
without concentratlon gradlents. This assumptlon is prob-
~ably 1ess accurate than for the 0.1M situation.

Assuming the Rl3/R23 treatment glves the true value of g
Rll then the values of Rll' are found to be -2, 6xlO 11 and
-2.3x10 11 for the normal: and expanded membranes.respectively,
values which are slightly lower than thOse_obtainbd at,;,.
0.1M but probably not significantly different.bv-Simiiar
calculation for R,,, gives vaues of -8;0x1011 for the C6ON

11 eor the expanded form. - The‘accuracy,

" membrane and -6.4x10
of these estimates is probably not very high Sincevthey are;y
obtained from the difference of two large'numbers;Awhose |
magnitudes are con51derab1y greater than R22,. A'n’

The values of c Ryl =1, 2 and 3) shown for both
membranes, in table 2. 30, do not exhlblt such. good agreement
with the tortuosity scaled solutlon values, as was observed

for the more dilute solutions.’ For both membranes, the

value/
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vdl ue of ciRii caloulated from assﬁmption 3 of tebles
2,28 and 2. 99 are lower than the average values ‘which in-'ti;
clude the other assumpt;ons.’» Although the agreement with “A
the solution values is:poor, these results show that the ,’;f
frictional interactions within the membrene are greatly‘,A
‘inereased over those in free agueous solutioh,;by a‘fector
of the same order as the tortuosity factor.’

Since the co-ion is no longer a minor component of
‘the system, the values of the frictional coefficients ih-ff
volving this species, beeome more sccurately defined.endv
are, therefore, more worthy of comment. The values of R12.h
for both membranes are agaln positlve as was found for the}i'
' 0.1M solutions. In this case there seems little doubt
that this is a fealleffeet and not simply a conseqﬁence,of.fl
the method of calculation; The phenomenon of s‘het repul-go
sion between two ions of opposite sign is dlfflcult to . h |
understand. The explanation may lie in the heterogeneity
of the membrane and the fact that the. co-1on 1nhab1ts reglons
of the exchanger where the mean counter-lon concentrqtion ,
is low. Treatment of such a system as homogeneous may 1ead
to cross-coefficients. of the "Wrong" 51gn.k Certalnly, 1n
’truly homogeneous aqueous solutions, the cross-cqefficients !

between/
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between ions of opposite.sign aée negqtive;(g)

Tn most cases the value of Ry, is positive, indicating ¥
a repulsive interaction between the'coéion'and‘the méirix e;;
‘as might be expected, while‘all the values of Riufareiﬁegafif;
tive, in accordsnce with the attractive intefaction which i
this coefficient measures, v | | |

The ratiO“R13/Rg3 obtained from each set of R-coef -
ficients is of interest. From the t3-tl relationshln thls"e
ratio has the value of,epproximately.0.2l for both membranes;
Assuming R,,, equals zero, gives fhe values O;3vehd;0.5, |
‘while assuming that 113/123 = 51/52, the ratio becomes'l;ori,
and 1.3 for the normal and expanded membrenes res?ecti?ely.fee
This last result indicates the similarity.of frictiohal, :
intefaction between the counter- and co-ions and the water,
~which is implicit in the 1)/1,, = §,/5, relation. The
~ values obtained from the! two other assumptions'give‘ratiosijf
which show the interaction of the co-~ion with Waﬁer-to be
greater than that of the counter-ion with water,asurnr131ngf?
result which has already been discussed at some length 1n?*¥e
the section sealing with the 0.1M solutions. 7"

The values of R34 are somewhat unusual, (tables 2. 28fig_
and 2.29), taking pos1tive and negative values, depending
ﬁ'on the assumption used in the calculation. Posltlve | |
values of R3h would indicate that the pelymer matr%x“was‘ _
exerting/ | . L
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exerting a greuter hydrophoblc influence than the hydroohllic'
effect of the fixed charges, 1hereby produ01ng a net repul- e
sion between‘the'matrlx and the water. It is possible.»i"j
‘that such a situation could arise, although much more'infor~§f
mation about the mechanism of the shrinking process would ,'ﬁ
~be required in order to discuss this nhenomenonleVen in
gualitative terms. However, it is p0551ble that the 51gn .
variation in this term is. 31mp1y due to the method of cal~ |
culation. 3h is obtained u51ng,equatlon.(2.74) and, ﬁ
therefore, must contain the'errors accummulated in the
‘calculation of the otherffrictional coefficients, Thesev
errors may be large enough to produce the observed‘effeots.
As for the 0.,1M case, the_effeet of membrane‘expanSion.;
is to reduce the frictional interections of‘all’the,speciee.'
The ratios of the corresponding ~frictional eoefficients for
the two membranesg are moétly in the range 1.5 to 3.0,‘showing
similar values to those obtained in the more dilute solutions
and comparing favourably with the ratio of the permeabilities

of the various Specles through the system. :




TR

gbu .

l-coefficients. o

The increased uptake of co-ions at the higher eXternal*f{

concentration allows calculation of values of 112.

' These
values cannot be compared with those predicted from the<.

T T T T PR

equation of Spiegler (section 2.8.1), since, of course,

this relation was derived assuming‘c2 as zero. . Staverman,

(22
however, has applled his” relatlon at hlgher concentretlons, :

~and a comparlson of those values predlcted by this relatlon
and the observed results are given in table 2, .31. For
both membranes, the agreement is poor,'although 1t is ,'
slightly better for the expanded form. It apnears that
this‘relation can be used to give only an order of magni-_
tude for 112,'although'iﬁ must be remembered that ther |
'Vvalue of 123 reguired by the equation is also in some doubt.o
Comparison of the values of the 1-coefficients for the
normal and expanded membranes, -'table 2. 33, - shows tnatb
they are all increased as a result of the expansion. '\This}f;
fact not only explains the greater nemmeabilities‘associated?
with the C60E membrane, but also why the water transference
numbers of the two membranes have smaller and more s1m11ar‘;k
’kvalues at high external concentrations. Examlnatlon-of .
equation (2. 6lc) reveals that as the value ‘of ‘the ratio f‘
23/113 increases, Yo the ralue of t3 w1ll decreasef'rZALsdri

"since/
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since the value of 123/113 increaéesvfaster'fof the expanded; 
mémbpane as the concentration increases, so the water tréns;i
ference number will decréase mofe rapidly than for the |
.normal .form, : »' | - |

The intrinsic mobiiities of the“species in thé'mém-
brane as defined by the relation 1ii/6i‘are shown in table
2.34, As for the dilute sdlutions, the value fOf_the water
‘is much greater than for either of the mobile ionic. Specieé.
The counter-ion mobillty is greater than thﬁt of the co-lon,'
- a result of the choice of reference frame, - and of
course, the values for the C6OE membrane are greater than *ch
“for the normal form.i | . . » o

The degree of coupllng between the counter-ion and _
water dy3s is. 0. 63 for the normal membr?ne and 0. 6l for the;

rexpanded:form, these values being 1dentica1 within.the

| experlmental error.
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2.8.3. Concentration denendence of fr10t1onnl
] and moh11*tv coefficients. .

(a) Fr1ntionq1 coefficients,

The normalised frictional coeffwcvents'ciRl.‘show
considerable variation as é result of wvarying thetytefnal’
solutjon concentration. In all cases except one, the fric-
tional 1nteract10ns are greater when the membrqne is in
eouilibrium with a solutlon of higher concentratlon. This
-is reasonable, S}nce, on 1ncrea31ng the solutlon concentra- :
tion, the membrane shrlnks thus bringing the various species,
into closer proximity Wlthln the'pores and hence increasing.
their interactions with one another; whether this interaction
be electrostatic in natufe or e result‘of10011ision3'be?
tween the molecules or ions. i The increased tortuosity of
the paths along which the'mobile.speeies are forced to dif—

fuse also tends to increase the total interaction of each

species. In view of these changes the value of 33R33 for

" the C60E membrane ir 1.0M solutionj as calculated by

assumption 3, (tables 2. 29 and 2. 30), seems anomalously 1ow

especlally as the other assumptions give results Wthh fit f;

better into the trends‘observed.for the other coeff1c1entsfo:

and/
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and for the other membrane.
Since the dlffusion coefflcients of the moblle species,

in the membrane. ean be predlcted fairly accurately by

applying a tortuosity faetor to the corresponding solutlon

values, and since

Py =

o=
- 13
??nl

(2, 43 ,)

, 111
it would be expected that c R§

1’, suitably scaled for tor- v
' - tuosity, would also agreé with the solutlon values of thlS"'

‘term.  If ¢ R;yy is not.the dominant term in. c1 i then,
" the values of ciRii mlght also be expected to show a similar f
relation to the solution%values.' Although the agreement :
is not completely quaditatlve the results in tables 2 24 _
and 2.30 show that this type of relation does in fact ex1st.
It is difficult to assess accurately the effect of -

concentration change on the cross coefficients R13 and th
The general trend appears to be an increase in the frlctlonal
interaction with increasing concentratlon, although in many
cases the inecreases are insignlflcant and in one or tw0~,*
cases, decreases are observed. As shown in tables 2. 39 and

1

- 2.35, the values of c3 13 ’ which: ‘measures the: total inter-]f

- action of one mole of counter 1on'with those water molecules

in unit volume of the-surrounding~membrane, ShOW,;ln fi j,

general,/
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general, only slight incfeases'with concentrationg whereas
CHR |, lncreases by a factor of approximately two, going

from O. 1M to 1.0M. This suggests that, whereas the total

~ interaction of one mole of counter-ions with water increases
only slightly, the interaction of the countef-ions withfthee
fixed charges is doubled, a fact‘which may account for the -
reduced diffusion.coefficients of(the;counter-ions et the
‘higher concentrations. - There is no evidence that-fhere"
is covalent bend fermation between the fixed charges and‘»
the sodium counter-ions in a polystyrene sulphonate exchang--,
er, () (93) but. there remains the possibility of some |
- form of ion-association which would remain undetectedvby“
the methods used so far, for studies of this nature. ';It;“
is possible, therefore, that at'higher concentrations,'there‘
is some form of.association'between-fhe counter-ions and

. the exchanger sites which would explain the fairly large“
increase in Ethh obsefved.for bothneﬁbranes. Indeed in
solutions of higher conceﬂtration the contrection of the’,SV’
diffuse double layers towards the 'Pore’ walls may be
sufficient to produce this effect. | ‘

| As the concentration increases, R Ryp becdmes 1ess
positive i e. it tends towards a negatlve value as mlght )

' be expected for an attractive interaetion54 ‘At the higher ’

concentration/
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concentration, a greatériproportion of the‘countér- and
‘co-ions must occupy the Same regions of the exchangef and
hence interact with One‘ahother,iwhereas5_af low éonceﬁ;‘ffi
_tration the co-ions probébiy only. encounter a small:fracé f
ton of'fhe total number 6f‘counter—ions. Caiéulations .
of the total interactioné on the basis of a completély
homogeneous mixture ofvcéunter- and co-ions may be the
explanation of the unusual behaviour of Rl |
24 is the least well defined of the frlctlonal
coefficients at-all_concentratlons and this is shown by
the variations in magnitude and sign of this:ferm under
differeﬁt assumptions, and it, therefore, merits»nd fﬁrther“
"discussion. | - | A o
The results show thét the effect of increasing cbn—
centration on the interaction betﬁéen the matrix and the
solvent? R34, is to reduce the attractibh betweeﬁ'them |
and even, under some assumptions, to producé a~ne§vfepﬁ1;t'
sion. ThisAeffect has“already’beeh‘discuSSed in§seéti§n€f3.

2.8.2,
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(b) o Mobilitf ¢oefficients.,’

Increasing the concentratlon of the external solutlon E
- reduces the values of 1;; and 135 for both membranes, the - 'x 
effect being greater for 133, buﬁ the'effecﬁ on lZZ'iS‘to'jii
produce a very large increase in this term owihg7£orthe |
vastly increased concentration of co-ion in the'exohenger
phase, and consequent higher permeability of this species.
It is easier to examine the effect of COncentratieh onvthese.
- terms if the intrinéic’ﬁbbilities, 1;4/¢;, are used. = Com=
parison of the results for the C60N and C6OE membranesv H
(table 2.25 and 2. 34) shows that the mobllltles of . all the -
species are reduced at the.hlgher concentration as‘expected.f
The ratios of the intrinsic mobilities at-O.leto-those , ‘
at 1.0M are given in table 2.36. The effect of increasing
concentration 1S very similar for the counter- and co-ibhs; 
in both membranes, the effect being slighfly greater invel:"
the C60N membrane. The water mobility is, however,

affected to a.cdnsideraﬁly_greater,extent in beth.cases. =
‘None of these increases is wholly'attributable‘to the in- ;;;
creased tortuosity since the value of the'fatioiei.o/go;i Y
is only 1.17 for both membranes;', -The'decreese‘ineintripeic
‘mobilities' must, therefore, in part be due to.ipereesedef ” °
interactions of the.speeies»within the membrahe’itself,7”

This/
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This may explain why the‘ziRij values at l.OM'arelgreater 3
‘than the corresponding splution values coprected fdr t¢r-

tuosity, whereas, at O.lM.the'agréément'betweéh these.terms“
is fairly good. i | " |

Like lllkand 133, 1i3 aléo decreaseé_as the ﬁembrane
shrinks, but 123 increases due to the gfeatly ihcreased
salt uptake at the‘higher external conéentratidhs. ‘ﬂThe’
effect of these changes on the water transférénce h@ﬁber o
has already been mentioned infsection 2.8.2.“>

Since 1., is not'Weli defined at 0.1M, it.is'not
possible to determine its dependence on concentration; |
although it seems likely' that it will'ihcrease'wifh increés;.
ing concentration of-the'co-ion in the exchanger pores. '

The values of g4 are not parﬁicularly’senSitive to
the effects of concentration-changes. _ Thé values of this
term at the two- concentrations studied'are;"within the
limits of exbérimentélierror,widenﬁical. L

p) o




212,

2,84, " Conelusions.

Thevpreceding sections have,shown how_frictionelfand
mobility coefficients in memb;ene'SYSﬁems,ﬂmav-be cal? :'
culated from diffusion and transport date, and there are a .
number of conclusions and generallsatlons which may be
‘drawn from the results,

- It seems fairly certain that the isotoheéisotOpe fric- -
tienal intereetion for the counter-ions,'Ril,,is’nonfzero,
and is of the same order as Ry itself.  The heglect of
this term in many membrane studies must have considereple -
effects on the results obtained. On the other hénd,
although R,,, may be of the same order of Rll; it'isvsmali
in comparison to‘R22 and,itherefore, its omission only )
begins to have any significant effect on the results when
ﬁhe co-ion upteke is large and R,, ie reduced.,- These con- e
clusions confirm those ofchattergood and-Lightfoot (57)
who found that, in a system similar to the one studled here,f;
isotope-isotope 1nterac»10n was a major term. The value |

of R,,, for sodium counter-ions calculated from thelr  ;*"‘”'

11

11

results is -6. 2x107";a value which agrees well with the
values obtained in the CGO membranes, ‘not* only in magnltude

but/ ‘ ,- R o
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but in sign. The valﬁes of Rxl/Rll'for the CédN'and
C60E membranes fall in the range l 2 = 1.k, In aqueous-’
solutions of sodium chloride of comparable concentration
this ratio has the value of‘approx. 0.80. . Thus in aqueoﬁs';
solutions Ry, is positive in contrast to the negative
values obtained in membrene systems. vThis discrepancy e
is as yet unexplained' | o

It appears that when the co-ion uptake is low, therei
-are a number of assumptions which may be made 1n order to
reduce the number of 1ndependent transport properties re-tﬁ
quired for a satisfactory analy51s of the system. B These,'7}
include: (a) settlng 1lé equal to zero, (b) obtalnlng l23 ‘l
from the relation l23 113, (c /cl), and (c) settlng 322'.,
equal to zero. . However, the most reliable results appearv:‘
to be those obtained from thelratio Rl3/Ré3celculated'from |
the ty-ty relation, Since 511 the data used in such a treat-3
ment is experimental and no assumptions are required, thlsj 8
method must yleld results as accurate das the data allows. 3Fr
The only doubt concerning this approach is the v1olat10n‘;}?.

of the R requlrement, obtained .in the CéOE

232& Ry, « Ry3 o
membrane in 1,0M sodium, chloride solutlon.;_ Like all other“
treatments of membrane systems, this method of calculatlon

of frictional interactlons must ultimately rely on the

validity/ R Y
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validity of treating the membrane as a homogeneous nh

which . is sometimes. a doubtful premise. <The degree

of heterogeneity of the‘system may well be the explanationir

of a number of anomalies which have appeared in the cal=-

culations. The low value of the Rl3/R23:ratio and the'_j

| positive values obtained for R12 may be a result of inhomo- -

geneity of the membranes which allows the'sorption_of salt
in regions where the fixed charge and hence. the'oounter-

ion concentration is low. In the absence of 3 sultable

3-tl relatlon, the assumptlon that Rg?, is zero, glves the |

‘best estimate of the frictional coefficients in the system.q_

The use of two membranes which dlffer only 1n their

"~ degree of e®pansion, has allowed an examlnatlon of the =

effect of such treatment on the propertles of the exchanger.'

.The-lnterestlng feature is not the greater permeability of .

all the mobile epecieS‘in the expanded membrane, but the

fact that, on expansion, most of the interaetions,between_molt
the species have been aftected in very similar WayS. N This:;'
suggests that the expan31on process has been uniform and. l"l
that it has not led to changes in the basic structure‘ofe'j;;
the membrane. ThisAproposal'finas‘supportfin‘thetreeglteijl

of the next chapter where it is;shown'that[the;expandedb7[;i*

membrane/ -
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membrane has a degree of heterogenelty only sligntly greaterr
than that of its normal counterpart.

When the sorbed electﬂolyte concentratlon is low,
it is p0551ble to use the specific conductiv1ty and co-ion ;;
and water transference-numbers to predict, accurately, the
salt flow through the meﬁbranes under an apolied salt con; .
contration gradient. Indeed, 1t is thls ablllty to predlct
the properties of such a system which makes the appllcatlon
of irreversible thermodynamlcs such a useful tool in the
analy31s of membrane processes. Knowledge of all the. |
frictional coefflcients in the system allows the calculatlonr
of the flows of any specaes under any forces applied to.the_u
system, at or around tneieiternalfconcentration,for,which’°
these coefficients are valid, and,prouided that,tne,flows 5
and forces fall within tne'region of'application.of_the.
| linear relationships betﬁeenihem. . Measurement of flows -
under, say a pressure gradient or a combination'of appliedpar
electric potentlal and pressure gradientsvvould test the _ij[

valldlty of the frlctlonal coefflclents determlned as - ﬁ

described in this chapter, and mlght help to explaln the

anomalies which have been observed. o

3
{
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CHAPTER THREE

Structural analysis of ~ . .
~ion-exchange membranes. .
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3.1. - Introduction..:'

|

 Until fairly'recently, it was assumed thefja'large
emount-of ion-exchange behaviour could be expléihed in
terms of a Donnan equlllbglum at the 1nterface between the
-resin and the solution phases, The application of the
Donnan theory to the exchanger as e Whole, includes, in its
implieations, the assumption that the resin structure is
homogeneous, i.e. that the'cross-iinkingiand space charge*.
density remain virtually consfant throughout the exchanger
phase. . | j
The Donnan law has found its chief applidatioh'in
explaining the phenomenon of electrolyte exelusionvand ih
predicting the amount of eiectrolyte'abserbed by the exchang-
er from an external selt solution by use of the well known
relation | | , o : '
T+ WY = ()3 (e
T v v
where m is the concentration of the sorbed .electrolyte,
M is-the concentration of the fixed charges, and m is the
concentration of the external solution. Y: and 7iére the

activity coefflclents in the solution and resin phase res—?-"

pectively, and all the terms are expressed on a ‘molal

- concentration basis.

