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SUMMARY

A study of the transport properties of normal and expanded forms
of a cation exchange membrane in 0.05m calcium chloride has been
carried out. Isotopic diffusion coefficients and electrical, salt
diffusion and osmotic properties have been determined experimentally
and the results have been used to provide an Irreversible Thermo-
dynamic analysis of membrane phase interactions. Such an analysis is
extremely rigorous and the conditions governing its validity are
stated and strictly observed. In this study the properties of the
ion~exchanger are defined by six phenomenological transport coefficients.
Under isothermal, isobaric conditions (which were maintained for the
major part of this work) only five independeﬁt equations may be
forﬁulated and so certain assumptions regarding the magnitude of one
minor coefficient are necessary.

In the system described the salt uptake is small and the salt
diffusional flow is predicted accurately from a knowledge of electrical
conductivity, transport and transference numbers. Four sets of Onsager
frictional coefficients are calculated, each using a different
limiting assumption. All four assumptions have as their basis the low
co-ion content of the exchanger and three of them are seen to be in
good agreement for the major parameters., However, the fourth
assumption, that co-ion isotope-isotope interactions are negligible,
provides a set of frictional coefficients which correlates poorly
with the others and so only three sets of Onsager mobility
coefficients. are considered.

A salt model calculation is presented which is based on the
aqueous chloride solution of the membrane counterion. The model
successfully predicts both the individual transport coefficients
of the irreversible thermodynamic analysis and the measured

transport /
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transport parameters for the sodium forms of this membrane. It
becomes obvious however, that there are certain significant
differences between the calcium form of the membrane and the
corresponding salt model ( aqueous calcium chloride ). Since the
Salt Model Calculation for the sodium form proved successful it
would appeaxr that the differences are probably due to ion=-
association bvetween the calcium and matrix-fixed charge which
would lower conductivity, reduce counterion-water friction and
increase interaction between counterion and matrix-fixed charge.
These conclusions are strengfhened by a comparison of coefficients
for the sodium and calcium forms when valency differences have been
accounted for,

Conductivities of mixed ionic forms (caleium and sodium)
were obtained and compared with values which were predicted by
assuming that the reduction of conductivity ( below the ideal
mixture relationship ) is due to calcium-sodium interionic coupling.
The theoretical model was that used successfully by Miller to
predict the properties of ternary electrolyte solutions,

The predictive value of the Nernst-Planck Theory is
investigated for the systen described and the anomalies between
calculated and observed values are rationalised by making a

detailed comparison with the Irreversible Thermodynamic approach.
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- CHAPTER 1

TIT20DUCTION

Ion-exchanze membranes are sheets,ribbons or rods of exchange
materials, These may be vroduced synthetically and are capable of
separating two solutions,Their abilities to select and control the
flow.of mobile species from one solution to another renders them
extremely useful, They have apvlications in desalination fuel cell
technolozy and electrolyte processing, Synthetic ion-exchange materials
provide a ruch simpler system than do natural biological membranes. A
complete understanding of the transport processes of ion-exchange
membranes is essential to the realisation of their full industrisl
potential and may also be of primary importance in the clarification
of biological membrane processes,

When an ion-exchange membrane is in equilibrium with the
solution of 2 single electrolyte‘four separate sveclies exist in the
exchanger phase, These are the counterion,co-ion,solvent and thé
matrix which includes the fixed charge. The counterion charge is of
the opposite sigm to the co-ions and the fixed charge. A membrane
with a negative fixed charge is therefore 2 cation exchanger and with
a positive charge an anion exchanger.

To fully comprehend the membrane transport processes a knowledge
is required of the structure of the membrane and of the internal
interactions between ions,matrix and solvent during such processes.
Considerable difficulty is encountered, as with bead exchangers(1)(2),
in obtaining a well~defined homogeneous membrane. The conclusions
drawn from a detailed‘comparison of membranes of similar types but
from different sources are therefore restricted and can be only

qualitative,

In this work the transvort and diffusion characteristics of

a/



a cation-exchanze membrane in its normal and exvanded forms are
studied, The two membranes are very similar in cavacity (per unit
mass of dry matrix) and chemical constitution and differ only in
geometry and consequently in solvent content and salt uvtake.
| The ion-exchanze system under investization is hased on the

sraft copolymer membrane AMF C60 manufactured by the American ¥achine
and Foundry Ccmpany,Springdale,Connecticut,U,S.A. These membranes were
prevared from low-density vpolyethylene and contain 35 styrene and up
to 2% divinylhenzene, The styrene is polymerised with chemical free-
radical initiators and the membrane sulphonated with oleum, Conolymer
membranes of this tyve are considered to be microscopically hetero~
geneous, They have alternative regions of crystalline polyethylene
and substituted polystyrene closely interminzled to give a2 strong tut
highly permeable exchanzer., The membrane itself is lisht brown indicat-
ing a degree of heterogeneity which is at most commensurate with the
wavelength of visible light. i

