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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/
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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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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.
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chapter 2. parameter (= %g)
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thickness of unstirred layer.

tortuosity factor.

disfance between ﬁositions of energy minima;
chemical potential of species 1i.
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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/
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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.-
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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/
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(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)‘-

o
b
2‘.
4
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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




63.

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/
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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
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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/
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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.
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. 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-

ed/
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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/
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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/ |















































































































































































































































































































































































































































































































































































































































































