For/
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For dilute external solutions where the electrolyte

exclusion is efficient, this expression reduces to

menl . (220 Gap)
_ + v 1 _

If the activity coefficient ratio (7§ ), is assumed
to be constant, - and for low values of the-external |
solution concentration this does not apnear unreasonablé, -
then equéti@n (3.2) may be written as |

FoCm2  orm=im® (3.3)
which is the form in which the Donnan law is best known. é

Equation (3.1) may also be used to calculate the
activity coefficients of the electrolyte in the exchanger |
if the capacity 2nd electrolyte uptake of the fesin are
known. It is this application of the Donnan law, uéing
the implied.homogeneous gel model for fhe exchanger, which
has produced some interesting énd unexpected results.

(122) cérried ouf a

In 1947, Baumann and Eichhorn
series of experiments to determine the electr01Yte uptake
of sodium chloride on the exchanger Dowex 50. From these %
results they calculafed the resin activity coefficienfs and :
found that as the external solution concentration decreased,:s

so the activity coefficients of the sorbed elec@;qlYte

" decreased/
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decrgased to very low'values, guite unlike the béhaviour of

solution activity coefficients. Purther investisations
'by a mmber of workers <193) (124) (195) (126) (127) (128)
029) (130)

confirmed the findings of Baumannand,Elchhorn,
some of the authors reporting resin activity coefficients

- (125)

as low as 0.01. Considerable interest has been shown
in these anoﬁ%&Sly low values and numerous explanations have
béen suggested. Bauman and Eichhorn themselves, suggested |
that this abnormal behaviour was due to imperfections in
treatingsa swollen resin as a homogéneous phase;_ Davies

(125)

and Yeoman could account for their results if it
were assumed that 5% ofvthe resin volume was oécunied by
voids filled with solution of the same concentratlon as the
external solution. Kraus and Moore (127) attributed the
unusually large uptake of hydrochloric acid by their
anion-exchangers at léw external solution concentrations, to
impurities in the resin,~notably tertiary and lower amines.
Freeman (131) proposed that the activity coefficients
of the sorbed electrolyte at low external concentrations
could be linearly related to'thoée at high concentrations ‘ 
by use of two arbitrary constants. The.first of these.
he interpreted as a measure of the amount of electfolyte
fetained on the surface of the exchanger, the second as a

measure of the impurities present in the exchanger and

capable/ . -
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capable of ‘absorbing electrolyte from the bathlngAsolutioh.
This theory has not met with wide acceptthe (132) and 1t
has been pointed out'ﬁhaﬁ in order to satisz,thé rélatioh;
ship, it must be assﬁmed that the fractional retention,
e, is 0.036 for hydrochloric acid and 0.087 for sodium -
chloride, on the same resin under otherwisé indentical con-
ditions.  Valid as the criticism of this approach may be,
Freeman's theory does point to the two most likely sources
of error in the'activity coefficient calculations, viz.
the retention of solution by the exchanger surféce~and
inhomogeneities in the resin itself. |

As mentioned aboVe, much of the eafly work,was
plagued by the.experimental difficulties of coﬁpletely
separating the resin phase from the eqUilibrating solution,
or of determining the volume of Solution'retained beﬁween
the resin beads after centrifugatién. When the electrolyte
uptake is very low,“adherence of even a small amount of solu-
tion to the exchanger surface induces considerable error in
the determination of the totél electrolyte in'the exchanger

phase. The introduction of ion-exchange membranes facilit-

b

ated the separation process and the work of Mackie and
Meares (81)'showed that, even when the efrorldue'to surface
. absorption was considerably reduced by the use of membranes

instead/
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‘instead of beads, the uptake, 'at low concentrations, was
still greater than expected from the 51mnle Donnan law.

In 1961 Gleuckauf published a series of papers (2) (38)
(133) in which he described a method of determining, unequi-
vecqllyz the electrolyte uptake of membranes even at very
low external solution concentrations; His results further
cenfirmed that at loﬁ concentrations the uptdke was larger
than would be expected for a homogeneousAsystem]obeying‘the

simple Donnan law,

It has been observed that the mean activity'coeffieients
of simnle electrolytes in agueous solutions of polyelectref
lytes also dispiay low values at low electrolyte concentra- -

(134) (135) (136) (137)

tions. Here, there is no problem
of phase separation and so this phenomehon must be regarded
as real and not simply as an artefact of the experimental
technique used. Various treatments have been given for

(138) (139)

polyelectrolyte solutions and a number of

(81) (126) (140) ;-
attempts have been made to extend these to 1on-exchangers. ~
A1l of these methods require assumptions about the exchanger ‘
,-system and freguently also require estlmates of prOpertles"

such/
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such as polymer chain length, number of monomer units between
cross links, etc.,'all'bf which make this approsch less

than satiSfactory.

| There are two ways of explainingithe‘iow actiVity'éoef-
ficients in the resin phasej' one is that thesé low values
are feal and are caused by the effect of the macro-ions on
the simple sorbed ions, the other that they are a‘result of
treating as homogenecus,'a resin which contéinsﬂregibns of
cuite different cross-linking and charge densi@y. : Thé‘first
of these finds support in the analogies drawn witﬁ polyelec~-
trolyte solutions and the low activity coefficients found in
them, and in recent tbeoretlcal studies of electrlcal double

(141) (142) (143)

. layer models for ion-exchangers. ‘These
theories suffer from the'séme restrictions as_mahy other ionQ
exchange theories, that a pore model in assumed;‘and var-
iations in the properties produced by deviations from the
ideal system, are dlfflcélt to predict. The resu1ts of Ram—'
an and PMR sneétrosc0ﬂy are 1nconclu31ve, for whlle they show
the absence of cpvalent bonds, (92) (93) (9h) (95) (96) (97)
they cannot detect aésociation of the small mobile‘ions with
"the large multiply charged molecule, induced by the charge

and/
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and dielectric effects, and giving rlse to abnormally 1ow ,

act1v1ty coefflclents.

(144)

Gustafson considers that the low activity coef-

- ficients are reel and not due to either faulty experimental
technigue or inhomogeneity of the resin, but rather tovthe
effect of the macro-iop on the small exchaﬁge and sofbed
ione., ‘He proposes that at low salt uptake values, the
activity coefficient of the co-ions is low, while the
'activity coefficient'of the counter-ions remain;virtualiy
constant. This leads to a low value of the mean activity
coefficient of the sorbed sqlt at low external solutlon con-.
centrations. In agueous solutions of polyelectrolytes,
however, Nagasawa,'Izumi and Kagawa (137) found that the
couhter-ioo activity coefficients decreased and the cofion
~activity coefficiente increesed with salt concentration,
except ét-very low salt concentrations where the-co-ion.activ-
ity coefficient showed a: decrease. » |
Marinsky, (145) on the other hand claims that Gustaf-“
son's results at low concentration show that resin hetero-
genelty contributed to the very low values of Y obtalned.o-k
Marinsky (Ak5) (146) has proposed that the actlv1ty
coefficients of sorbed salt in ion-exchangers can’be'treétedie
' and predicted using the additivity rule whieh has,been;

found/ | - ’»(



v" 223.

found to apply to polyelectrolyte solutions, (130) (137)
(147) (1I48) (14+9) (150) (151) ' S

This treatment predicts
that the mean activity coefficient of the sorbed salt de-
creases with decreasing salt uptake but thet the activity
coefficients do not drOp’tO the extremely small values ob-
tained in some investigations. (127).(1uh) These Very
small experlmentally determined values-of y+ are attrib-
uted to resin heterogenelty.

While it is difficult at present to estimate how valid
is the extension of the'polyelectrolyte theories in ion-
exchange systems, it is undeniablelthatvthe_ien-exchange
resins hereto treatedlas homogeneous gels,‘afe,fin'fact,
far from homogeneous. There is a considerable weight of'
evidence which suggests that inhomogeneitiesQin;the polymer
structure are eoﬁmon;'no matter how homogeﬁeous the resin’
may appear to be. This evidence.comes from a nuﬁber ofv
sources, among which are the dlrect results of fraction-

" ation studies of co-polymers and électron mlcrOSCOpy and the
indirect evidence of select1v1ty and electrolyte uptake
experlments._ : _— o

The work of Mayo and Lewis (152) has shown that

eopolymerisation of two monomerstglves»a polymey'ln whlch

the/
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the ratio of the monomers being polymerised into the polymer
chain is a function of the frection of monomer which has al-

ready been polymerised. This has not yet been demonstrated

for‘croes—linked poiymers.but it is reasonable to suppose
that to some extent, at least, this ﬁust. occur there also._ 
The implications of thls result for the copol ymerlsatlon of ,
for example, styrene and divinyl benzene to give an ion-
exchanger maﬁrix,‘is very imporant. - It is also important
to stress tﬁe effect of chain entanglement»on the properties
of the exchanger. The reéults of Miiiar ‘l531 (;?h) have
- shown that fhis phenomenon can have a very gfeat influence
on the properties of 1on—exchanﬁe materlalo. ‘Different
degrees of chain entanaelment within the ex changer may lead to
a variation in the structure of the exchanger which will B
have a considerable effect on such properties”as the selec-
tivity and elebtrolYte uptake of‘thekresin. |

Although'Gordon, (%) (155);using PMR3 could find no . -
" evidence of inhomogeneity in the exchengers’which he studied,4
electron micrescOpy hae yielded muchein'the way of evidence‘
for the theories of non-uniformity of<strueture.1Micrographs
are difficult to obtain, but thoee whichehaQe been peblished_
(156) (157) (162) show a marked degree of heferegeneity in
the/ : : T .
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the resin structure.’

Further evidence for non-uniformity of:fixed'éite j
distribution is to be obtained from the resultsvof.Reichen-
berg and MacCauley (158) wﬁo;.iﬁ'studies 6n.the selecti#ity
of ion-exchangers as é'functioh of>cross-1inkiﬁg, found it
‘necessary to assumevthat each of the sités within the ex-
changer could be classified into one ofithe»folibwing three
groups: . | | o ' |
(1) regiohs of low cross-linking where full&,hydfated ions'
can approach and little selectivity occurs; '(2> ;régions
~of medium cross-linking where tﬁe sizé-oﬁmthe fully hydrated i
ion may be a significant factor and (3) régionsAof:high L
‘ cross-linking'where fhe'energy involved'in hydration'of

‘ions will be the factor which controls'selectivity.

Perhaps the most interesting and comprehensive of the

(2)

non-uniformity theories is.that of Glueckauf, in which

he postulates,tq§t the abnormally high salt uptake.at low
concentrations is due té regioné of lowér than average charge
density which nevertheiess, still obey therDonnan law.

These regions may be voids, regions of low cross-linking, or’
of low capacity, their nafure is irrelevant,'and:it is only
" the total fixed charge density offany_region‘which deter-

mines/
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determines its'electrolyte uptake behaviour. This theory
has received considerable attention not only as a method of
structurally analysing ion;exchange resiné,’but for its pre~ .
dictions about the trénspopt properties of the exéhangers . )
(section 3.5). It is this theory with which this chapter
is primarily concerned and the next section denls with it in

greater detail.
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3.2, Membrone Structure from Electrolyté untake data.
Theory |
3,2.1. |

| Glueckauf's (2) approach is based on the assﬁmption'? 
that al'Donnan equilibrium holds locally‘for any:small N
element of the:éXChanger which has a time-average, local -
~fixed ion molality, M. The electrolyte uptake, m, for
this region can then be felated to the external solution

concentration, m, by the Donnan equation:

v o V2 VT oy (3.18
FooEAEN LR skm) T @ L R |
v : =

1 : .
Where Vi and Vo are the number of counter~ and co-ions

‘which make un one molecule of the electrolyte and V,, =  ‘vi
+ Y Y+ and ?i are the mean Salt‘actiﬁity’COef-
ficients in the external solution and the exchanger reé-,.,'
pectively, and k includes the influence of the volume .
strain energy and hence the swelling pressure., It can beihv
shown that this term has a value near to unity and doés
not.vary significantly even when the swelling pressure

(160).

changes by a large amount It is also_aséumed that

the activity coefficient in the exchanger, 23, is‘“effec-At}
tively" proportional ﬁo the activity‘coéfficient in the
,solution Y, , the following justification being used.
If the external concentration is 0.01 molal,'theﬁ a region §

in/
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in the exchanger with M = § say, will no doubt have a
significantly different value of activity coefficient.
'However, this fegion will enlv take up'a‘very'small amount ,;
of electrolyte and, therefore, it is immateriéi what its
activity coefficient is. - The activity coefficienﬁ is only
important if the untake is «. - of the same order as the
external concentration i.e. when M+m is_similar‘fo m. \Thenf
it is reasonable to assume that %j is.not greatly different
from Y+, Using this aﬁproximation,'the.activity eoef;
ficients on either side of ecuation*(3 1) can bevcancelled'

leaving only a small factor which can be absorbed into k.

Equation (3 1) may then be written
vl

ZVRSUAT NS S S S € 5\
" where 4 = k l/W2.
Quite general 1y then, ,
- = £ ( Vi) R (3.3)

am , o
where the shape of the function is determined by the ratio

Vi/ Vo |

A function #is then defined, such that a fraction
g(M) of the ‘concentration M lies between M and M+dM.

The mean counter-ion concentratlon M in the exchanger
- solution is related to the local moldity by the expres— i
sion/ | | . B
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expression
- C

M M 4 ¢ @
r3 : A2
1 °3 #o - :
where ¢ is the observed mean capa01ty of the’ exchanger
‘and ¢y 1ts water content. - |
The observed mean electrolyte untake, Q, and 1ts

‘ correSponding mean molality, m are given by

iio= Q;—jmdﬁ N X))
C ‘ o :
o Vo | o

3
The condition that -
M =0 s . . S (3.6)
must also be satisfied. ‘ | ‘

A rough indication of the likely form'of g can be
obtained from the follow1ng con51deration. AtIIOWFValues:t
of M, the uptake m is approx1mately equal to m. :If‘
the exchanger is then considered as two parts, one‘where
M{m and m ¥ m, and the other where Mpm, and m = O, ifThe ‘
observed uptake m should then be (¢L% " The experi-"
mental results of a number of studies have shown that m e;e
follows a power of m somewhat higher than unity,’ therefore
it follows that g must be a fractional power of m=M. -

A distribution functlon is then 1ntroduoedisuch,-ff' s
that | . IS
ad7aM = K M7® with A (MLB

and/
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. and dﬁ?dM = 0 for M<A and M>B,. . (.3"‘7)

where z 1s a constant between 0 and +1l, and A and B are the :
mlnimum and maximum Values of M in the exchanger, K, is a |
constant. | |

Using equation (3;7)'aﬂd with B>A, equation (3.%) B

gives | B
| 5 (1425 | o ‘(é z) "(2 z) |
M=K°§ MR e T )
' C YM=A B 2-2 RN
A (3,8,)
v 2=z . :

Whlle, from (3.5) and (3.6) is obtalned the relatlon o B
________._[B(l—z) 1 (1-z)]f; ;g. s _(1-z) -(3_‘.9_)

1 =
Uslng the relation M = Cﬁagi, equatlon (3 8) and
(3.9) yield R | L -
- B®2Z .M ‘ 0 (3.10)
L X2 ) " |
and K % _ (1- -z X
. o) ‘(3.11)
g (2-2 )G— ZD(N) (1-z) .

‘Substitution of dﬂ”from equatlon (3. 7) and of m from
(3.3) into (3.5) gives for the observed uptake of electro-_j’

lyte ‘ :
M=B e ¥( —Z;LJAM 7(3 l?) :

M= A

=3
1
Lo
1

(am)

' where the integratlon is carried out at constant m.

Introducing y = M/dvym, equation (3.12) becomes _
= K, (am)(z -2) y (1 Z).fb y =2 {(j)dﬁ ; : (3f13)v

where/
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where 3& = A/éh.v.m)‘ and 38"¥'B/Ch Y m)x‘ (3.14) ;
This integral can be divided into three ranoes.v b
- o (d-= ) (2-2) _
m=k, v [5 y 2 'F(j)dj fﬁ Z‘F(S)dj
| S -EYHey] aan

‘The value of the first-integral is constant and thus indep-~
}endent of m. ‘Hence; in the cencentrationfrange'where the
vaiues of the second and third 1ntegrals are small compared
to the first, the electrolyte untake m is prOportional to ;7
.a power of m less than 2. o : L ,_&
| = gyt 28) ~%*:j_(3.16)4
"In this range equatienx(3.l6)‘may be wr;tten‘;ff‘ -
Fexa @D @an
which on rearranging>gives- ,“ S R o
m/m__Km(lz) S ;"(3.18)
where K is a proportionality constant..
Therefore, a plot of log (m/m) agalnst log m w111 be a
- straight line of gradient (l-z). However, this calculatlon
does not allow for variation.ih»M‘whlch cag be:very signlfl—,
cant if a highly swollenveﬁchahger is usedrﬁy:electrolyte:,x
. solutions of fairly high‘concentratien. | VeriationfineM |
leads to variation in kg and hence in K of equation (3. 18)

Substitutlng/ ¢
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- Substituting for ko in equation (3;15) gives =

or (fi/m) =k, My (12)

i . . .
Therefore, for systems with significant variations.-in M,

a plot of log (m/m) égainst log. (m/M) is linear with
gradient (1-z), and from this plot'the value_of z-may be
calculated. B | | B

The signifiéance of z iS‘in determinihg the degree of
;-heterogeneity of'the exchanger. vif z =0, théh;ﬁhe'uptaké_

is proportional to n?

and the Donnan law is obeYediby-the

exchanger as a whole. This means that the exchanger is -
, _ o TR

completely homogeneous, The greater the value of z, the

more inhomogeneous is the membrane. - -
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The Donnan expression shown in equationl(3.l ) has
been obtained by assuming fhat the.electfié bdtential,E )
i$ constant throughout the resin‘phése. Howéﬁef5 éince, -
on average; the countef-ions are closer to the fixed éharges
thén are the co-ions, they must be at a lower poteﬁtial
than the co-ions, and hence the activity expressiéh should -
retain the electric potential tefm, i.e. -

In(a;a,) = 1n(5,3,) + F(a 1+ 2, $2>/RT (3.20)

The difficulty of calculating the values of ¢l and 6
(161)

2

has been simplified by Tye, who sugﬂested that the

" exchanger be divided into two regions, one.fraction (1-p)

at an electric potential ¢ , the other fraction (B) kA‘
at zero electric potentlal Using the Boltzmah distribﬁ— 
‘tion, the concentration of the salt in the exchanger may |

(161)

be shown to be »

i =pn-/2 + N[00% /4) + (1-;; fud  (3.21)

A value of Bis then chosen to give a "good £it of the '

predicted and observed ubtake data over a range of external

concentrations. Tye éigl%ound that choice of a value of ;
B whlch glves a good fit at low solution concentratlons,

also gives a satisfactory fit at hlgher concentratlons.~'

This/
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This theoreticél approach has not been widely used
in_treating,expérimental’data. The results obtained,by :

using it in the present study are given in*thé:hethsectidn{?
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3.k, ' " Discussion

4,1, Structural analysis from electrolyte Untake‘data;

The methods of determinihg‘the'electrolyte uptéke of
the C60 and Cl00 membranes, their aftendanf”diffiéulties
‘and possible error, have already‘been discussed in sections
2.3.9. and 2.5.2, and the experimental reéﬁlts_are given in
tables 3.1 - 3.k | |

Applying the simple Donnan law to fhevéichanger as
a whole, and assuming that the structure is perfectly
homogeneous, the mean activity coefficients éfvthe'sorbed
salt have beén calculated using the relatiohv(3.1). - These
results, shown in tables 3.15 and 3.16 dispiay.similar
trends to those obtained with many other sYstems, viz.
decreasing vélues of activity coefficients with decreasing
solution concentration.. Since the lowest concentration
studied was 0.,1M, it is not possible to determine whether
the very small values obtained by a number of authors,
would also be obtained in these systems.