The membrane expands irreversibly (3) with no detectable chemical
or physical deterioration when placed in water at 9§%}for one hour,
The transport and diffusion properties of ;he normal (C6ON) and
expanded (C60Z) membranes are investizated where the counterion species
is calcium and the external solution is 0,05 CaClz. The membranes
were cut from adjacent areas of the origiqal sheet and veriodic checks
of water content,capacity and electrical conductivity showed that ihe
basic characteristics were constant during the course of this work,

The majqr portiorn of this thesis is concerned with an analysis
of the relative values of electrical conductivity,self-3diffusion,
water transference,transport number and salt uptake obtained when the
membranes were in 0,05m Ca012 (Osmotic flow measurements were taken
when the membrane separated 0.025m and 0.075m Ca012 solutiens),

Irreversible Thermodynamics, which is detailed in Chapter 2,

provides /



provides a more rigorous and comprenensive analysis of these measured
quantities then any other theoretical method available, This éoncept
is however confined to situations in which the membrane system is
near equilibrium and where the resultant phenomenological equations
are linear functions of the applied forces, Since ion exchangers are
intrinsically heterogeneous the validity of the Onsazer Reciprocal
Relations must be questioned (section 2.4). liany authors (4)(5)(6)
have assumed such symmetry in their own systems.. Snell and Stein (7)
have given.this problem a general treatment which is apnlicable to
svstems in mechanical equilibrium. Their conditions for the validity
of the Onsagzer Reciprocel Relations require that flow and forces be
measured normal to the membrane surface and that forces are constant
over that surféce. All local forces must bear a constant relationship
to their potential difference across the membrane and this implies
that path lengths through the membrane rmust be equal.'These conditions
are valid for a homogeneous membrane and it is postulated that the
experimental membranes in this study are sufficiently homoreneous on
a macroscopic scale to ailow the Onsager Recivrocal Relations.
Electron micrographs have shown the thoriuﬁ form of AF C60 membranes
to contain local inhomogeneities consisting of regions of localised
hish density fixed charze which are some 200-400 R in diameter and
which are distributed closely and evenly across the membrane section
(8). |

A drawback of the Irreversible Thermodynamic apvproach is the
relatively high number of independent experiments required to
characterise the system, For example when the membrane is in .
équilibrium with a single electrolyte solution six indevendent
equations are needed, To avoid experimental difficulties which arise
vhen pressure and temperature grajients are used as thermodynamic

forces (8)(9), studies similar to this work have been confined to

isobaric/



isobaric and isothermal situations (10)(11)(12)(13). Under these
conditions only five independent equations are available for the
characterisation of the system described above, When isobaric and
isothernal condiiions are maintained several assumptions may be made
in order to anzlyse the grztem using Irreversible Thermodynamics, As
will be shown, these assumptions are mainly based on the relative
concentrations of species in the system and as such involve several
approximations concerning tie relative magnitudes of the phenomenol-
ogical coeéficients. Althousn a sixth independent equation is available
from self-diffusion studies the added complication of isotope-isotope
interactions arises (sections 2.4.5 and 5.4). It was initially
believed that for a2 mobile species in an ion-exchange membrane
systen, isotope-isotope interactions were negligible, It has
subsequently been shomn however (11)(14) that, for the counterion,
these interactions are not only sisnificant but the sign of the
frictional coefficient is opposite to the expected, An investigation
of isotope-isotope interactions has been made for the calcium form of
the AVP C60 membranes and is develoved later. (section 5.4)

Despite the exverimental difficulties involved (8)(9) it was
decided to use pressure as an additional thermodynamic force and so
obtain 2 sixth independent phenomenological equation for the system
described above, Application of a2 pressure gradient allows the
phenomenological equations to be solved without recourse to
approximations and also provides a check on the validity of the various
assumptions used,

Transpoft and diffusion properties of normal and expanded forms
of the A'P C60 membrane have been investigated thoroushly under
isobaric isothermal conditions when the exchanger was in equilibrium
with aqueous sodium chloride solution (particularly 0.1 m NaC1) (10).
The /



The resulis of these studies have been analysed quantitatively using
Irreversible Thermodynamics and vractical equations based on flows
measured relztive to the stationary membrane have been develoved. The
resultant phenomenological coefficients of the membrane electrolyte .
were converted to a solvent-fixed frame of reference and in situations
vhere the membrane electrolyte uptake was essentially zero (0.1 m NaCl
eqilibrium solution) they were shown to be almost iaentical to those
of equimolzl sodium chloride solutions, When these studies were
extended té ineclude situations in which the szlt uptake was appreciable
it was found that the observed results corresponded extremely closely
with those predicted usins analogous . electrolyte solution (now a
ternary solution) as a model (12). It was concluded that Irreversible
Thermodynamics may be used o interpret and predict to a high degree
of accuracy the transport and diffusion properties of the sodium form
of . ALF C60 membranes, The polymer matrix of polyethylene and poly-
styrene zppeared therefore to have little or no effect upon the 7
movement of ions or water other than the purely geometric effect of
constraining these species to migrate in the membrane pores.