The experimental wlues of the salt uptake have been
further analysed: by the'theoretical methods described in
section ’(3.2) and fhe results ofwthese calculdtions are to
be found in tables 3.5-3.8. Althoﬁgh thé.concentratiqnf 

fange/'
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range studied is somQWhat liﬁited5 the.vélidity df eqﬁatioﬁf_
(3.15)‘for these systems-is proved byﬂthe~1inearity of the .
plots shown'in figures 3.1 and 3.2, ~ Even at LM for:tﬁe, |
~ €100 membranes, thére is little tendency to curvature, in;éf:
dicating that the assumptions about the effective activity
coef?icients‘and thejneglect of the éecond and third in-
tegrals.in~equation (3.15) are valid to much higher concen-
tration than might be expected. The effects of neglect-
ing to correct the mean §6unter—ioh‘molality,fOrvchanges-
in the water content of the exchanger, are fairly.large as’
cbmparison of the corresponding plotélin'figures 3.1'andftti
3.3. reveals, At concentrations'below 0.1M this correction
is probably small, but above 0.1IM, and particulérlyfwith a
highly swollen membrane, it becomes Very impbrtant. o

The gradients of'the logé% versus 1°5(§)xpiots were
~ obtained by least squares analysis, and from them, the
valueslof the expoment 2z of equation (3.15) weré éalculated
for each of the membrane% studied,'énd are givgnvin table'f
3.9.-:It is interesting to compare thesé values-ﬁith thpge

(162)

obtained for other membfanes. | Glueckauf give$5 for.fy
the ACI cation and anion-exchahge‘membranes,fa[z-"vélue‘ |
of 0,63, and.for the permaplex,AZO membrane a vglueyof‘0;74.

1 He/
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He also states that similar calculations usirg the mesults
of other authors, notably Davies and Yeoman,~(l25) Pepper

(164) and Mackie and Meares, (8;)

Reichenberg and Hale,
yvield values of z between 0.55 and 0.88. * In this centext,
the values of z obtained in this work for the céo and ClOO‘
membranes are low. This cannot be due to the llmlted range
of concentration studled since, as reference toleueckaqus
plots shews, the resulte for lower concentrationS'tend’to
increase the gradients of the 1oggn) versus log (m)plots, -
'thereby reducing the values of z. ,‘ R B

Arnold and Koch 1) found that for the AMF C60
membrane in the hydrogen form in sulphuric'acid, the valuerzl
of & was 0.5, 'The hydrogen form of’the exchangef is, .
however, much more highly swollen than the sodium; form .;i7'
in solutions of corresponding concentrations and so fa
strict comparison of these results is not possible.-

The z values, to some extent at least, are aﬂmeasure““
of the homogeneity of the membrane structure, a truly
homogeneous membraneAhaving a z value of zere. It would
therefore, appear that the 060 and C100 membranes are more. -
homogeneous than most membranes prev1ously studied by thls; 
method.

It/
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It is also interesting to observe’the effect of the -
heat expansion on the membrane structure.. In both series of
membranes, the thermal treatment causes expansion of the i
matrix as discussed in section 2.5, and produces a structﬁre f
capable of absorbing more electrolyte, and, therefore, by
1nference, one in which the Donnsn potential has been re-
duced, Judglng from the z values the expan31on does not
seem to have affected the homogeneity df‘the C100 membfanes 
although the effect on the C60 membrane is to produce a
structure in which the heterogeneity of the mémbrane has
inereased slightly, probébly due to the production of moré‘
vaid regions or by the:exbaﬁsion'of existing voids. This.
difference in the effect of exﬁansion on the‘twatypes of
membrane may be explained by considering tﬁe‘original struc%-
ture. The Cl00 membranes have a: much tighter and probably
more highly cross-linked structure than the C6O membranes,,
and it is probable that the effect of this is to 1ncrease,ff 
the rigidity of the structure and prevent'the productibﬁ : fp
of further void regions, a process which wpuld’probably;;’;”}

entail the breaking of covalent crdSs#linking»bonds.

- Knowing/
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Knowing the value of z, the values of B ‘and k are
immediately obtainable from equations (3.10)" and (3. ll)
It is important to notlce ‘that the values of k -and B
are functions of M and_are, therefore, different for each
external cohceutratien. " The values of kolaud B for eachl‘
external concentratioh are given in tables 3.lo.and 3.11.
The values of B are interesting since.they represent ﬁhe

‘upper limit of the fixed charge concentration for any par-

. ticular concentration.. ‘The B values for each'membrane

.increase llnearly w1th 1ncreasing external concentratlon, ae
shown in flgure 3. H a consequence of the llnear 1ncrease ff*
in the mean fixed molality M. . The curves for the two C6O ;F
membranes are parallel, as are those for»the Cloo Se Thisrie
is a result of the pafellel behaviour ianater eohtents
exhibited by these pairs of eXchangere, (eee figure‘2.8),’f-
and of the similar z values., The»vaalues”for the C100's
are considerably greater thanAfor'the CéO'e,'agaiu'de-
monstrating the tighter etfucture and 1ower Water‘content i
- of the former.v ‘ , | V_  v> | R
Since the coneentfation fange studied is insuffieiently
- large to give any estlmate of the true value: of A, its value

has been assumed te be zero. Glueckauf (2) has shown

" that/
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that if A is small, i.e. less than 1073 molal, then the ,
effect of including‘it.explicitly‘in the'calculatiens only"v
becomes important at very low external solutlon concentra—_;
tions. If the value(of A were fairly large, dev1ations  ’v
from the straight line plots of figure 3.1 Would be QbserVed,
- due to the effect of the second integral in equatjoﬁ 3.16, .

The value of & may be obtained from equation (3. KZ)
and (3./4 ). In the simpllfied case this reduces to |

, 1/ (2-2) N B
a= 1 | (m.vg ) | B (3,22)e-
v . m ;%koiz’_ % ; '

The wlues of a so calculated are shown in table$3 10 and 3. 11.
Once the value of z has been determlned, 1t 1s p0551ble

to calculate the 1ntegral

fy fyay . (3.23)
where y = M/qvl.m and £(y) = m/hm is the p051t1ve root of
the equation, f(y) «(f(y) + v) 1/ Vo=1 (3.24) eef

The values of fzw_are also given in table 3.9.

Probably the most interesting caleulation te be made 7’;
from the preceding results, is that of the fractional‘dis4‘\
tribution liﬁ, of exchange sites in the membrane. ‘Like the
'4values of k and B, the fractlonal dlstrlbutlon depends

on/
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on the external concentration. = Table 3.12 shows AgTas a

function of the range of M for the C6ON membrane in equil=~ "

L

ibrium with 0.1M and 2.0M sodium‘chloride solutions. Table'

- 3.13 gives the results of a similar calculation for the

C60E membrane. |
Comparison of the results for the normal and expanded |

membranes at each concentration shows that the expansion |

has produced a higher percentage of regions of lower M wlth‘

a corresponding reduction in the percentage of reglons w1th

high fixed charge concentration, .‘The effect of-lncreased

external concentration, is to produce a membrane whose -

physicéal dimensions and water content are smaller (sectionsr

2.5.1), and hence one with'higher values of M, tComparisons ‘

of the AQI - M results at 0. lM and 2.0M show that the eff‘ect

on the very low M reglons is small, but that there is a large f

increase in the number of regions with hlgh values of M.
These results also.show that in both membranes, most

of the reglons have flxed charge molalltles Whlch are not

very much different from. the average value for the whole ltll

membrane. This result is a consequence of the smallvalue

of z whicn indicates a fairly homogeneous membranet : Thevf x

regions with very low values of M are5 however,iextremely

important/
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important in deterrr.lin'ing'the electrolytev uptake and have. a

significant effect on the co-ion diffusion properties of the "

membrane as shown 1n section 3e 7
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L2, ' Electroanicroﬁranhs.

The electron microgfaohs shown in figures 3. 6 end 3.7
were obtained using the C60N membrane in. the thorlum form, 1n
'order to show up clearly the reglons in Whlch the counter-
jons are concentrated. . These mlcrographs show that the re-
sin structure is indeedrheterogeneous. - The reglons of high‘
charge den51ty, which show up as dark areas in- the nhoto-
,granhs, are located in clusters about 4003 in diameter.‘ The'
sizes of these reglons are similar to those obtalned by
Goldring (156) who studied the AMF membranes u31ng a some-
- what different technlque, and it seems, therefore, that the |
structure has not been 51gn1f1cantly affected by the process—
es used to obtain the_mlcrographs. r The’reglons_of h;gh
fixed charge density are surrounded byAlightlylstained.re-
gions which mayvrepresent either voids ofiareas,of low den-
sity polyethylene;' ‘The results of the co—ioniupteke experi-
‘ments suggest that there cannot be a large numbef!of void
‘regions, in which the electrolyte uptakehWould be large, and
hence it may be concluded that many of the lightly and non-
'stalned regions represent polyethylene. These observatlons
are in keeping with the method of preparatlon of the mem=. ’
brane, the high counter—ion concentratlons belngﬁfound 1n

" regions/
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Figure 3.6. %poctron-micrograph of AMF C60N membrane. (x 9,000). The edge of the mem-

brane is shown on the left of the picture. The membrane is clearly shown to exhibit hetero-
geneity.



Figure 3.7. Electron-micrograph of AMF C60N membrane. ( x 120,000). The lightest tone
represents regions of low fixed charge concentration or of polyethylene. (The dark regions
on the left are holes in the membrane section, and on the right is a fold produced by the

cutting procedure).
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regions correspondinglto_the pre-polymerised styrene. 7

" Comparison of the electron micrographs,with others to
be found in the literature, (156) (157)'(162) suggests that?A
the C60 membrane is probably less heterogeneous than many :
of the others studied, a fact which lends support to the
lower values of z observed for this membrane,

With the simple technique used here, it was impossiblei
to distihguish the normal membrene'from the ekpanded one.;vl
This is only to be expected since 43 the co-lon data sug-v
gests, the structure 1s not 51gn1ficantly altered by«expan-;f

sion.
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Jr. 3. .

The Glueckauf theory.defines-ae_the soleicause.of;theff'
ahnormally high uptake,observed at'low_concentretions; the hiw
degree of inhomogeneity present in the membrehe structure,7f'
regardless of how this inhomogeneity ariees..' Ihis theoryx
removes the need foryahomalously low activity coefficients p
for the sorbed electrolyte and aesumes'that the’activity .
coefficients in the regions within thevexchanger‘where‘the
uptake is greatest are similar in-behaViour to‘those”inrfreer
aqueous solutions. | On the other hand the theory publlshed
(161)

. a year earlier, by Tye recognlses the lowerlng of thep
activity coeff1c1ents in’ the exchanger as a real effect and
seeks to find an explanation for 1t in. the 1nhomogeneity off‘

the charge surroundlng the fixed sites. ThlS theory has
not met with wide acceptance but it is worth considerlng as.

an example of a dlfferent approach to the problem of elec-'

trolyte uptake.

I
]

Table 3.1%- shows~the:vaiues;of’the:uptake;predicted7~
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s
by the Tye theory using the B values calculated for eéch
membrane from the O.SM,results; While the agreementvis
reasonable at h{gh concentrafions,:the values at 0.1M are
considerably in errof.‘: If the 0.1M value of B is used
then, of course, all the predicted higher concentration
values differ substantialiy from the 5bserved éneé. | Tye
himself,*explains the fact that hé found the higher concen-:
tration values to fit those calbglatedvfroﬁ the iower conceh-
tration B values, by;thé form of equation (3.21°' ), which

is such that the vélues of ﬁ‘at high concentration are not
very sensitive to the:value of P. It‘wouid appear then,
that this theory is inadequate to describe the whAole range
of.concentration studied, even though this rangé is fairly
small., Indeed Tye states that at concentratiéns’beloﬁr

0.1M the theory fails tqﬂgredict‘ﬁhe correct Vaiues as deter-
mined by Gregor. 023)(1“T;e results of this present study,
suggest that this approach ié very‘limited in its applica=-
‘tion and cannot~bé regarded as-a_useful‘methpd of predict-»

ing electrolyte uptake data.
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3.5, - Effect of Heterogeneity on membrane nermeablllty -

Theorx.

The preceding’section gives a measure of.fhe'distribU-

tlon of the sites within the exchanger, and thls is 1mport-?}

ant in predicting the nermeablllty of the co-ion in the ex-k
changer. However, the absolute value of the co-ion dlffu-'
sion 1s governed not only by the site dlstrlbutlon, but by

the physical arranvement of these 51+eq into dlfferent re-

gions, and the way in which the Varlous regions are linked -

;'within.the exchanger matrix.
ihere are two effects of‘inhqmogeneity.which may be

dealt with separately. In the first place, the effecf of

the polymer matrix in obstructlng the dlffu91on paths of ' the'

- 'ions may be treated using the tortu031ty factor discussed in

section 2.2.3. Second, the inhomogeneities in‘the<fixed

charge dlstrlbution affect the permeability, and thls effect :

has been dlscussed by Gluackauf(?) in the manner outllned "
below, |

The local‘permeability.of enyvregion of the exchanger‘}

is given by L :  f'f »:‘ 7>, f»"fer

p = Dbs/be @

If the pefmeability is measured using_a'radieactiVer R

tracer/
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tracer technique and the concentration of active species is

maintained at zero on one side of the membrane, then.eguation

(3.25) becomes,

o o_c @ A | - .
P = D.c¥D.m © o (3426)

where P is the permeability of the co-ion, D its diffusion
coefficient, and ¢ and m the local co-ion concemtration in

molar and molal units respectively and the barred symbols

refer to membrane phase, Thus even if D were constant, the -

permeability would vary‘overvseveral orders of magnitude as
the ratio m/m varied within the exchanger. The co-ion
permeability will depend on which regions in the exchanger _
are the most'continuoﬁs; | |

To obtaln the mean value of P for the diffusion proc-

ess it is necessary to use the Bruggeman ‘equation: (2)(163)
dP = 3P(Pu — p) .- ' '
~dln)  T2PEP, (3.27)

where P is the permeability‘aesociated with the volume

fractlon between u and (u+du), which is belng added to the

alréady treated volume fraétlon, u, of overall permeablllty,

P. This eauatlon distinguishes between a: contlnuous and a

disperse phase. The final result for the mlxture welghts

the mean value in favour of the contlnuous nhase. ~In equa-

-tion (3,27), P, is assumed to be for a region which is less o

continuous/
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continuous than the already treated mixture- wlth overall

' permeability P. The method used is to choose an arbltrary
value for the molality of the most contlnuous reglon, M*

and calculate tﬁe overali permeability P which cen then'be'
compared with the,obeeryed value, The value of P is de=-
pendent not only on the value of M* chosen, but also on the
regions which are coneidered to be the next most‘continuous.
Thus, depending on the direcﬁion'of'the integratioh of equa-
~ tion (3.27), a different value of P is obtained (see
~appendix A.13 ). When agreement between the predicted
‘and measdred permeabilities is obtained, then informationr'
about the Structure_qf the e xchanger may be dedeCed‘from the
- value of M* used, and ‘the direction of the'integraﬁion' |
procedure, This treatment thus, providee an analytical
method for yielding information about the arrangement.and
interconnection of the various regions in the-exchanger,
information which can be compared with that obtained from

the electron mlcrographs of the membrane.
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3.7 ' | Diseussion.'
Table 3,17 shows ‘the values of the observed and celcul- |

ated co-ion’ diffus1on coeff101ents, and the values of the
| molqlltles of the most continuous regions used in the calcul-
ations. In all cases the most continuous regions are those
where the fixed charge density is 1ow.’. The next most con-
- tinuous regionsiare those with higher fixed chefge density
up to the highest'fixeo charge'concentration B"the very low
concentratlon regions belng the most dlSperse. o ThlS is the"
case for both membranes,vand, considerlng the assumotlons
used in the calculations, there 1s little difference between
them., The results for these membranes is 1n.sharp contrast'

‘to that obtained by Glueckauf (162)

for the TNO A60 anion-
exchange membrane with sodium chloride,'where.he,found the
most continuous regions to be those with high fixed charge |
concentration,  Glueckauf suppofted his results by electron
micrographs showing the low concentratlon reglons as '1slands'
within the reglons of medium and high fixed site concentra-
tion., The micrographs obtayned in this present study of
the AMF C60 membranes, show that the high molallty reglons are

disperse. The reglons between them show up. as ‘trans-'

. parent'/
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'transparent! in the electron beam ahd may represent,regions

of low fixed charge density or regions of polyéthYlene’ﬁhich'

have not been penetrated by the styfehe during the membrane 

preparation., With the techniques used in'this:werk it»wes'k
impossible to distinguish between such regions. ‘However,

" the micrographs do confirm that the high conCentration re-
"gions are certainly not continuous, but are inferGDnnected

by agueous fissures er volds, or regions of uncharged.ﬁoly-
ethylene, Fufther evidence for the difference7between

the structures of the ™o A60 and the AMF C60 membranes,

(162) found this

is to be found in the P-e plots., Gluackauf
plot for the TNA A 60 membrane to be linear up to almost
2M indicating that the regions with the highestufixede

charge concentration are the most continuous and. thus govern

the rates of through diffusion of the co-ions. ~ This is far |

from the case for the AMF C 60 membranes;*asifigufe‘3.8
shows. Iﬁ can;be seen that, as the external eoncentratibn :
incfeases, the co-ion diffusion is éignificantly‘affected,
and, therefore, most of the co- ion concentratlonv- which 1s‘
in the regions of lower fixed charge den31ty - must be in the
regions Wthh are most contlnuous‘ '

As the concentration of the exﬁernal solution jncreases

i’se/.

BIRIPALN L Dbttt sy SO S,
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 so the membrane shrinks’ and the water content of the.mem-
brane decreases. Thus, there must be a corresponding in—
crease in the concen?rqtlon of the fixed charges in all re-”’
vglons, assumine Thjs contractlon +t0 be uniform. for the whole
exchanger.  Thus even if the shrinklnv of the membrane
lenves the overqll nattern of site distribution unchqnyed the i
molality of the_most continuous reglons.must be lncreased.‘
The results in table 3,17 show that this increase in M*
with 1ncreasing external concentratlon, does indeed occur.-
If, however, the ~shrinking has a 51gn1f1cant effect on the
configuration of the polymer chalns, then the most contwn-
uous regions may be afxected The magnltude and dlrectlon
of such a change if indeed it occurred, 1s 1mp0331ble to |

predict from the 1nformation avallable.;- 2
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3.8 o Conclusions.

Although if has been shown in the precedlng sectlons,r/f
that the Glueckauf treatment of resin heterogenelty fltS the
experlmental results extremely well, the range of concen— s
tration studied is not large, and does not extend to very
low values. Therefore, it would be unwise to claim that
the observed agreement provides unequlvocal proof of the,
validity of'thls theoretlcal approach;A The explanatlon of'
electrolyte uptake values remains an(éxtremely dlfficult :
problem, It appears that under dlfferent condltlons,

“and for different membranes, a large number of w1dely |
dlvergent theorles can ‘supply explanatlons of the observed
phenomen=2, and the problem of flndlng the correctusolutlon,{h
if indeed, only one exists, is far from solveds The evi- )
dence for heterogeneity is very strong and henoekthevexten- ”
sion of theoriee of”'homogeneous"polYelectrolyte'solntions:
to ion-exchangers is an oversimplificetion of the problem -
and must have limited value, exceet where bherefis_stfong )
evidence for a homogeneous membrane System;.‘7Neverthelese,‘f
the existence of low act1v1ty coeff101ents of both counter-.}
and co-ions in polyelectrolyte solutions must be borne in -

. mind/
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mind when considering the salt uptake in ion-exchangers.
A true solution to the probjem probably involves an extension

of the polyelectrolyte theory but also. 1nclud1ng the effects

of heterogenelty on the resin prOperties.




CHAPTER FOUR

‘Hydrous zirconia as

an ion-exchanger.
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IntroductiOn. L

=
i.—l

As already discussed in chapter 1, tﬁere'are a‘large f}f
number of inorganic ion-exchange materials, oothlnatﬁrallYiw
occurring and sYntthic. While fhese'materials have notjﬁf‘
found such wide use as the synthetic orgahic resins, many o
of them have specific properties which make them of great
“interest, €efe the zeolites can act as molecular seives,lq
_ the zirconium phosphate type exchangers have high thermal
stability and re31stance to radiation, and the hydrous
oxides have the prOperty of variable capa01ty." It is with f
this. last mentioned group that thls study is concerned. ’

_ The - 1on-exchange properties of the hydrous oxides caﬁff'
best be deseribed as pseudo-amphoteric. = These materials
can act as cation-exchangers in solutions of pH‘above'fheir
isoelectric p01nt and anion-exchangers in solutlons of pH’ |
below this value, The cation and anlon—exchange capacltiese
also vary with the pH of the external solution. ‘165): Many
of these materials are, however, chemically unstable, beinéf
attacked by acids and bases. HydrouslzircOniumTOxide}-lhy5_
drous zirconia - is the most stable‘of fhese'compouhds~A.l§}
being soluble only to the extent of 1077 moles per litre ff

even in O, lM hydrochloric acid (166)

y and exhlbitlng neglig-ﬁ
ible swelling effects in solutions of different pH, as

shown/
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shown by the constant density of the partlcles (table L, lb);

" Combined with the fact that the isoelectric point- of ‘thls
material is at pH 7, these properties make 1t a sultable .:
" exchanger for a study of the effects of varlable capacity

on some of the other ion-exchange properties.'
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=
no

Mec¢hanism of Ion-Exchange on Hvdrous Oxides.

Two mechanisms have been postulated for the 1on-exchange

process in hydrous oxldes, (167)

Acid solution ~ Alkaline solution
+ . _ . ’ _ ‘ . v .
(1) M 4+ 0HT &= M—0H = M—0" + H' = (4.1)
(2) | ' M'T'OHZ & M——OHQ_‘-HE M—0" + H,0 - t+o2)

In order to decide which of these mechanisms best
represent the situation it is necessary to con31der some of
the sfructural ev1dence which ex1sts in the 11terature.

For this purpose the case of hydrous z1rcon1a will be taken |
as a specific'example.v |

Crystalline-zifconia hes a negligible ion-exchange
'cap301ty whereas the amorphous material is capable of

(166) . (168)

attaining a fairly high capacity This ev1d-

ence suggests that the structure plays a very 1mportant

part in determining the iou;exchangeuproperﬁies of this

materlal. | - | -:
Strictly speaking, zirconia is only renresented by _'

the formula ZrO2 after ignition to high temperatures, - Nor-

" mally/



¥igure U.1l. Tetrameric structural unit formed in
the hydrolysis of zirconyl chloride.
Each zirconium atom is shown co-ordinated
to four bridging hydroxyl groups and
e four water molecules, (reference (170)).



Tetrameric units linked 'by hydroxy! "bridges
in the' manner'proposed hy. Clearfield,

(Reference (170)).
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Normally, the material known as hydrous zirconia'contains
varying amounts. of wetef“WHich are not present'as‘wetef of
hydration, since on heating thlS water is lost contlnuously
over a range of temnerature 1nstead of exhlblting dehydrationv
isobars characteristic of hydrated compounds, (166)

X-ray studies on Ziroonyl'ehioride octahydrate‘have
" shown the fundamental structufal unit in thie ma£eriel |
to be [ZI(OH)2 .#HéO]‘E+ . The structural similarity
between this tetramerie'Zer speciesvand the~ZrOJ chains ih |
the cubic phase of'zifoonia‘was‘fé f‘hsed by'blearfield (169)
to account for the crystalllsation process of 21rcon1a. ,He7
proposed 1n1tia1 crossllnklng of the tetramer unlts to pro; 
~duce amorphous zirconia as shown schemetically 1n<figure L.1.
Electron microscopy studieskbyAFryef Hutchison and Peter-

(170) on the formation of 21rconia by thermal hydroly31s
of zirconyl chloride solutlons, have confirmed thls predic-
tion. | _ |

During the homogeneous formation of zircohia itlis

proposed that the following reaction occurs:
+. )+n H+ .' : ().,. 3)
At/ S
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At this stage, further hydrolysis andwolafion occnrs, the_li;
elimination of water on the tetramers yielding hydroxyl
bridges between the 1ndividual tetrameric unlts, as shownl"
in figure 4.2, This reaction produces, finally, a mono- v
clinic crystalline form of - 21rconla,,wh1ch, as mentloned
| above, has negligibleiion—exchange capacity. |

In contrast to the slow formation described above,
precipitation of zirconia by base is rapid and 1rrever51ble,v
thereby preventing the s low crystallisation process. ~ The l
material so obtained is amorphous and probablyucontalns
. a large number of nOn;bridging hydroxyl groups, and'co- o
ordinated water molecules which can act as the flxed sites \
respon51ble for the ion-exchange prOpertles of the material.
'The positive charge associated w1th the M-_—OH2 group can -
'Vthen be delocalised to SOmeextent-oﬁer'fhe neighbouring
matrix regions thus conferring greater stabilityvon the
material., The variability in ﬁne ion?eXchange'capacity'
would then be represented by the secondiof the:two.mechanisms‘

proposed above, equation (4.2).

Diffusion Processes.
For many years, diffusion processes have-been the

subject/
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subject to much'theoretioal and experimental study. oRe-
cently, the subaect of much of thls work has been the dif=-
fusion of ions 1n 1on-exchange beads and membranes. ~ Most
of these systems can be treated using Fick's laws of dif-
(4+7)

fusion, and the d;ffu51on coefficient of the_mobile ,

speoies so ohtained,. There has been widespresdvintérest ih
the results of these studies and many stteﬁbtsfhave been
made to explain the variation in thé values of the diffusion
- coefficients with‘variation in the'physical properties of
the exchangers,-e;g. water content, ion-exchange oapacitY*etc.
In order to examine the effect of caﬁacity‘ohanges‘on‘
the properties of an ion-exchanger it is necessary to have
- a material which combines the propéfty of vériable capacity
with a rigid strucfure, negligibieAswelling and hiech chemi~-
cal stability. This is difficult to achieve since changes
in the capacity of most exchangers are'usualiy'accom-_
panied by changes in other propertles such as cross-
linking, (5) However, hydrous zirconia has propertles as .
an ion-exchanger which satisfy the above conditions and
make it suitable for such a study. In thisvpresent study
the anion-exchange propertles ‘of the system were examlned

after equlllbration W1th solutions of pH less than 74

)‘+0201./ | - o ’ ¢



276,

4.2.1. 8 Kineties of Ion-Exchange., =

(a) Isotope EXchange, in Ion—Exehange Beads,

Ion-exchange is'e;diffusioh process. Diffusion~éfe#1e'
cesses are usually described using Fick's first iaw: _ |
Jy = Dygrad c, 1 | R (k)
where J is the flux in moles per unit time per unit cross
section of the dlffusing SpGCleS 1, cy is its.concentratiohv:v
-in moles per unit volume:and Dlls the’ dif fusion’ coefflclentQV
In the simplest case where no processes other than dlffu-,ij»
sion occur, the flux is proport10na1 to the concentratlon |
gradient and the dlffusion coefficient is thus a constant.-
This is the case for 1sotoplc dlffu51on in a system which ;”h
is in eaulllbrlum except ' for isotopic dlstrlbutlon.

For the case of ideal particle dlffu31on control the |
flux of the isotope A (which is equal and op0931te to- ‘that if
~ of isotope B), in the exchanger is glveh by (171) x

J, = =D grad EA" N L ": (s ED ) |

The time dependence of the concentratlon is interrelated :{@_.
with the flux by Fick's second law"e‘f, v(_;‘ |  w::
9% 4 = . le Ty M6y

ﬂ.where/
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where t is the time."5

The combination of equations (h 5) and (h 6) for systems
with spherical geometry and with a constant diffu51on coef- E*
ficient gives . i | |
o o :
o8, . ‘(Ec + o O
ot ar2 r. T

where T 1s the radial space coorﬂinate.

e @]

A) iitibﬁéljhj

This eouation must be solved under the appropriate
boundary conditions. In the 51mplest 1n¢ial condition all’°
A ions are in the ion exchanger at a uniform concentration E.
cA and there are no A ions in the solutwon..i e.if.f". |

r)ro, t=0 CA(I') |
0< rS;ro,’t=O :AA(r) —.CX =’const."; 1f;fu.. (R;S);ti“
where r_ 1s the bead redius.b o . e

When the concentration of A in'the“solution'remains
negligible throughout_the process as in a batchiexperimentlv
where the solution volume is so large that t : . .

o Ev&ev a9
where ¢ is the total concentration of the counter ion, v 1s
the volume of the exchanger and V is the volume of the solu-_t
- tion, then the '1nf1n1te solution volume' condition can be if
. used.without introducing a large error. |

With the above conditions applying the 1nfinite solu-:ej;
tion/ B
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solution volume condition is , .
o7 tX0 . g t) =0 - 10)

The solution of eouatlon (4 72) under the conditions of

r=r

(4+.8) gives the function _cA(r,t) . Integration of this

function throughout the bead léads to (17l'),
‘ (Y. 11)

U(t) = 1 o8 g 1 Dtn2n
| =% ﬂZvexp(

where § (t) is the amount of A in the exchanger at tlme:t,

3

q is the initial amount of A in the;exChénéer5

U(t) is the fraétiohal~attainment of eQuilibrium.ﬂ
The fractional attainment of equilibrjﬁm, U(t),"is?éeén
to depend only on the.ﬁagnitudé of the diménéionlesé ﬁime
parameter Dt/rg. Wheﬂ‘ﬁﬁ/rz is small, equatlon (4 ll) doesf
not conﬁerge rapidly. In this case 1t is sometlmes more-
convenient for practical purposes to use Vermeulen s approx-

(171) (172)

1mation . R
22:]1/2
U(t) = [l = exp (=Dtn /7<) R (1 12) »
This equation is valid over the whole range O(U(t)<l,
although it is sllghtly less, accurate than equatlon (4.11).

"Ecuation (4.12) sho’ws that a plot of 1og (l - (U(t))z)
"'against time will be a stralght 11ne of . gradlent -Drr /2 303 n).
The/ L e |
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The condltlon for partlcle dlffu31on control for iso-

topic exchange and non- electrolyte sorptlon is (173)

6 ;:. ' . | . P - ’ |
CyD AN X 0. 13 - o (4.13)
CADA o ’ ' ' ' |

In the experiments described in this work barticle
7diffusion éentrol was operative as aubstitﬁtion of the.
apbroPriate values can show.v iFilm diffusion contrei is.
most likely when the eépacity is leaet For‘this case, in 7

the present study, C =39D '-"410-7, 8¥ 10 3c 032, D, 10‘..5,_
r, = 0.02; giving a value ofitzgééfor the expression in |

eouation (4+.13). Thls value 1s less than O 13 thereby

ensurlng oarticle dlffu51on control

. (b) Ion-exchange membranes.

The method of celculating the diffusien coefficients-
for the ions in the hydrous zirconia membraneo is- the same
- as that used for the organic resins and has been deabrlbed

in section 2.9¢3.



280,

T L4,3, o A "~ Exverimental,

4,3.1. Preparation of Zirconia,

The zirconia particles had previously'beeﬁ'pfepared‘
by the method outlined.below." - : | '

To’a stirred solution of approx.,O.3MIZiroonyl'chloride
was added, drOpwise, 3M ammonium hydroxide solution'until the
| preclpitation of zircohla was complete and the solution was -
alkaline. The precipitate'was allowed to settle, washed by -
decantation with d istilled water, filtered and washed again
before being dried at 40%C for three days. - The~dry z1rcon1a
was then further washed with dlstllled water which contained
a small amount of ammonlum hydroxide solutlon, and finally
‘washed with water untll the washings were chloride and acid
free., The zirconia was allowed to air dry,agaln washed to
remove acid and allowed to break down.‘p A 51evedufract10n‘of
30 - 40 B.S.S. was used in the nresent study, ‘and was stored
in a 987 humldlty atmosphere over oota351um dlchromate solu-t
tion. : , | |

Four batches of zireonia with dlfferent anlon-exchange }
capacities were prepared by washlna samples of the above |
material with solutions of hydrochlorlc ac1d of concentra- 3
' tion O. 1, 0.05, O. Ol., and 0.001M respectlvely, ‘the total
chloride/ o ' T
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chloride concentration in each solution being ﬁaintained at. -
0.2M by using sodium chloride as the supporting electrolyte,,
The chloride ion concentration Was.méintéihed,aﬁ‘this feirly
high constant concentration in order to pfovide the condi-
tions best studied to,giee particle diffusion control in the
kinetic experiments (see equation L,13). | The'convefsion |
to the various cepacity‘forms was carried out by colﬁmn'wash-
ing the samples of exchanger with the aporOprlate solutlon,
for several days followed by a further period of batch
equilibration for several weeks.‘ ‘It had been prev1ously

(174)

shown that equilibration times of this length were
reguired in order to produce fully eqUilibrated:matefial.
Samples for the kinetie experiments.were prepared by»further"
‘equlllbratlng the exchanger in solutlons of the approprlete
concentration contalnlng 0136 These samples were then
filtered, quickly washed with theamproprlate 0136 free solu-
136

"tion to remove any C which was adhering to the surface, and
air dried before being stored over saturated potassium‘dif

chromate solution..

4,3,2, : S Capaclty determlnatlons.'

Two methods were used, and both. are descrlbed below"’

(a)/
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(a) A 0.5 gnm. sample of the zlrconla was washed w1th O 15M |
nitric acid until no further chloride was released. | These
solutions were then neutrallsed W1th caleium’ carbonate and
titrated for chloride with standard silver nitraté solution

using the Mohr method.‘(17l)

() A 0.5 gm. sample of the exchanger was Washed with‘a'
soiutionvof 0.15M nitrie acid, the total nitrate ien'concen-
~tration being made up to 0.5M with sodlum nltrate. A sample
of this solution was then neutrallsed w1th sodlum hydrox1de
and titrated potentiometricslly for chlorlde w1th 311ver

(39)

nitrate solution using ‘silver electrodes

 Preparation of zirconias membranes.,

Discs of sintered polyethylene were sealed into perspex 
‘holders by using chloroform, a perspex solvent, to dis solve :'
the perspex round the edge of the dise,ktherebysgiving a. i
good seal. The discs were then placed in a concentrated
~zirconyl chloride solution in a desiccator, and the system o
evacuated using a water pump.. This was found to bevthe‘yl“ ‘
. best method of filling the pores in the discs, with the
solution. After a few hours the discs:were removed and

"dried over 1M ammoni um hydroxide solution.  This proCess'was 

 repeated/
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repeated several,times;-’ Thereafterfthe disce Were:treated'
with zirconyl chloride'solution then‘placed in 1M ammooiﬁm
hydroxide solution. "This nrocedﬁfe ﬁas also reoeeted sevefdd
tlmee until the pores appeared to be completely filled with
zirconla.._ Electrolysls_was then carried out using the set
up shown below: | | _ 4

Pt electrode: Zrocl solutlon/membrane/ NaOH solutlon. Pt

() (0. 1131) (0. ;LM) ~ electrode!

This procedure . pr901p1tated more zirconia 1n the pores.
Rectlflcatlon and electroosmosis effects were observed.

The discs prepared as described above were then tested
- for leaks by placing .them ih a cell with a head,of.water
to check if any wétef’permeated the membrane.‘;:Over'a'periodb
v of several hours, no water flow was detected. 'Together with
the evidence of rectlflcatlon and electroosm031s the mem-
"branes were then con51de?ed to be leak free,

The membranes were %hen placed in solutions of hydro- -
chloric acid of’ concentrations O. 1, 0.01, O. 001 and 0.0001M, d

the chloride concentration in each case belng made up to ~ﬁ‘ 

0.2M with sodium chloride as the supporting electrolytet
Equilibrations, with frequent changes of solution were
~ carried out for several weeks. | L .

f
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L.3.4.  Capacity determination in Zirconia membranes.

The ahion-exchangé'capacity of the’hydfoﬁé.éirébnia
membranes was determined in a manner similar to the one
eﬁployed for the capacity determination of the'C6Q mem-
branes (section é), except thatlsolutions containing‘cl36
ion instead of Na2? ions were used.. The radioactive sdiu— ”
tions were of the same concentrationras_those used fofﬁthe
equilibration processes, and hence, the value of the L
capacity so detefminéd,fiﬂciuded the.concéntraioh 6f.l‘ﬁl

chloride present in the'exchanger as sorbedISalt.a 

':, 4.3.5. Electrolyte uptake in Zirconia membranes.

The method used was similar to that used forfﬁhe£cap- -

- “acity determinations (Séction L3400, butisolutions-tra¢ed -

-~ with Na22 ions were used. . This givés‘the concentration:"

- of the sodium co-ions in the exchanger and since .some elec=-

Vo
v

o trolyte may be present as hydrochlorie acidﬁ this Value iS ﬂdt

:identical to the electrolyte:uptake. However, only in the

 case of the membrane equlllbrated in 0.1M HCl O lM NaCl

ffr’solutlon, is this difference con51dered 31gn1ficant.
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4.3.6. Measurement of Counter-ion Diffusion Coéfficients;

(a) Zirconia Paftticles.

The first method used was similar to one described by

(175).

Kressman and Kitchener A Weighed amount of the
exchanger containing Cl36 ions, was placed in a platinum wiré
cage which conétituted the centre part of a Cehtrifugal stir-
_rer ( see figure 4.3). The stirrer‘waé started and quickly
immersed in approximatelyvhoo ml. of the appropriate eléc-v ;
trolyte solution,fWhich was .contained in a flask shown in
figure %.3. The solution was pumped through the external
circuit by a rotor arm pump at approximately 2 litres pér
~minute. This method, however, proved unséﬁisfactofy'since :
_the stirring was insufficiently fast to prevent film idi‘ffus-?_
ion control of the process. A second method was then used,
in which the sample was added directly to the electrolyte |
solution in the flask. The solution wasvéfficientl& stirfed
" using a link stirrer as shown in figure Y.4. A fine”wireiﬁ
mesh over the outlet .tube prevented-any exchangervbeingl"’
sucked into the externalicircuit. |

Counting Methods. . _

Initially, it was hoped. to measure the éctivity in the’
‘ solution by passing it through a flow meter éonnected to éi .

pen-recorder./
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pen-recorder. - The response'time of the'recorder ﬁas,how--‘
ever, too 1on? for accurately recordlng the rapldly 1ncreas—
ing solution aot1v1ty. The method which was used in all
fklnetlc experiments reported here was to remove sqmples from
the flow1ng solutlon and add sfandqrd volumes of these‘

(36)

samples to phosphor solutions which were then counted
in a Packard Tficarb.Liquid Scintillation counter. The
volume of eachrsample.;emoved from the,solution wes,
approximately 0.1lml and ten such samﬁles were re@Ovedvinn
the course of an experiment, Therehahge in'velume,ortthe
solutien due to samplingrwas less than l%'of.the’total .
volume and was neglected | | | ’.‘ . _

. The volume. of solution and the weight of exchanger’used”
eWere such that the conditions for the infinite solutlon-‘
Velume treatment were'Satisfied, i.e. C V*éKC V;i

The accuracy df'the’expe:imentslwas 1‘5%; |

¥
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(b) Hvdrous Zirconia Membranes.