Nernst~Planck fheory was applied to %he sodium form of membrane
systen (12) with some success but its predictive capabilities decreased
markedly as the salt uptake of the membrane increased,

The study of the transport and diffusion properties of the
AMP C60 membrane when it contains a divalent counterion (calcium) is
a logical extension of previous investigations., Irreversible
Thermodynamics have shown that for the AMF C60 membrane in a ﬁnivalent
cationic form the analogous electrolyte solution is a goéd model on
which to base predictive calculations, It is hoped to show in this
work whether or not the properties of the calecium form may be analysed

to 2 similar degree of accuracy using calcium chloride solution models,

To /
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To ensure that as far as vossible, the sodium and calcium forms of the
membranes were under parzllel conditions the znion concentration of
equilibrium solution was the same in both cases (0.1m).

Extensive work has recently been done on membrane-solution
comparisons (15) (salt model calculations chapter 6) especially for
the sodium form of the membrane, This work provides an excellent basis
for interpretation of the various interactions between the mobile

species and will be referred to frequently,
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CHAPTER 2

Analysis of Membrane Transport Processes

Membrane transport processes may be described theoretically
in three broad groups, Absolute Rate Theory, Nernst-Planck Theory

and Irreversible Thermodynamics.

Absolute Rate Theory: The absolute rate theory of Eyring and eo-workers
(1) may be used to describe membrane transport by considering the
diffusion of ions across a series of potential energy barriers.,

This approéch has not been widely applied as the resulting

equations are often complex and involve a number of parameters

which are indeterminate in the membrane phase.

Nernst-Planck Theory: The classical Nernst-Planck equation (2) may

be extended and used to obtain flux equations in terms of measurable
parameters of the membrane and thus a predictive theory. Although'
these flux equations have been developed to describe digfusion in
ideal s&lutions (in whicn coupling between mobile species is ignored)
they have been successfully applied to membrane systems when due
account has been taken of convective terms.Later in the chapter
(sections 2.5.1 and 2.5.2) this theory is ﬁiscussed and compared with
the rigorous treatment provided by Irreversible Thermodynamiecs,

Irreversible Thermodynamics: Irreversible Thermodynamics (3)(4)(5)(6)

is essentially phenomenological.When used to describe membrane
btransport processes it therefore requires the use of models to
interpret the physical meaning of the coefficients obtained. This
approach is completely rigorous however when applied to these membraneA

processes and is developed in this chapter for an ion-exchange

membrane system,
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2.1 ﬁon-Equilibrium Thermodynamics.

2.1.1 Extension of Classical Thermodynamics: Non-equilibrium

thermodynamics may be applied to a system ﬁhich is undergoing
irreversible processes if it is assumed (7) that the system consists
of an infinite number of macroscopically small sub-units which are
each in local equilibrium, This assumption is valid if the system is
close to equilibrium and allows local chemical potentials and partial
molar quantities to be defined and governed by the laws of Classical
Thermodynaﬁics.

The second law‘of thermodynamics postulates the existence of
entropy S. The change in entropy dS of a system undergoing an
irreversible process consists of two parts (8).

ds = 4.8 + 4,8 (2.1)
where deS is the change in entropy due to a reversible interaction
with the exterior and dis is due to the production of entropy within
the systém itself., The entropy change diS is never négative. It is
zéro when the system undergoes reversible changes and positive when
the processes are irreversible.

a8 > o ' (2.2)
(BEquation 2,2 is a general statement of the second Law of

Thermodynamics).

In an isolated system neither energy nor mass may be exchanged
and so
8 =45 > 0 _‘ (2.3)
If such a system I is enclosed in a system II so that the

total system I and II is isolated some irreversible process may take

pPlace. The entropy change would be

as=as'+as’ > o C (2.42)
1 1 '
=d;8S+4;8° > 0 A (2.4v)

In/
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" In every macroscopic region in the system the entropy
production due to irreversible processes is positive, so that

1 11
a8’y Oand s > 0

2.1.2 The Rate of Production of Entropy: The local rate of eniropy

production @ for each volume element dV of the system contributes

to the overall entropy production rate so that

:‘_if_ = ﬁdv . (2.5)
at ”

U may be expressed as a sum of terms each of which is a product of a
flux and a conjugate thermodynamic force. As pointed out by Meixmer
(9) the choice of flowa or forces is to a certain extent arbitrary.
However when one set of variables is chosen the set of conjugatg
variables is determined by the following requirements;

a) the product of any flow and its conjugate force must have the
dimensions of entropy production, b) for a given system the sum of the
products must remain the same for any transformation of flows and
forces. In a system in mechanical equilibrium the following

equation (egn 2,6) may be applied.