The method used to measure the.cthride ion diffusionVV
coeffic1ents through the zlrconla membrqnes, was identlcal g
to that already descrlbed for the chloride ions in the AMF_

C60 membranes, . The error in this case was + 3&.

’ 4.3.2. Conductivity of Hyvdrous Zirconia Membranes. -

For the determlnatlon of the corduct1V1ty of the
hydrous zirconia membranes, the method used was the same as
that described. in seqtlon 2.3.10 for the AMF‘membranes,

the error in the membrane conductivity being + 1%. -




R Results.
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Flnure b 6 Conduct1v1t +of hydrous zirconia membranes versus
e loglo in external solutlon.vgby;;t

distance

. IFigure %i?i ~ Schematic representatlon of energy proflle 1n L
LA an 1on—exchanger..jil,, , Sl
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4.5, i Discussion.
)-l-‘l .1. ) ‘ ‘ ) . . e o
Tables 4.1la and %.2a and figures 4.8 ‘and  %.9 show’

the dependence of the 1on-exchange cap301ty of both the
particles and the membranes on the hydrogen ion concentration
in the equilibrating solutlon. Slnce the methods of pre-» )
paration of the‘two materials is so different it is not B
.possible to draw close comparisons betneen them except to
say that the trend observed in both cases is similar - an
increase in capacity with an increase in the external hydro-‘
gen ion ooncentration; The process whereby the caoac1ty is
achieved is a slow one reguiring several weeks." In all |
‘e cases the particles and membranes were‘equlllbrated,with

- the appropriate solutions for_atlleast’eightjweeks andlffé; ;

quently for longer periods.  There is no doubt, tnerefore_

\-~;n that the results quoted are the equilibrium values of the

" chloride ion‘concentration in the exchanger; "Thie velue3ise
" not- a measure of the scientific capacity'buteinciudee anyv
chloride ione present in'the form ofoelecfrolYte;upﬁake.fif
- These latter ions are, of course, indistlnguishable from l?f?

» the other chloride ions.
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%.5.2. o Rectification Effects.

During the preparation of the hydrous zirconia mem-
branes rectification effects were observed. - The electroly51s
set-up has already been described in section 4.3.3. When
the electrode in the zirconyl chloride solution was the
cathode, the current was high, - aoprox1mately 400mamps |
for an applied voltage of %0 volts, - and Ohm's law was
obeyed. However, when the polarity of the electrodes_was.
reversed, the'current feil to anproximately 3'nemos.,-While
- zirconia was being ore01pitated in the membrane.’”' | |

To test for rectificatlon in the absence- of prec1p1tat-
ing solutions the following experiment was set up.

Pt /0.01M HC1 / zirconia / 0.01M NaOH / - Pt

elecgrode/+0 «19M NaCl/ membrane/ +0,19M NaCl/ ele%tgode
1 2

With electrode (l).negative, “the observed current was .
greater than When.this’electrode was positive. The ratio.t
~-of this 'forward' to ‘'backward' current is shown as the |
rectification factor, for membranes 2 and 4, in Table h 3.

Because of their pseudo-amohoteric behav1our the
zirconia membranes acted as a sandwich of cation and anion- 1
exchange membranes as shown in flgure H 5 | - '*;vr’~77b§

In case (a), sodium chloride is being concentrated v

in/ - . o
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‘hj'Figure 4.5. Schematlc representatlon of rectiflcatlon
e in hydrous z1rcon1a membrane5<
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in the region in the centre of the exchanger where there is -
,negllglble cation- or anlon-exchange capec1ty, and ‘the cur-';
rent in the system is- dependent on the rate of dlffusion |
of the sodium and chlor;de ions into this reglon.

In caeeb(b) the sodium chloride solution in this
central:mgion is being depleted;_r When all the sodium
~chloride has been removed by this process, the current w111

then be dependent on the‘rate of flow of the chloride and
hydroxyl ions thrOugh the_cation—exchange side and of'the
sodium and hydrogen iOnejthrouvh the anion—ekchanée eide.v,r
This flow will be much 1ower than the meitnnv flows in
 case (a), and thus the current w111 be lower.

The results obtained w1th a cat1on exchange membrane -
(AMF C103) - anlon-exchange membrane (AMF AlO#)rsandW1ch
are also shown in table h,.3, ’ Rectlflcatlon effects were

also evident here, but the trend in the rectlflcetion factor,

i ~ 1s opposite to that obta;ned with the zirconia membranesq ,

This may. be due to the effect of the not inconsiderebie

" electrolyte uptake observed in the zirconia membranes.v,u L

.The €103 and AlOH membranes of the other hand have very 1ow o

electrolyte uptakes in this concentration range (113) (119)
the salt concentratlon in these membranes belng apnrox1matelye

_10‘3M./
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10'3M. The salt uptakeifor,the zirconia membrénés:ng

given in tablé 4.4, and discussed in section 4.5.3.

4.5.3. Conductivity and Electrolyte Uptake
of hydrous zirconia membranes. ‘

Table %.2a and figuires 4. 6 show the varimtionsvih the
conductivity of the membranes with the exfernal solutlon pH
~and the capacity of the exchanger. ‘Since the product
of the diffusion coefficient of the chlorlde Jons and
their concentration in the membranes is approx1mately con- -
stant, (see Table 4.2a), it is reasonable to expect that the
conductiVity of the membranes should be similar;" This-is'
so for the membfanes equilibrated in the three 1éwest con=-
centrations of hydrochldric acid solution. The‘interestihg'
observation is the high val ue of the conductivityjéf'the
.membrane equlllbrated in 0.1M hydrochloric acid solutlon.
The explanation of this effect is to be found in the elec~
trolyte uptake of the membranes. Since the capacity pf the
membranes equilibrated in 0.1 and 0.01M hydrochloric acid
solutions are approximately the éame and the'qfher pfbpért-.
ies are similar,; the electrolyte uptake in.bbth‘éases will];
" also be similar, However, in the.first'case'ﬁhis‘uptaké:v

is/
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is approx1mately half hydrochlorlc a01d half sodlum chlo-
-ride, whereas in the second case the ratlo of hydrochloricz
a¢cid to sodium chloride in the uptake w1ll bevapproximately'
1:19. If the relative mobilities of the ions in the mem-

‘brane is similar to those in agueous solutions,

(where UH/UNa = 7:1.), then this difference in thefrelative_i

amounts of hydrogen ahd sodium ions will have a,eonsiderf:
able effect on the cohductivity. This effect will be in-
- creased, the greater the electrolyte uptake.

The uptake of the sodium co-ion in membrane 2 was
'determined as described in section %.3.5. It is 1mposs:ble

to determlne the hydrogenlco -ion uptake dlrectly‘31nce thelii

hydrogen ions are involved in the equilibrium which allows []5
- the lon-exchange capacity to be varied (section 4 2‘)

u The hydrochloric acid uptake of this membrane is, therefore,

assumed to be 1/19 of that for the sodium chlorlde.",The

total electrolyte uptake of membrane 5 was assumed to'be thej

~same as that of membrane 2, and half of this was attributed :

~to hydrochlorlc a01d and half to sodium chloride. ‘These f{“

electrolyte uptake values are shown in Table b,

Assuming the sodium and.chloride ions te havefsimilarahf

-;a/ ‘

R

mobilities in the exehanger and that the'hydrogenﬁions have'“"
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a mobility of seven times this value, itvie‘possible:to
explain the observed differences'in conductivity'ef'the
membranes. | v | " . |

Taking the mobility of the sodium end chloride ions
as ﬁnity then the mobility‘of the hydrogen ions is seven.
The conductivity is proportional to the suﬁ of the-product of
the ionic coneentratiens and their mobilities. Therefore;
fhe conductivity ef membrane 5 is proportional to (0.467 x 1)
- +(0.019 x 1) + (0,019 x 7) = 0.62, whereas the’conductivity
- of membrane 2 is proportlonal to (0. 463 x 1) + (O 036 + l)
+(0002x'7)-051 '

The ratio of the conduct1V1ty of membrane 5 to that of
membrane 2 would then be expected to be 1 22} The observed
vvalue is 1.3, which is fairly good agreement cons1der1nv‘j"

 the assumptlons whlch have been made in the calculaflon.
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L.5.k, o Diffusion.

Molecular mivration in a COndehsed nhaee”such as an

- ion exchanger, may be treated as point to h01nt jumps of the
e]ementary partlclee, and is governed by a rate constant.

The nature of the Jjumps depen'q on the nature of the diffuq-
ing components. By considering a 51ngle'two com“onent Sys-
tem with molecules that are sufflclently alike so thab the
whole may be considered to form a more or less perfect lat-

- tice and applying absolute rate theofy to it, it'is pessible-
to arrive at an expression analogous to Fick's first lew, of‘

(100) (101) (102)

diffusion. Figure 4.7 is a schematie

'Qotential diagram for the system. . If ci is the concentra-,f
tion in moles per cubic centimetre, at the- 1th position then
the amount of material'in a volume of unit cross section and
length A is Acy ( A is the distance between'equilibrium“
"minima). >If k represents the‘number of times_per second /
that a molecule jumps and Q is the steady state amount of i
passing per second through a square centimetre of sﬁrface;
then , | ‘ A
| Q=kAe; ~kheg,y (414) :
The concentratlon gradient between the 1th. and the (i + l)th

position/




' 300,
position is

dec _ ¢ -
dax - S
Thus,

Q:kk(c 1+l)

=k Xey ’,°i+1)
X o .
- 2 C , o SR
= "kA ,g-_g_ - R : ()'*‘016)
- dx : R
- This 1is equivalent to Fick's first 1aw ,
Q=D %—%'WithD K. A2, (417)

In an ion exchanger, the n051tionsof the eoujlibrium';’
minima are the fixed 51teq.- The diffuswon coefficient of =
ions in an ion exchanger should therefore,'be nroportionali
 to the distance between the fixed charges. - Thus, in a L
'varwable capacity eychanzer whose other oronertwes remein_
unchanged the counter-ion ﬂiffu91on coefficient should |

decrease with increasing capa01ty. o o 17 'f , }>.A

The membranes are’b§ the nature of their.breparition,-"
heterogeneous, and 1t Is uncertain to what extent the par-
. ticles may also exhibit inhomogeneity. e It is,_therefore,ik_
~.difficult/ o S : A

T -
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diffieult to calculaﬁé a value of A, the distance between
positions of minimum pbtential energy‘for the counter-ions,’
i.e. the fixed sites on the exchanger matrix or the mobiie'
oo-ionq: Some estimate of A may be obtaiﬁed by'éSSuming é'
perfectly homogeneous zirconia system and calculatlng it on
the basis of a cubic lattlce model., Baeed on norosity dqta,
a value_of Loz of the total volume was‘used as the volume of
zirconia in the membranes. The values of A so calculated |
for the particles and membranes are shown invtébles E;lb‘and,'
4. 2b, | | O

It woﬁld be naivé to expect the'diffusion éoefficiehts.:
of the chloride ions;to be proportional to thé values of"

A2 so calculated. _Asfshown ih_tabies k.1b énd,H;Qb, the
chloride ionxiffusionkéoefficients dqlincfeésefwith;ihéreds-;
ing A but the proportionality.is close tb}' AS than-ﬁo : R2,v
i.e.the dlffu31on coeff1c1ents are 1nverse1y proportlonal to
the capacity of the exchangers. In the.case Qf the mem- - °
branes this last mentioned observation could be expléined‘b
by'the fact that the membranes were leaky.,- There 1s, how-
l,-ever, a large amount of evidence agalnst this suggestlon. H;:‘
The fact that the results obtained from the partlcles showr  ;
.similar trends suggests that this phenomenon 1s real.: Tpéf?'

7'conduCUVity/
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conductivity of membrane 3 in 0.001M hydrochloric acid
+ 0.199M sodium chloride solution is 10% highe'r"t'h‘an that
in 0,0001M hydrochldrie'ecid'0.1999M eodium ehiorideasolution
although the conductivities of theselfwo solutiens are verj
nearly identical, | If thie membrane had been leaky'the |
conductivities would have been a function of the solution :
conductivities and so would have been Very‘similar if not
identical, The fact thet rectification effects were ebe
served is also stfonvly’in'faVOur'of leak-free membranes., -
Electro-osmotic transport of water was also observed durlng
the preparation of all the membranes. 7 F1na11y, after
preparatlon and before every experiment, each membrane Was'
placed in a cell and subgected to a pressuve head of a few
inches of solutlon. No solutlon was observed to. flow
-through the membrane even after many . hours. All of thlsﬂy
ev1dence suoports the proposal that the membranes bresent
a leak-free system | | 7 | |

The ability of these tests to discriminate,betweehe
a leaky and e sound membrane was shown as follows. = A~
membrane which was known to be slightly leaky, gave a meaeee}:
ured diffusion flux approximately'2-3'times higher'than the’f
. true value measured with' the same membrane withoutileake.:
This leaky membrane allowed permeetionvofvsolution when

~ subjected/
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subjected to a_pressure‘dfve few inches.of solutien,rand no
rectification effectS‘mere obtqined Thns conflrmed that
the above tests were adeouate to determlne whether a membrane
was leak-free. .

As can be seen from'ubles 4 2a and M 2b the experiments
were not all carried out on the same membrane, and 1t lS,'
therefore, 1mportant to con51der how reprodu01ble the results
- are from membrane to membrane. All the membranes were
prepared under 1dent1cel condltlons and table h 2a shows
that membranes equillbrated in the same solutlons had capac=

"ities identical within the experlmental error. l Thls con-'.
- firms that the prOpertles are . reprodu01ble from membrane
" to membrane, and hence the results can be accurately com-v
pared.’ For the partlcles the results are of course strictly,
cemparable since all the-z1rconla partlcles useduin thls'work

'-n ceme.from the one batéh of material.

Eyrlng S appllcation of absolute rate theory to the

(100) (101) (1°?> predicts that the dif—‘

~diffusion process
fusion coefficients should increase with the dlstance be- --5
. tween the fixed sites on ‘the exchanger matrlx (or between o

the/
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the fixed sites and the mobilejco-ions if thevelectrolyte
uptake 1is significant).. - The results of this 's:tudyv.cOnfirrn
this prediction, and also show that the dif fusion coeffic-
ients for a given capacity, and hence a given value of X y -
are independent of how this capacity is maintained. In
membrane 5 there is a considerable concentration ofknydrogen
co-ions which can act as jumping sites-while in membrane 2 .
the same co-ion concentratlon is composed mainly of sodlum k
ions. The- dlffu51on coefficlent of the chlorlde counter-  B

~ ions is unaffected by thls change.

Boyd , Soldano and Bonner (5) carried ouf a serieS'of
experiments on a serles of sulphonated polystyrene-d1v1nyl‘,
‘benzene type cation exchangers which were prepared with
different . capacities. The method of preparation w258 to
subject a giVen'type of exchanger to acid hydroly51s~at~
180-220°C for different periods of time,.in‘order'to obtain
a series of materials based on the one excnanger matrix but .
with different capacities. However, there is good ev1dence
in the authors' report to suggest that this process also
affected the cross-llnking of the- exchanger as well as the

+ capacity, so that the results are not a functlon of only

one/ ‘ B V S .v"

i
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one variable. The diffusion coeffiCients'Of a:number of
ions were measured and similar frends were obtained ih all
" cases., The counter-ion diffusion_cee?ficienfs were found
to increase initially with decreasing capacity, but passed
through a maximum value with further capaeity decrease.
These results do not follow the trend expected from.the
- Eyring theory., However, as fhe authOrs*point out, further
'data should be obtained from variable capacity exchéngers'v
prepared by a method which doee_not affect the‘other’prb— :
perties of the exchangef.a a o
‘The fesﬁlts obtainedfin.thie'work on_hydroue zirconia .

seem to fit this requiremeht and althouéh the'correiation_
o between dlffu51on coefflclents and Az is not ebserved,

~ the trend of the diffusion coefflclents suggests that the
i'iabsolute rate theory approach has validity in thls type of‘

i’¢system.'

C oA
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Appehdix ALlo

Kedem and Essig (24) have proved. that the relation
I.oo"'r:'va o

p: , 1is satisfied for constant p..
Tii “Tix e | i

It may be shown that this relation also anplies when

P varles throughout the membrane thlckness.

Using the equations of Keden and E351 , 1t may be

shown that,

o ' , dinp. !

(oo = Fip) T = (?22:_":rik)’32 =Rl —3%— o B

(b —1. )T - (o —r 7. =rr 2Py (y1amh

00 ik? - 733 TikT3 — e T B

o : o dx :
aln‘Pi

(Too = Typd I = (rpy = Ty )y SRT S (aL101e) |

- - ci o
R N R . | |
But, OlaP, . . 0% _ . 3. S
' §‘x ey gx - ¢i I x B N
Therefore, . .
02(1'OO - ) J - c, (r22 - lk)J 2 S b

Y _ °3 (L
°3{Too = Tard? - C3 (T33 = Typdy _"RT' = "-.

o o 3 cq . “l R
cq (roo - T ik)J -c:l (rll‘ k)Jl “ 1; .~(Asl.3c)?
Therefore,/
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Therefore, f :
Ocy dey 4 0oy o 0. , o <A;1,-5) -
o X ox dx : ' R
and Ji + J2'+ J3 =Jd . ,"‘ -  . , (A l 6)

Therefore, addlng (A 1.3 a-c) and substltutlng enuatlons}.

(4.1.5) and (A. 15), glves

" ?l(rll - cik)Jl
The following relations also apply,
Co(roy = Tyy) T = CqTpy = C3T3p = CpTyy
-> e.r
3 2]
N j:')_;. ,
c3(ryy = Typ) = = eqTyy = C3lyy = CoTyp
Come , _ co S ;
e 42 R |
¢p (P13 = Ty T = 01Ty - 3713 7 S%1p
- ) . N 3 .A N .-' \
- i CsT13 S (A.1.8.c)
‘Since Tyg T Ty = Tpy = Ty =;r13:f1?23'? ?3é“f;f‘i_jf7

(A.1.8a - ¢) are identical.
k Therefore, (A.1.7) becomes

e (v, - Ty )T = ATy J2 +3,) ~e‘eff5 ;V(A;;;9)g
and/ ‘ o

Ral
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and A = c'(rwv,— rik)‘v-"

Therefore, in.géneral,'
‘ T

= ¢ = .99 -,rikv
'Q?. e Tii T Fiko

I

(110,

C(aa1a1)
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Annendix A,2,.

EMT of s _concentration cell.

The cell for measuring the emf_of a,concentrétion eellA
eontaining an ion-exchenge membrahe is shOwn'scﬁematieally in
figure A 2.7, The eolutﬁon oﬁ'the siaes ' and " are aqueous
solutlono of the same electrolyte, but of dlfferent concen-
Lratlops, and the electrodes are rever51ble to the anion of
the system.. Under theqe condltlons the emf of the whole cell]

is given by,

Em(E>+m)+(E>+m>+c%) ,35e@gzgy
where, . LS e
- E, = "7 <RT/F 1n (a ) vev:';f };‘
E2 = -Rm/P Tn(a /a ) o
E = diffusion potential of'membraqe.A _ ,
Ey = -RT/F 1n(a}/3} - ‘«‘:;:754-:(A°2-?-)]

E, = -BT/F 1n(1/a§) | S
From eruation (2.67 ), the diffusion potential, Em,"
-is given by, | B | o |

’ 7 T,

E =1/F (2 X +-2 X
o 23 1 %2, 2

+ T X )

_ :
-(RT/F){ In(a"y /al) + =2 ln(a"/a )

o +fm@/a&
~which/




Py
a'
2
Ag/AgCls
electrode
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s

Ag/AeCl
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2 23 :
2! an Aan -
2 2 2 ,

‘solution "
| membrane

Figure A.2.1.

Schematic representation of e.m.f.

~across a concentration cell contalnlng

an 1onrexchange membrane. .
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whieh, on substitutinge FQ =1 - El, puftiné 21

for 2 1:] electrolvte) and rearrancing, gives,
E = -(RT/F){l In(ayn5/31a) ) + T ln(a"3/a')
- 1n(a! /a')}

T'(RT/W) 1n(%"/9') - (RT/F) t ln(a“/a
- (RT/F) ln(a"/a )

g3
1l

37

<§ince. ajyay = (5% ‘_and §i§ = (5’)2 > |

)

“  (A.2.3.)

Swnce each fece of the membrane 1s essumed to be in

equzllbrlum with the ad]acent solutlon, -

Tz = at - g -__-_ 1
Br T 21 ay = 2y

and, | :
31 = 3! 3" = gn
383, 23723

Therefore,

m -
- (RT/F) 1n(a"/a2)

The emf of the cell is glven by,;»

g
1
!

(RT/W)ln(a /a ) —(RT/F)ln(a”/a2) -(RT/P

(RT/F)ln(l/a") _
al aé 2l an

E = -@/F) 1n( -
Al 1 " 1
: 32 32 a2 a2~

-t (RT/F)ln(a"/a3)
¥ = -Ztl(RT/F)ln(a"/a ) = E5(RT/F)1n(al /a3)

Rad

:f}:'(A.2;57)

E = -2t1 (RT/F) ln(a"/a ) -t (RT/F) ln(a /a )

(A.2.6,.)

(RT/F)ln(a ) - (RT/F)]n(a'/a‘) —?E (RT/F)ln(a /a+)

)ln(a"/a )

°2, ;‘“gﬁl(RT/F)in(aﬁka;); o

ﬁ,(A.257;)
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Avpendix A, 3.

Under a electrolyte concentration gradient, the salt
. flow through a membrane is given by, - |

JS

1

(1/"1)(111 1t L% * 113}(3 D)

(1/w) (14 (=d iy /ax) + 1 (-dfig/dx) + 1,4 (-du/dx)
v,) (1q (~d B r1o (=t 13 /'71/3})(1)
Expanding (- d/bg,,/dx) in terms of (-d ./dx) and (d ¢ /dx)

yields, on rearranging, : | |
Jg = (1/v1)(111(-—<_i/A,/dx) + 1 ('d/“l/dX)f* ]_13(—<i/43/dx))
+ (/9) (291py + 2,07,).F(=d@ /dx)  (4.3.2.)
Using equation (A 145 for F( do /dx) and equations.

' (2. 61 ), gives, - 2‘ -
- t tltga
3 = -(1/"1)((111 - )( -dp, /ax) + (1, - .——-_lez )
) , : ]_ ,

(- /Jz_/dx) + (113 AL -d/-t3/dx))
21

It may easily be proved that for a 1:1 electrolyte,

Il —5— ) O = (112 > Z )= ( ll 99 12.)
| 25 125 a

and since (-dup/dx) = _(-d/u,/dx) * K-d/—lz/dx), fhen

o= ¢ 11112é - 1% )( -a /d) . <1’ | :*~’°1t3’°‘1. aA )e
s = . 2 )0 ~Gpa/®x) *+ (g - oy '/‘%/ 0

a
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Appendix A4,

The water flow in a'concentration cell is given by,

T
i

3° 113X + 123X2 + 133}(3

= 13(-%f4/dX) + 123( /u ,/dx) + 133(~%/1/dx) (A Y, })
Expanding (%ﬁ%/dx) in terms of (3}Q/dx) and (dq;/dx)

gives

J3 13( Qfg/dx) + 123(-%/Q/dx) + 133(-§/g/dx)
: + F(-d & /dx) (zl 13 % 2515 3> (Ak.2)
Substltutlng for F(-dq;/dx) from: eouation)%nd u51ng “

 equations (2 61) gives

Iy =,(}13‘- )(—%fa/dx) + (123 fﬁ( ?u /dx) |
- . | : M3)
Again 1t may readlly be shown that

gy = 558 = s T
o BTG
Therefore, since (—d u/dx) = (~d ,/dx) + (—/pl/dx),n ,,

@13 ——-35(-d/ul/dx) + (133 - t a ) (-d/us/dx)
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Apnendix A.5.

Capacity determination.

Suppose that the equilibrating solution has a volume
3 . ) ) ) . . R

V em”, a concentration c mmoles/¢m3 and a specific activity
X cpm/cm3.  Then the total activity is Vx, cpm. and the
| number of mmoles of the ion under study is ¢V mmoles;
Suppose the volume of the membrane ié_v o3 and the
concentration of the counter-ions is‘E mmdles/cm3 thenthev.
number of mmoies of ébun#er-ion in £he membrane is EV mmoles.
Thereforg,vthe total nﬁm£er of mmoles of;counfer-ion is cV +
7. | S
The fractlon of . the counter-ion in the solutlon is'
- eV/(ev +cV) ‘ | ‘ i
Therefore, the fraction of total activity in the solution;
after eguilibration is cV/(cV +cV), | . ‘ V
vTherefore,'the total activity inthe_sdlﬁtidn is then; .
(cV/(eV +8M) .Uk, o
~and the speciflc activity in the solutlon is ((cV/(cV +
eV).Vxy )/V 1. e. (cVAcV +cV))xl '_ NS :
But the specifiec activ1ty of the solution is measured{?ﬂ'i
as Xy, therefore,
X, = cVAﬁV + cV).xl
giving/




- 3. |

Thus the capacity of the membrane is obtained. . =




315,

Appendix A.6.

Edge effect correction to conductivity.

In many measyrements of diffusion and condnctivity
through membranes, the membrane is clamped betﬁeen the
faces of the cell in such a way that only the central part’
is exposed to the surrounding_solution.v Normally the P
: diffusion through the overlap region has'been neglected.
However,fif the radius of the total membrane is very much
greater than the radlusiof the’diffusion region,‘then the"’
dlffu51on through the overlao reglon may be 51gn1flcant.
This phenomenon, called the edge effects, has been treated

(&)

by Barrer, and a solutlon to the problem obtalned.

Consider a alffusional flow through a membrane of ,,b
:_thickness 1 and radius b, clamped between'the‘faces of a‘
© diffusion cell such that flow can only occurbthrough é' .

concenfric circle of radius a (a &b), both af‘tbe ingoing
face (z = 1) and the outgoing face (z = 0). '}Tbe type of
flow llnes for the system are shown in flgure A 6 1.

If the centre of the outgoing face is chosen as" the orlglnvj_
of a cylindrical coordinate system (z r), w1th the 2z co-.f
'i,ordinate normal to the membrane face, then for a constant

- diffusion coefflcient the steady state eouation becomes-lkki‘

62 73
5 T2

= O j : (A 6 l)

H Il—‘
°1°
Q-
o™

bwith/ :
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Figure A.6.1. v Dif‘fusion with an edge effec’t.»
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with the mixed boundary conditions:

(a)‘c=co,0<r<a .,.z=l,»t>0 ' -(A.6;2aA)H
(b) " e=0, 0&r<a ,z=0,"t>0 ._(A.6.‘2b)
(e) 0 c/dz = 0, al® <b,z=0,1,t>0 V(A.6.2c) |
(d) 9e¢/dr =0, r=1b, )z < 1 t>0 (A.6.2.d)v

Under these condltlons a solutlon is difficult to
obtain, but by replac1ng conditions (a) and (b) of equation
(A.6.2) by conditions of constant flux per unlt area, SO

that the steady state flux per unit area is indépendent of

f‘ r over the faces z =;O,l. With fixed flux conditions’

imposed on faces z = 0, 1 the concentration ovér each faéebv
varies with r, and a solution to equatlon (Aéﬂ) can be |
obtainéd. This 1eads to the relatlonshlp :

I/3,=1/ U= (16/17.5) - (A6.3)
. where J is the stmdy flux in'the'presence'ofAedgé effects5_

J, the flux in the absence of.edge effects, and |
| (A.6.10)

1.1 (qa)
g, =y 11 (Il (qp)Kl(qa) - X (qp) 1 (ae)).

“n
Q=T 211(‘135
where a= mwa/l -
B= mb/L

and I i and K, are Bessel functions.

1 | L
Barrer has shown that the equatlon (A 6. 3) applles o

also/
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also for conductivity through membranes. "Replaning J'by
kV/R and J, by KV/R, where k is a constant v the aleled B
electric potential and R and R, the resistance in the pres-t

ence. and absence of edge effects respectively, gives‘

R/R =1/ - @6, 5. ) (M6.s.)
Since R, = 1/ wék , where K is the specific conductivity of
the membrane, equation (A.6.5.) may be- written,:

K= (/ma®R) . @ = (16/m). 5, ) -

v from which the true spe01fic conductivity of the membrane fi

(4. 6 6 )

may be calculated from the apparent reSistance.ﬁ-ﬁa]}fﬁkﬁ,“'




 The/
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Appendix A.7. .

Film diffusion correction to diffusion coefficients.

Because of the‘inflﬁencé of filmAdifquiOn;.the 
apparent diffusion coefficients of the ions in fhe membranes
determined as described in section 2¢KQ,ére smaller- than the
true diffusion coefficients, énd a COrrection'muStvbe:applied
to obtain the true values. A number of such CGrrections
have been suggested by various. authors, 5D (52) (53) but
the one used 1n this study is based on that proposed by
Scattergood and nghtfoot.(57) | ;

To estlmatg the true tracer diffusion-coefficient ﬁl’
from the apparent éoefficient ﬁiA calculated as described
in section 2.312, the effect oflthe'bdundary layer mass.A
transfer resistance mustsbe'tsken’into account. An_estimate
of ﬁl can then be obtainesAif the ﬁass transfer fesistance‘
~ in the solution is assumed to be concentrated inkuniform
boundary layers on either side of the membrane. The true
diffusion coefficient is: then given by

By =D,/ -2Dj,e/(akyey)) AR |
where d is. the membrane thickness, ahd'kcgis the Tocal mass:{

transfer coefficient in ¢hé solution of concentration Cys

. and Ei is the concentration of}species 1 in the»eXChanger.a'
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The term k  corresponds to the D/ term used in the diffu-
~sion layer approach (¥7)iwhereéis the film thickness.

~ The value of k, must be determined frbmlexﬁeriméntal

data, and its value is dependent on the viscosity and‘density

of the solution, and the diffusion coefficient of the ion in
the solution as well as on the physical dimensions and rate\of
rotation of the stirrer. If the valﬁe‘Of,kc is detérmined for
one set of conditions for which all the other Variables are
known, then the dependence of k, on these variables can be
calculated and hence the value of kcvobtained for any experi-
mental conditions. 1 ‘ | |

In this study, as in that of Seattergood and Lightfoot,
the value of kc was estimated from limiting'cufrént measure-
‘ments using the cell set up'aé described in section 2.3;11. ;
k, can be obtained from the limiting gufrént,as.folioﬁs:‘ |

| k, = I /F(cy)b n |

where I°“’is the limiting current density, F is Faraday?sA'
constant, and (Cl>5 is the concentration of ion 1 in the
bulk solution. - ‘

The general equation rélating this mass transfer
coefficient to the other variables of the system, is ,

(k)pB = yz2p /g )0 C(n/pD ) /3 )4.7.2)
" where thg subscript m on k, denotes the'area mégnbvaiué,'

B/
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B is the cathode diameter, D the solute diffusivity, N is
the impeller rate~ofsretetion,'L the impeller diameter,n
the solution viscosity, p the solution den31ty and A and
q are constants of the system. ‘

From a plot of log ( (k ) B/D) agalnst 1og N the
values of A and’q can be obtalned. Thevvalue of k for
any solution and stirring speed can then be obtalned from
equation (A.7.2). Sgbstitution of this value of k_ in
equation (A.7.1) enables the cerrection»for filmsdiffusion
to be applied to the tracer diffusion coefficient and the
true value obtained. The magnitude of the eorfection
depends on the flow rate of the ‘species through the mem-.
brane, belng falrly large for those with hlgh permeab11-~'
 ities, e.g. counter- 1ons, and . low for those species whose_:,
.permeablllty 1s small eag. co—1ons. | |
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Annendlx A,8,

Correction to diffusional flow due to volume

changes in the system,

Consider a solution of volume v cm3 and specific

activity xlcpm/cm3, The total activity is then, Vx cpm.

Suppose that activity is being added to this solution

‘at a rate of O cpm/sec and that samples are removed for .

counting at times tl,,t? P Sunoose also that n cmn

3

~are removed in each sample and a cm~ of 1nact1ve solutlon
are used to replace this ‘volume removed.-

~ First sample, o
3

Specific activity of solution = x epm/cm®. -
Volume of solution removed =n éms.
Therefore, total activity removed = xn cpm;'
| Activity remainigg , = x(V-n)emp in (V-n) cm

a cmd of inactive solution now-added., ,Aﬂ’

Activity: =
’ | cm>.
- Specific activity =

Second sample;- B -
S Lo x(V-n) + ;0
Specific activity = - s ' ‘

| B o (V-n+a)

'

X + tl.g - ax .
- (V=n+a)

- 1"
i.e./ '

3

x(V-n) cpm in.(V;n+a)

. T =%+ .0 —corr(2) -

3

x(V—n)/.}(V-'n'-fa) ..vf- % e
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i.e. the measured activity is eoual to the true activity .

1ess A correction corr(z) where the correction is glven by,

corr(2) = ax (L n-a) . - tig ne-a

V v V—'n+a' L (m)

Suppose this spec;fic activ1ty is called xl 1.e. xl =

x + tlg-corr(2)
After addition of a cm3’of inactive sbiution;
Total act1v1ty = l (V- n+a)
Specific. act1v1ty | = (Vk2n+a)/(V-2n~2a)

Third sample.
- (xl) (V-2n+a) + t20

Specific activity - .
‘ o (V—2n+2a)
A calcu_atlon simllar to the one for sample 2, gives

the measured speCiflc act1v1ty of the third~sample‘as

g+ 50

+ 59 | corr(2) - X (1 + __2(n-a Yy
vV Vil v-2n+2a)

4+ 5805 (nan)
(V=2n+23)

il.ce true activity - corr(2) - Tcorr(3).fr1f 
The general formula is given by ‘ ‘
corr(i) = LOxn X (1—1)/V-(1-1)xni] x (x - xl l)

| + corr(i-1). ,
~where Xy is the measured specific act1V1ty of,t'he‘ith

The/

Saﬁple;
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The values,x,, are experimentally determined and therefore
the mesasured inerease in activity in ﬁnit time is obfeinablee‘
From this, © for each time intérval is calcuiatedfand
averaged for all the’time.intervals. Thie evefage value;
~of © is then used to calculate the trﬁe activity af.each

~sample time.,
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Anpendix A.9.

Correction to trénsport numbers for uptake
of chlorine-36 by the electrodes, .

In the experiments to determine the transport numbers
of the co-ions in the membranes, Ag/AgCl electrodes were
used in the solutions of sodium chlorije containing F136

In the backszflow experiments, i.e. with the flow of chloride

against the electrig current, the electrode in the solution

containing a hiéh activity of 0136 was the anode, so that
AgCl was being formed on the electrode and théAtotal
chloride concecentration and hence the Cl36 concentration, was
being'reduced.' The duration of the experiment'and the
current density used were so adjusted that thié concentra-
‘tion change was small, approx. 2=~ 3% of the total concentra—
tion. Since the 0136 concentratlon was assumed constant
in the calculation, an average value over the duration

of the experiment was used without introducing any great
error into the result. °‘In the other side of the cell,
chloride ions were being released into the}solution, but‘
since only the concentration of 0136 ions permeating the'
membrane was being measufed, the effect on the results was
negligible. This was not the case, howevef, when the for-
ﬁard flow was being measured. Here, the anode was situat-,
ed in the low activity solution and'hence~0136 inné»were

being/ . ' £ w

.36 |

ST T gy, W
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being removed from this solution with'a‘consequent redue—
tion in the counting rate of the samples removed for analysis.
The apparent flow rate of 0136, was, therefore, less than
the true value. Since the rate of increase of the 0136
concentration in the sampling side was constant, as was the
current density, the number of Cl36 ions removed from the
solution and consequently, the reduction in count rate
 could be obtained by thevfollow1ng simple method.

| Consider a time t seconds after the start of the
experiment. The total number of chloride ions_remeved from‘
' the solution onto the electrode in this. time is; o

1tl ey

v_-where I is the total current in[amps;'F Faradgy?e'cdnstant o

"EC1 =

and Na Avogado!s number. -
During this time éhﬁ'ihcreasingAnumber of these ions
willvhave been 0136 ions,'andvthis rate of increaée‘willrbe‘r
_constant. Thus the nﬁmber of C136 ions removedﬂfror_the7
solution can be expressed as follows: o |

EC1 = N@ ItN b
F

where the value of N*/NT is obtained as follows.}-is

(A 9 2)

From the laws of radioactive decay, _ R
KN* = -dN*/dt T 3 »»:; f”ff(A;9.2a)";}“
therefore/ “ | | E—



326,

therefore N* = (1/k)(-dN*/dt) where k is the rate constant
for fhe'decay process and (-dN*/dt) is the rafe of decay as
measured by the counting rate of the samples. . Also N' is
given by VeN, where V is- the volume of the half celL and ¢

the concentrdtlon of chlorlde ions in the solution.‘

L Therefore, equation (A.92 ) becomes: I K

Number of chlorlde -36 ions removed from solutlon
= ECl = ( k) é'gl ) TtNa - . L
Vela B - ’ '

& @ e T
= VCF o ) (A. 9-'3-) .

To express this as a count rate equation‘(A Q2a:)
is used and the reduction in the counts produced during
. time t by the formation of AgCl36 is~' | e

1 - gN*
L@ (T Tt
Vel «

=@ S
“VeF (A.9.4.)-

Thiquuantity must be added to each sample oount rate
in order to obtain tho true activity in the solution at that
tlme, before calculation of the transport number is executed.

For the 0.1M sodlum chlorlde solutlons, this correctlon
is approximately 2% 1n the case of- the hlghest act1v1ty
sample,/ ‘
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‘sample, producing a 20% correcction in theivaluéJof t,
Thus the omission of this correction would lead to a Signifi~
cant errdr on the co-idn tranSport'number. “At the hlgher
concentratlons, the correctlon to the count rate was éon-
siderably smaller because of the much hlgher value of'c.t»,
The correction to t2 was only 2- 37, i e, within the experl-

mental error oh the measurement.,
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Anpendix A.10,

Convection in ionQexchange membrahes arises from the
fact that the numbers of mobile counter- and co-ions are not
equal. Hence, when an electric current is passéd'thrpugh o
the system, the momentum imparted to the water by the counter-
~ions is not balanced by that imparted by the co-ions. In
free agueous solutionSf/n:n électrolytes,'«_ the number of
cations equals the number of‘anions,‘and neglecting flow due
to hydration spheres'éf the ions, the water transference
pfoduced by the cationé is egual and oppesite to that pro-'
duced by the anions, and no net transfer of water occufs. |
This suggests that, apart from the hydratioh water, the
cations and anions carry with them equal numbers of water
molecules, Assuming this is the case in ion—exchangé
membranes, and also that all the water, apart from water of
hydration, is free to belinfluenéed in thié way, then the -
water associated with each ion is given by, | )

T/ErEy)  (aa10.1)
where c¢* is the concentration of free water in the

3

exchanger, and is given by, |
| e} =cy -§1H1,-'02H2 - ¢, B, , (3.19.2)
" where Hy, H, and H, represent the hydration numbers of the

species/
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spe01es 1, 2 and % resnectlvely. ‘
Therefore, the water transported by the cat:v_ons is
(t3)— ty(cy/ (e + D S (.. 3)
and by the anions is o R
(by P= 6,(34/(545,) - (4o )
Therefore, the net transport of water in the dlrectlon
of the cation motion is ‘ ;
= (c3/(cy+ ))»(tl—té) | | - (A.10.9)
where t"3‘ has been used since this f‘low neglects the tr'ans-
ference of water of hydration.; | ‘t":;) is given by_ the eouatlo,n,;
ot ~t,H, + t,H (A.10.6)

3 3 171 272
Splegler S analysis of leached membrane systems (21)

= t

has shown that in most cases the linear- velocrty of the‘A .

- water is lower than that of the counter 1ons, SO that a
better representatlon of‘ the system may be _ - |

i t§<ﬂ (cg/(cfcz)).(tl -,t2)‘ o - A

T ".*: ‘et = 4m _ K ) e A Ay
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Apnendix A.1l,

Using the symbolism of Scattergood and Lightfoot (57)
the counter-ion diffusion coefficient is given by the
-relation, ‘
= 1/(((xytxy )/ D 10) +(xpy/Dp) + <X3Aal3>

+ (/D)) | | - (4.11.1)
and using the equations given by Spieglér,(?l)”; L
Dyy = BRI/(Ryqs * Rqp * Xqq +Xpy, )
= l/((Xll,/RI') + (X],/RT) + (Xl?)/RT)‘ ,
o @R 0 (A 11 2)
Boauating terms in equatlons (A.11. l) and (A 11. 2) o
yields the relatlonshlps
Xt Ky _ fo
3511, RT- | §§12 RT

[_.l
>
N

®13 BT 9, BT (AIL3.)

In general, therefore,

X, 2. . or %, o Bx, .
[t K s A R R 'ZQT'L C(ALILLN
Since Ryy = = Xij/ cj BT “€A51%55)
then | o [ R S
_ e e 1.8
By Rij/c ééj | TR - _(: _  ):
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Appendix A.12

Thermodynamic Forces.

The thermodynamié force acting on a species is the
negative gradient of its electrochemical.potential, i.e.
X; = -RT dAL/ax . o )

which may be expanded to give '

.
i

-RT d/-}/dx + z,F d¢/dx

-RT dln(a, )/dx + 2z, F d¢/dx o (A.12.2)

Electric potential only. '

In this case dln(a )/dx O and hence the thermodynamlc'
force is given by | | | |
‘ A g
X, = z;F do/dx RS I
‘For the membrane System this becomes,
Xy = l-dcp/dx | I AR ‘
o = 2Fae/ax 0 maa2.3)
X, =0 4 R |

il
]

do /dx = I/R , |
and if the flow per Faraday is used in the equatibn,' i.e. if

J’i = z;ts, then the .forces become,

el - , p2,g A 12.
Xy z,F°/k - B ( )__- R
Xgl _ Zze/‘.( . , E _;:_(A,.lz.ub)‘
X?l =0 IR S ' ‘:“»<A0120)+C)‘ ’

Chemical potential gradient _only.

In/
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In this case d<#/dx # O,‘and the force acting on dpecies
i is given by, |
X; = -RT d/«g/@x : - (Aa2.9)
For the membrane, therefore the forces become,
X} = -RT 4 fi/dx = -RT dln(ay)/dx + z)Fdg/ax (A12.52)
X, = -RT dily/ax = -RT dlnla,)/dx + z,Fag/ax (A-12.50)

Xy = -RT duy/dx = -RT dla(a;)/dx - (£.12.5¢)

.

n

3
Since single ionic activities are unknown, other |
expressions have to bé used, o
It may readily.be shown that the force on'speciés 2
is giVen by _ ‘ o , : | :
Xy, ==z FE - .(A.12.,6‘f.“)‘
where E is the esm.f. of the cell measured with electrodes

reversible to the co-ion.

Also, . ‘ :
= = = "-H[l(dﬂn dx +dlﬂ3. /dX) ‘ ‘ .
X, =X, = X+ X, =7 81/ Hnep/ax (£.12.7)
and - X, = -RT dln(aé)/dx o T (AJ12.8)

X, may therefore, be obtained in one of th4ways;'
() From X;, and X,. vIThis, however, involves obtaining
X, as the difference of two large numbers. |
(b) From equation G&é&)vusing the valués_of X2;and X3 ;
_given by the equations (53,125) and (Alz%),above'.zb This -
method/ | - .
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method is much more accurate than method (a).
However, allowing for the error associated with each
of these calculations the values of X, calculated by both

- methods have been found to be in satisfactory agreement;




Anﬁendix A,13,

Calculétion of co-ion nermesbility from
electrolvte urtaske data (2)

The eguation used to calculate the‘oVerall bermea-
bility from the permeability of 'each local region is

_Gp _ 3P(P - P)

e N o (A2.1)

The startlng value of PAfor this equatlon is obtained from',.
the eduatlon ‘ |
pr=pr, D = Déagr (;.22')
where * indicated that the property cons1dered is for the
most continuous region.
The fraction of the exchanger havlng flxed charge
. concentration less than or equal to M* is. glven by A
Pk = j:ﬁ'(M)dM : S o (A23)
‘where F(M)‘=.kOM-Z | ; - : |
| y* and f*¥ are obtained from the equatibns
y* =M/ v .z am o R (A.2.h)
pe(er o+ Wy = 1, 2.
It considering a membrane in'which the most continﬁous ,
regions are the aquéoué.fissures and'Withfincreééing'diSpefs;
ness as M increases, the ihtegration‘of‘eQﬁatidn;(A.Z.S )

' must/
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must be carried out first from d“# Qx to ¢ = 0 theh from.
g = g% to g= 1. Thus setting | | _
=g = g and starting with u=,O (% 10 %)

and P = P* then integrating up to‘,’Z';\'= 0 gives P** for the
volume elements § = O to @ = ﬂr}’ For the second part of
the integration from ﬁﬂto'd; to # = 1, the treatedAvolume

= Fis used, the integration startlng at & = ﬁ* and P P*x*
and endinﬂ with u = 1 at whlch p01nt P has the final value P
for the eychanger as a whole.

For a membrane whose regions of fixed charge density
from M* to B are more continuous than those from N* to 4,
the order of 1ntegratlon is reversed.f(A and B have the :
same meanings as in chapter 3). |

The computer programﬁused'to'carryléﬁt the integratiOn'.
of'equation (A£L3).under'%he abové‘conditidns;‘is;given'in‘ ;

appendix A.15;f h
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Apnehdix A, 1l

‘Under the condition of zero current,

= , ' ‘ - A 1k,
I =F(zqJ; + 2,3,) | | | ( 1)

EXpanding J, and J, equation (4. 14.1) becomes

I= F(zllllx1

+ z2122X2 2 123X3
dr.rearranglng, ‘

+ z1112X2 + lel3X3 + 22112)(l

) = 0.

+ z + 7,11 )X + (251

)X+ <zl 12 ¥ Zatta2

2 1? 1 13

2ylp30%3 = _— (4. 14 2)
Comparlson w1th equatlons (2 61 ) shows that this is

(leli

' equlvalentvto . | .

@y ey @ xgymo
z9 %y ST s
i.e, (tl/zl)Xl + (t2/2g>X2~+ (tB) ;.§3 %40, | v‘, (A;14;3) ,~

Now since X, = (-%ﬁa/dx)v= (-%/L/dx) +ziF(Fd4>/dx)
equation (A.1lh. 3)becomes ' | '
(tl/z )((-d/u,/dx)+z n(- d¢/dx)) + (%, / )(-d/u,_/dx)
T+ 2, F(-aP/an)) + ¢y (-aps/ax) =0 (A 1L+ h)"» |
which, since T t =1, becomes, R

(t,/z )(qu/dx) + ﬁt /2 )(%ﬁ&/dx) + ﬁfg/dx) |
| F(-qu/dx) | Albr 5
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PROGRAM 1.
"FIXED SITE DISTRIBUTION.

begin -
' real ko,z,B,M,phi,fea,int;

integer for;

procedure intstep(y,f,x’h,aux)5:“ 1;3,;5

va lue h, ‘

reaI VsLyXshs3

procedure aux;
begin

real q,w,

aux(f,x);

q:=hXf{;

y::y’+0.5xqs

x:=x+0,5xXh;

th(f’X)

w=0 ?9289521 881 3><(h><f-q) 5
yi=y+u; o
q:=2,0x7 + O 707106781187xq, :
aux (f,x);

wi=1 707106781187><(h><f—q),
yei=y+w; : -
q:=2.0xw = 0,707106781187xq;
x:=x+0,5%h;

aux(f,x);

V==¥+0-333333333333x(0 5xhxf£q),_,

end intstep;

rocedure deriva(fa,M)i’j
va lue W; S

real M,r'a; »
begin '
fous= koxMT(-z),
end derlva;

F
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open(20);  open(70);
agaln: copytext(20,70,le);‘

for:= rormat([de.ddn~nd]);

ko:= read(20);
z:=read(20);
Bi= read(20); ;
int:= read(20);

phi:= 0403
M:= 0,0;

writetext (70, [ RANGE#QF#M#####%#%%PHI] )5
nevwline(70,2);

for M:=l while I<B do

B?,—ggin : R
intstep(phi,fa,ll, .’mt,deriva), o

write(70,for,M ); S

space(70,10)3 .

write(70,for phi),

newline 70 aS

end; - i
if in basic symbol (20) = 142 then goto again;
close(20); close(70) == e

- end~>
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PROGRAM 2. ,
é
RUNGE KUTTA IN'i‘h(xRAT .EDN .

‘begln real u, z, £, V3 ,
int(a["ﬁr' Ny J, j.’ oy, I), S’

rocedure intstep(y, £, x, h,aux),“';
Ve lue n L
real v, 'y X, hj
procedure iux.4
egin real , w,
aux(1,x 3
© i=h X £ '
yi=y+0, 5X‘L::
X:=X+0,5Xn;
aux(fy, x);
wi=0, 892893218813x(hxf-q),
y:=v+w
qi=2 (wa+().7()7‘l 06781 187><q H
aux(f X);3 ‘
=1,707106781187x(hxf~q);
y.—-y+w*
=2, 0xw=0,T071 06781 1 87><q 5
X:=x+0,5xn}
aux(f,k)' 3
yi=y+0. 333333333333x(0 5xnxf-q),'
end intstep; ‘

procedure deriv(f,v),

ve. lue v,
real v,I
begin recu. exea, exb;
exai=exp(v);
exbi=exp(~vXxz); -
£:=0, BXBXaYexbx(-exa+sqrt(exa?2+4 0))
end deriv;

T

open(20); open(70);

copytext (20, 70, [;1 :

agains: n.—read(ROj n.=read(20), i
begin array ylO:n], x[0:ny1:ml, I[1.m],:. '
yldl.—reaa 20); :
fori:=igtepluntil m do eﬁin

- Ili]:=read(20);

xLo, i] =read(20)  end;

g for J =1 step 1 until m do egin

™~
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us=x[ 0 E H
v:=1ln(ylO j);
p:=0;3

start: pi=p+i;
intbtep(u, "3V, 0. 0346;5,deriv),
it 720 then goto start else begin
T yls]i=exp(v); ;
xls,J]l:=u;
si=g+1;
if s=n +1then g:=1 else goto start end end; = .

writetext(70,[[2c¢3s]v[118]1])
for i := 1 step 1 unull m=1 d
writetextf’o i[1as S1L]).
writetext(70 T~8q]779
for 1 := 1 step 1 until m do

“Write(70, iornatffﬂkd ddad]), I[1]);
writetext (70,[[2c]T

va

“for 1 := 0 gtep 1T until n do begin

write (70, rormat([d.dddde-nd])y yIil);

for J := 1 step 1 until m-1 do -
writeé?O fornat$[35d ddddm—nd]} x[i,J]} o SRNEE
write(70, format(l3sd.ddddp-ndc 5 x[i,m 3 ~end -end; -

. 11‘ p—a then apgain R
, close(255 I 6(70 EEQ')??,
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PROGRAM 3. ,

CALCULATION OF THE MOST CONTINUQUS REGIONS IN
ION-EXCHANGE MEMBRANES. '

begin
, real D,Vo,z,nub,zg,ms,mup,Io,Mcon,M,alpha,yn,fn,P,phi,

L,xhold,int,h,f f«,

integer for; _ '
procedure  intstep(y,f,x,h,aux); o e

value hj
real y,f3X,h;

procedure aux;
begin

real (,w;
aUX (LX) _ /
s=nX1"3 oA

yi=y+0 5% 5 ‘
X:i=x+0,5%h; = =
aux (£, x)'
cwi=0, 292893218813x(h><i‘-q),
y.-—y+w
q:=2.,0xw + O, 707106781187xq,
aux (£,x); :
wi=1 707106781187x(hxf-q), o
yi=yTu; ' Sl
Q:=2.,0xw = 0.707106781187xq; : e e
X:=}~.+0._)th C e o
aux(f£,x);

| yi=y+0., 333333333333x(o.5thf—q),

- end intstep;

rocedure deriv(f,x);

VeLue x5

real X,I; : :

begin .
: £:=3, OXPx(kXexp(x/(1 00-z))-P)/(2 0xP+kXexp(x/(1 «0-2))
" end deriv; , ‘ S

’

.\'
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rocedure  deriva(fa,M);
value s L
real M,l'a; : E _
beﬁin

fa i=koXM (~2);
end deriva;

open(20); | open("{O); “
aéﬁin- copytext (20,70,1; ]), :
fOI’.=i ormat ( [d d(lxo-nd(.] ),’

Di=read (2( \,
ko: —Pead( J)s
zi=pead (20)}

nug:=read(20);
Z{5s=rea ?())))5
ms s=rea(20)));

mup s =read (803
Io:=read(20);
Mcon:=read(20);
int: recxd(z()),

alph;n'—(nug,erup/(koon) IT(1. 0/(2 0-z) )/(nugmns),
yn:=teon/ (nugXzgxe lphaxnus ) 5 o
n:=0,5X(~yn+sqrs (ynT2. O+h) Og)
k:=Dxalpha®(1.0=2)xTox(1.0~ (1.0/(1 O=z))/

(ko™ (2z/(1. ()-z) )X (nug>ms )T

P:=Dxalphaxfn;

phi:=0,0; -

IVI:=0005

for M:=M while I\’I_(_I\’Icon do
intstep(phi,fa,M;int,deriva);

writetext (70, [MULALITY*UF*MDST*CONTINUOUS*REGION*—**]),
write (70,1 or,ﬂ'con) H .

yritetext (70, [VALUL*UF*PHI*FOR*THIS*REGION*—**]),
write('?(),for,_hi), , e

x:=1ln(phi); xhold:=x5

'-i
2




simple:

F
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if' in basic symbol (20) = 142 then
begl -
for x:=x while x<0, 0do
intstep(P,T,x,0 T'deriv)
end else
begin
for x:=x while x> 5.0 do
Intstep(P, i,x,-O sderiv)

(D
.’:S

&

and 5 |
£ in basic symbolf 203 =142 then goto simple;

I' in basic symbol (20) =142 Then

egin

Tor xhold:: =xhold while xhold> =5. 0 do
intstep(P,1 ,xhold,~0.1,deriv)

|8

end else
Befin '

for xhold.—xhold while xhold £ 0.0 do
Intstep(P,r,xhold,; 0. T,deriv)

ends;

L

writetext (70, [PLRMLABILITY%COEFF*—**])
write(70, for,F)

newline(70,2)

writetext (70, fDmPUSIoN*CUEFF*—**] 1);
write(T0, for,?kmup/ms) '

if in basic symbol (20) = 142 then ga again,

close(20), ' 01038(70):

end~>

s oL
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PROGRAM 4,

LEAST SQUARES ANALYSIS.

begin comment This progreamme works out m and ¢ for the equation

y = mx + ¢ by least squares from n pairs of x and

¥y and gives the mean error in y,m,and c,plus the
individual deviations in y;

'
{

integer n,r, 1, p;3
real 8X, 8y, 8Xy, 8X2, s8y2, m, C, d,dy,dm;

fi= 10rmat([-d ddddp-nd] ) ;
opené20§
open(70
start: copy text (20, 70, [51);

comment n is the number of points;

n:= read(20); _
: H

begin arrey x, v, e [1:nl;
8X = 8y = 8XYy = 8X2 = gy2 1= 0 05
for 1:=1 stgp 1T until n do :

Pegin x[TI]7= read(20);
y[i].ﬁ readgao;

end;
for i:=1 step T until n do
begin sx:= sx + X[1]3
sy:= sy + ylil;
syy.—sxy + x[1] x y[1l;
8y2 := sy2 + {[1]?2, |
8X2:= 8X2 + X i]t2 end; - S

i=n X sxa - 8xT2;3

:= (n X sxy =-sx X sy)/d;

ci= (8X2 X sy = 8X X Jxvs/d, ' R
S dy:= 8y2 + nxcT2 + mt2xsx2 - 2x(exsy + mxaxy - mXGsz),'._ SRS
dm:= sqrt(nxdy/(n-2)/d); ;

d:= sqrt(dyxsx2 /(n-2)/d$

for i:= 1 step 1 until n do eli] := y[1] - m X x[i] - c,

write text (70, L[Lh4e] gradient*—*]),



3}4'5.
write (70, I,c\.b&( m)); '
writetcyt(70 [ [3s ] STANDARD#*DEVIATION* IN¥GRADIENT*=%%1]);
virite (70,1 dnT— - - :
write text (70, [[2c] c#=*]);

write (70,f,c E
writetext (70 [3s1s TANDARD*ERROR*¢N*C*—**])

write (70,1 5;"‘
write text (70, [[2c] rms#*error*in*y*=*#]);

vrite (T70,f,sqrt(dy/n-2)));
write text (70, [jﬁg 1 y*obs[8u] v*cale [Ts] deviation [2cll)

for 1 := 1 step 1 until n do

begin - write (70, Tormat ([2s~d.ddddwn-ndj), ylil); ,
vrite (70, format ([3s-d.ddddp-nd]), m X xfi] +c);
write (70, format (L3s-d. ddddm-ndq_s, el1])

comment if another set of data 1s to follow punch 2 otherwise O

p := read (20); '
if p = 2 then goto start,. oy
close § _ '

close (20 S
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PROGRAM 5. '
LINEAR TITRATION PLOTS.

begin comment This programme calculates a Gran plot. (r=1) and
applies a least squares procedure to the :
experinental data . 1r=2 for modified Gran plot;
real fo, Kk, es, vo, v,ve,d t, conc, sX, sy, sx2, sy2, '
8XYs My Cy Iy KW, pm, R
integer 1, n, p q, ", F2, I’3,
4 open(20 open(’T() )3
Fls= i‘orma.t [ ~de.ddddp~nd]); B
P2 :=format(l 3s =d. ddddxo-nd]%
‘ ¥3 :=rormat (L 35 -d,ddddp-ndol);
again: ‘ c,opvtext(a(),"'{o L1);
- pi=read(20); -
n:=read(20);
ki=read(20);
e.,.=readé ’()§
vo:=read (20
vi=read(20);
ti=read(20);
q:=read ’>()§ ' . L
Aif r=2 then begin kw.-read(”())g pm:=read(20) end;
» VO:=VO + Vv -
‘begin array e, X, ¥, f['l.n],
8X:=8yi=8Xy:i=sx2i=sy2:=0.0;3
for i:= 1 step 1 unt,._.LJn do ,
begin Xx[i}:=read(20
y[i]-~readé°0 :
if r=1 and q=1 then f[lj.-— (vo+ x[i] )x1()i{(es-y[1]
'i? r=1 and =2 Then rli]:=(vo+x[1])x107((yl1 -esE/k
IT r=2 znd =1 Then fli]:= (vo+x[i])x(10‘(‘((es-y 1]
k~pn) =kax10T((y[il~es )/k pm) )
i r=2 znd (=2 then rli]:= vo-l-:xf.i] )x(kwx‘lOT((y[i]-es)/
Trpm) =107 ( (es =y 1] $/k-pm)) end; ‘ ,
for i:=1 step 1 until n do o
Degin  sX:i=sx+x[1];
sys=sy+li];
sxy:=sxy+x[1]xc[1];
gy2:=gy2 + £[1]72;
gx2:=5x2+ x[1]72  end;
d:=nxsx2 - sxT2;
m:=(nxXsxy- sxxsy)/d;
c:=(8x2Xsy =-s8xXXsXy)/d; ' .
d:=sqrt(abs((sy2 - syXc = sx ><m)/(n-2))),
for 1:= 1 ateJ 1 until;n do elil: =f[1\]/ -mxx[1] - K
writetext (70, [[Tc] m*-ﬂ) 5 :
write(70, F1, n); D
writetext (70, [[35,] cH=#*]); L
write(70, F1, ¢
write’cex’o('?o, [ 3s] 1’ms*error*=*]):
write(70, F1, d); ~
writetext (70, [[3c9s] viBs] f‘*é)bs[8e,l f*calcl7s] deviation[Zc]])s

3 .
3

/k)s}

2




7.

for i:= 1 step 1 until n do

begin  write(70, F2, x[i]gg
write(70, F2, £li]);
write(70, F2, mxx[ij + c);
vwrite(70, F3, eli]) end; -

try: fo .——re,ad(a()) 5
ve:=(ro=-c),/m;
pi= read(20): . '
conci= if p=3 then vext/v else vxt/ve;
writetea}\t,(/’() [[2c3s]ve*=*T '
write(70, M, Ve); g
vritetext (70, [[3..] conc*~*]), _
write(70, F1, conc .
=r Qd(,)()) .
p = 1 then goto try; L
";1_“ p = 2 Then g£oto againg
closei'?O close(”()),

i
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PROGRAM 6. |
EDGE FIFFECT CORRECTION TU MEMBRANE CONDUCTIVITY.

¢

begin : '
comment this programn calculates the true resistance of

& menbrane allowing for edge effects
" and then calculates the specifiic conductivity;
real E, %X, sn, res, reso, a,b,l,lim,sr,sc vcxra,varb,m1,m2,
n1,na b1,b2,b10,b11 term, series,uni‘c lima,K1x,mult,
nultx; v S
integer ron,( f'1,psu,vyu,w, 1
switeh sw: L1,T’ ,

open(20); open(70);

fl:= format ( [3s+d. dddn-—nd] ))
Ii= read(20)3

. a:= read 20§

~ lim:= read(e()):
lima:= read(20);
rmulbe= reed(20):
rultes read(20); l

¥
i

write text (70, [ [2¢58 ]mul
nll11s n‘lLHL,Jru’TTTanEB[’m
b:= r'eadée() 5
1= read(20 )3
vara:= 22xa, E }
varb:= 22xb/
sn:=0,0;3
qs= 03
re.‘curn. q.-q+1,
=(XVETE. ,
ne,w 1ine(70,2);
write (70, 11,r1u.1.t), wri’ce('('() £1,x);
p:=1; if x> 160.0 then goto print;
: : goto proc;
L1: ml:=bf1;
nl:=K1x; :

x.=qxv.:wb, - -
write(70,01,x);  write(70,£1,m1); write(70,£1,n1); -

p.=2, if x > 100.0 then goto omit,

new membrane:: copy textE?O,'ZO, L531); '
tf sjqxvara[?s]qxvarb[%]
ter :

rml9s sn] )_

L L




. omlt:

- proc:

3L9.

goto proc;
m2:=bri;

n2:=K1x; .
virite (70,r1,m2);  write(70,£1,n2);

if x > 100.0 then
begin
m2:=0,0;
n2:=0,0; '
write(T70,£1,2);  write(70,£1,n2);
tern:=m1/qT2 X nl1 X multx;
end
else

term:= m1/(q?2xm2§ X (m2xnl1 - n2xm1) X multx;
write (70,T1,term); '
sn:=sn+term; write(T70,£1,8n);

ir abs(termj > abs (snxp-4) then goto return;
res:= read(20); ‘ »

if sn 0.0 then sni:= -sn;
reso:=res/(T.0 = 16.0 / (3.14159)12 X sn);

sr:= reso X 3.14159 x at2 / 1; '
sci= 1 X (1.0 = 16,0 x sn / (3.14159)12 )/ (3.14159

soto out;

vi==1;

b1:=0,0; Db2:= mult; d
cycle: vi=v+l; wi=2xXv+2§
bl:= x/ w X b2; :

. b2:= x/W X bl;

if b2>1.0036 then goto fail;
if D1>1lim then goto cycle; v

begin )

array betalO:w];
betal0] :=mults;

ui=-1; :
repeat: us= util;
uus=2Xuj

veta[uu+rl]:= x/(uut+2) x betaluulj
beta [uut2] = x/ (uu+2) X betaluuti];
1f udv then goto repeat;
CpLO0:=bLT :=0.03
for r:=Ostepl until u do

egin - !
1 brO:=br0 + betal[oxr];
b1'1:=bf1 + betal2 xr+1];

end; ' .

1

X aT2X res);
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corment this section calculates the vwlue of

function K1xj
i:=0; ©ri==1;
unit:=1, 0' series:=1.,0;
rep: r'=r+? L:=1+13
unit: ~unitA(ﬁ r‘2)/(ix8xx),
AL unitiseriesxXiime then
series:=geries +unit
else roto ve.lues; goto rep;
velue: Kix:i= -sqri(3.1415 9/(2xx)) X exp(-x) X series,

the Bessel

calc:

end end;
goto svipl;
out: write text (70, [[2c] value*of*the*true*resistance*=*]);

write (70, i1,rca—?

vrite text (70, [l2c] value*of*the*specific*resistance*—*]),
write (70, 11,9P3°
write text (70,
write (70, £1,s¢7;

goto readn;
write text (70, [[2c] value*of#b2*outside*limit]);

[[ c] value*of*speciflc*conduqtiv1ty*=fl);

fall:
toto readn;
print: Write text (g [[20] value*of* x*greater*than*160,0]);
write text (70, [2cT—Value*of*sn*—* 1)3 write (70 f1,sn),
goto inj. ) _ :
readn:

n:= read(20);
if n=2 then h new membrane,.

end: close(20); cl osc(?O),
end-> ,
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PROGRAM 7.

CALCULATION OF TRACER DIFFUSION COEFFICIENTS.

begin comment Self dif'fusion pfogram

integer n,r,1’;
ri=rormet([sss~d. dddam—nd]),

open(20); — en(70);
start: copvtext(80,70 1 1)

n:=read (20

if in basic svnbol(20)=1u2 then r'=read(20) else ri=1;

begin integer i,qq,h; \

Teill SX,8),8XV,8X2,8y2,m3¢C,d dj,dm,vo,a,nn,avinc,

£12,6;

ArTAY X,V,Vv,ve,e,corr[1in], inc[2 nl,al1:9], base[1 r+1],

old[1:r 5
boolean array Qurrl1: nj;
boolean ba,bb bu,bd,
EL s=bb:=false;
for i:=1 gstep 1 until n gg
begin - x[i]:=read 3035 .
vyli]:=read(20);
durfli]:=ralse;

end;

VO :=read§2()§5
mn:=read (20
as=read(20 A
if in basic meol(20)7 152 then bb:=true; .
bei=if r=1 thsn false else true; -
for =1 qteQ‘T'untll 9 do sli]: —read(ZO

i be then for 1:=1 ste "1 until r do oldti].—read(20),

11 in basic symbol(2 2 then ba:=true;

iII a=0,0 then writetext(70“mrc ]S IMPTEAWITHDRAWAL*SAMPLING

—[2c]]) else

writetext (70,1 [MQ]VJHPH)RAWAL/'T)DT.LOW*S PLING[2C] 11);

if bb then
begin t1¢.—readE20g

t -—-I’P,cn.d

for i:=1 step 1 until n do yy[i].—yy[i]/eXp( 0 693/

T12x(1~1)XE Jend;
total: for i:=1 step 1 until n do ylil:=yylil
: writetext (70, [2cT#1T 'TLR“A‘was]INc[zci]),

8X:1=8%x2:=0, () s (1(1.—()

for i:=2 step 1 until n do if not(durrli] or duff[i-'l]

) Lhen

begin if notbe then inelil:=(y [i]xévo—&i-1)X(nn-a))-

“Ti-1jx(fo~("; Ex(nn-a)za))/ ?[1 -x[i;l]?{v?]
else 1= -(i+r=1 e ) )=yl i-
x%vo-%girE%)xinnia§£;3)/%x?i]-xf2?1%;/v%,




correct:

out:

inout:

retro:

' merge:
v.le&stsq:

352.

write(70,format([ssdd]),1-1); = out basic
syrbol(70,161); write (70, format([dd]),i),
space 70,65
vwrite (70,8 1nc[i]), newline(70,1);
gX:=gx+inc : .
aqs=qq+1; ;
end; :
“avine:=sx,/qq;
for i:=2 step 1 until n do sx2:=sx2+(1f not(durriil
or durs[1=T then ZaVlnc—inc[i])T2 8108—6-0)5
drs= qrt(cuﬁ”élq =T));
writetext (70 [c]AVIHAGE*INC*~])5 write (70,1 avine);
writetext(?o TTbTBTANDARD*DEVIATION*IN*INC*—i );
write(ﬂ)l,dhf;
corr[1j =0,03
il ai*0,0 then goto dnout;
ii be then 0o retro;
Tor i1:=2 step T until n do corr[i] —-avinannx(i-1)
7T~b~(ﬁ~17Xnn)x(ktlj-x[i-T])+corr[i-1],
Eoto merge;
for 1:=2 step 1 until n do corr[i] :=axy[1-11/
voX(1+(1-T)X(nn=&.)/{vo-(I=1)x(nn-a :
-av1ncx(x[1]—x[i—1])x(i-1)x(nn-a)/(vo-(i—1)x(nn-a))+
corr[i-1 ,
goto mprge
.base[1].—0 O3
for is:=2 stcp 1 until r do base[l].—-avincxnnx(i-l)/v
vo~E1-1)xﬁ?)x(olaLll—ol_Tl -1])+base[1~ 1% ,
corr 1J:=-&v¢ngxnnxr/(vo-ann)x{x[1]-old r])+base[r]
for i:=2 step 1T until n do corr ].—-avinCXnnx(i+r-1s/-
vo-(¢+r-1)xnn)xixl1|-x[1—1]E+corr[l-1],
for i:=1 step 1 until n do y y[1]+corr[i],

sXi=syi=sXyi=sxli=syeo:=070; :=03
for i:=1 step 1 until n do

begin if not duf "TLi] then

~ Degin sxi=sx+x[I];

Sy =8 y+y[3_]
sxy.—sxy+x[1jXJ[i],
sy2:=gy2+y[1]T2;
sx2:=sx2+x[1]72;

hi=h+1;

end

end;
di=hXsx2=-8x723

m:=(hXsxy-sxxsy ),/d; :

ci1=(sx2X8y~sxX8Xy )/d;

rfor 1:=1 step 1 until n do if not duff[i] then

“velils=mX[il+cy; -
dy :=sy2+hxcT2-+mTeXsx 2~ 2X(QXSy+mXSxy-mXCXSx),
dn.~bqrt hde/(h-2)/d),

=s(rt dvxsx?/(h-2)/d),
for L:=1 step 1 until n do if not durfiil then

“elil:=ylil-ye[1]; :
writetext(?o f[uc Im¥=1); = write(70,f,m);
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wrltbte <t (70, [ [ 35 ] STANDARD*DEVIAT ION# IN*M*=] ) 5
wrilte (70,1 ,dn); .
f 2¢]C*=]);

writetext (70

write (70,1,¢57 .

writetesxt (70 {3 s 1STANDARD*ERROR IN* C*=] ) 3

virite (70,1 ,cij

writetext (70 e 20 JRMS#ERROR* IN#Y#=]) ;

write (70, i‘ qrt(dy/(h— )3

wri‘ce’ceytf’(() [[3c58 ]Y*IN le9s]LORR[ 103]Y*OBS[83]

Y’LALL[VstLVTKfIONTPc]]) -

for i:=1 sLe) 1 until 1 do if not dufrlil then

Degin write (70,15 yviil)s:
Wl’ltf‘ 70 £ c,orl’[i]
write (7051, Cyli]
write (70,1, yelil '
write*(?o £y, eli] newl:me('?O ‘l), v

end; :

d:=ﬂAVOXu[1]A%[é]/(6[3]xs[4]XS[5]X60)3 ‘ c

writetext (70,[[ c]D¢FFUSION*CDEFF*D1A*—**])

write (70,1 dS

i notha thcn '

begin wrltetckt(YO [[20]HOhD*UP*TIME*(MIN)*—**])

write(70,f,~c/m); '
wr1tetext§70 [[20]HOLD*UP*TIME*DIFF*COEFF*—**]),

write(70,f,-s(2 “2Xﬁ7(cx360))

end ;

dnz;03?b91x(s[9]x4 Blixs[7]/s[8])70. 57x(s[SJXS[6]T2/s[7]

NGV

writetext (70, [[4c ]SCATTERGOUD,/LIGHTFOOT* CORRECTION  2¢ 1M

HAS>*TRKNSFBR*LOEWI*-**])

write (70,1 E : .
wr'n.tetext((() f <,]D_IFFUSION*COEFF*D‘&*=**]g'
write (70, i,d/("-c( 2xdxs[31/(s[2]1xdmxs[1])T 3
again: if in baslc symbol{20)=12 then goto newdata;
bd:=readboolean(20);
if in basic symbol(20)=152 then for i: —read(ao) whilef
In basic symbol(20)#13 do dUFTlili=true;
if bd then writete ht(?OT[ 6c ]TOTAL*T) else writetext
T70, L [BCTTEAST*SQUARE#*] )3
writetext(”o [RLLALLULATION*OMITTING*PUINTS]),
for i:=1 step 1 until n do if dufr[i] then
viritce (70, 1ormnt(andT),iT i
newline(’i() 2);
: ii‘ bd then goto totcxl else goto leastsq;
newdata: IF in basic syn 012203 =102 then goto start,
' close(20); close(70

| end
end—>
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PROGRAM 8. ‘
SOLUTION OF SIMULTANEQUS EQUATIONS.

begin integer 1,7, ,¢,m,ma,mb,mg,am,n,ka, sDPsf1,8 repc,rept,7
e&l 6,c\.118 ,bCLnu ’b in, q.,C\,Varj ’

open (20); open('{()}
f1.= fornat([+d ddddp+nd 5,

again. (opvteyt (20,70,£;])9
mi=read (20);

rfkrlo"‘" m—1 °
' rme:= mki;

beéin arTay cfd,cﬁe[1.m,1 :m] detr[1.mc] t, tre[1 m],.
for i:=1 gtep 1 until m do U
Eeﬁin for j:= 1 step 1 untilm do S
crel[i,]:= read§20 ~
trel1] := read(20
end; i -
goto Jjumps

. alter: »copytekt(ao 70, [ ])5

repei=read(20); :
for s:=1 step 1 until repc do
begln l:=read(20 '
E:=read aog
cre 1,J].~ read(eo),
end; v

repti= redd(ao),l o
for s:=1 step 1 until rept do’

Demin  i:= read(20);,
Lre[ll.— read(ao),
end;

Jump: for i:=1 step 1 untll m do L
: begin for j:=1 step 1 until m do

cli,J]:= creli JJ, ‘

tl1] = treli];

end;

ans o= ().O;
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i1:=1 step 1 until m do ans s=ans+(ifcli, i]>0 0 then
. in(cli,1])7e
else ir c¢[i,1] =0.0 then 0,0

uheln@mﬂch.ﬂ)ﬁ e);

am:=mn;
ans :=ans/am;
bens:= 10, ()i c\.nuj
for 1i:=1 gtep 1 until m do

Degin t[iT:=t[1]/veris;
for j:=1 step 1 until m do

c 1,31._ cli,Jl/bans;

end;

or j:=1 step 1 until mc do
in - for 1i:=1 step 1 until m do

for k:= 1 step 1 until m d do
.T- l} -'—(’[kalfg .
I°H —1 O3 :
moi=j- 1"
B mb#0” then for k:=1 step 1 until m do
“dlk,mbT=CLK]; ,
for k:=1 step 1 until ma do
begin  kai=k+1);
ir d[h, 1=0.0 then goto P86;

)

F
4]
o)

PBO: br=dlk,k]xb;
-q:=d[h,kjg '
for l:=k step 1 until m do d[k,i].—dLK,LJ/q,
Tor l:=ka step 1 unvii m do

Pegin ai=dl1,k]; '
. for n:=k step 1 until m do
dlI,n]:= d[l,n] -dlk,nlxay

erul‘

for 17=ka step 1 until m do dlk,1]:=0.0;
- 5 T0LOo out;
P86: for 1 := SteJ 1 untlil m do
ir d[k,i]r() O then :

egin bi= =Dbj
. for l:=k step 1 until m.do

T_Eéﬁin Tn:= d[T,k]; . I
d[l,k].—d[l,i], T e R
" end; :
: goto PBO;
end;

dotr[ 31:=0.0;
goto finj out:

end;
detr[d].—d[m,m]xb, fin:
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for J:=2 step 1 until me do x[J-1l:=detr[jl/detr[1];
- pi= read (2075 ' -

Ve = rcad(ao), ' .
: if in basic symbol (20) = 142 then -

hegin

for i:= 1 step 1 until p do-
beggin
copy text (20,70
N write 70,1‘1,}:[11'))
ends goto choice}
end; 1 v
for i:= 1 step 1 until p do
. begin
: for j:=1 ep 1 until p do
begin space 0 65
out basic symbol (70,var),
' write(70, formaté[nd] 3,
write(70,format(Ind]), J
o space(70,5);
. end; newline(?O 2);
end;
r:= 0;
for i:= 1 step 1 until p do
for j:= i step 1 until p do
begin - ri:=r + 13 R
- aliygli= x[rl;
C C.[J:i]== C[i:.j]5
end;

for 1:= 1 step 1 until
esin - for j:= 1 ste 1 untll p do

begin space (70,373
write(70, f1,0[iaJ]):

end;
newline(TO 2),

142 then gggg'alter,

" end:

~ cholce: If in basic symbol (20) =

= » if in basic synbol 2 3 = 142 then 5oto again,

G -.i. 3(20)’ Close(70), ‘ '
end Do

end> | . o B

i

i
>
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