.Js n 7

A
g = =2 2d (- i -au -
- grad (-T) + ]E - gl‘a'd(?}i)+JchT (2.6)

where Js’ J i and J ch 2¥e the fluxes of entropy, matter and chemical
reaction., The conjuzate forces are defined as negative gradients of

temperature T, electrochemical potential ;I, i’ and affinity A of the

chemical reaction.

The/
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" The dissipation function ¢ which is the rate of local
dissipation of free energy by irreversible processes may be used
in place of § where
To = ¢ : (2.7)

After some manipulation (10) equation (2.6) now becomes

n o
g =J_ grad (-T) + J; erad (-n i) + T A > 0 (2.8)
i=i
In puiely diffusion processes under isothermal conditions

equation(Z.B)reduces to

="y J, gad (-p,;) > O | (2.9)
i=1 | '
DefiningXi as the thermodynamic force in joules mole -1
em™ ! we have
X, = grad (-p ) (2.10)
Equation (2.9) therefore becomes
n
g = 3 X > 0 -~ (2.11)

ini
In any practical application it is necessary to define frames
of reference for the flows., The frame of reference of the flow J

i
of species i ( moles em2 sec-1) is usually defined as relative to

the local centre of mass.

2.2 Frames of Reference:Since the system under study is in a state

of mechanical equilibrium equation (2.11) will apply for any frame

of reference (9). In the study of membrane transport processes,

flows/
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flows as mentioned above, are most conyeniently measured relative
to the membrane and so an apparatus-fixed frame of reference is
defined,

The membrane system consists of a counterion 1, co-ion 2,

solvent 3 and matrix 4 so that equation (2.11) becomes

g = JX, o+ I, + Ik + I X, > 0 (2.12)

For é6ne dimensional isothermal diffusion the thermodynamic

force X, (equation 2.10) may be written as (11)

dui @’
Xi =~ dx dx ) (2013)

where uy is the concentration - dependent part of the chemical
potential (joules mole-1),zi is the signed valency, F is the Faraday
in coulombs equivalents -1’7L the electrical potential in volts, P
th

av
component and x the distance parameter in cm., The term -P ( —-—i-)

the hydrstatic pressure, E;the partial molar volume of the i

is negligibly small in a medium such as water which is virtually
incompressible.
From the Gibbs-Duhem,(‘é n; dp; =0 ). equation (2.14) is

easily obtained and so only n-1 forces are independent.

4

Z n,X, - 0 (2.14)
i=f ‘

where ny is the number of moles of species i in the system,
Concentration units c; may be used and are obtained by considering
n; moles per unit volume ( e.g. umits of e, moles] = may be

employed ). By elimination of X 4 from equations (2.14) and (2.12)

the dissipation function becomes:

g
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c c, c
§ =(3,- - 7,) X+ (0, —-&-iJ4) Xyt (I3 -—c% ) X5y 0 (2.15)
4 .

= c.V* where V* is the velocity of species i relative
i "i'i i c

to an arbitary frame of reference (J1- —El’J4) may be expressed as
4

Since J

*

c
1 * ¥*
A ) i.e. e (v, - N Y.

(4% = =5
4

vﬁ-vz is the velocity of species 1 relative to species 4 and
8o ¢y (V:’; :) may be represented by Jf, the flow of species 1

relative to 4. Equation 2,15 may therefore be simplified to

4 4 by o ¢ 5hx S 1

g=J3"%+J, Xy + I3 X5 . 3" Xy >0 (2.16)
_ i=f ‘

By a similar analysis X3 may be eliminated from equations 2,12

and 2.14 and the flows may be defined relative to a stationary

solvent (3) (equation 2.17).

2 Ko+ Iy %y > o (2.17)

Since,in general, membrane-fixed flows are measured and used
in subsequent calculations,Ji will refer solely fto flows on a
membrane or 4 - fixed frame of reference., For applications which
require discussion of alternative frames of reference,e.g. species

k,the symbol Jik will be used,

2,3 Linear Phenomenological Equations and the Onsagzer Reciprocal

Relations (0.R.R.)

Onsager showed (12) (13) that, for systems close to

thermodynamic equilibrium and in a steady state, flows and forces

are linearly /
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are linearly related by the phenomenological equation which may be

written as

nz-1 (2A1s )
= T TTTT Ree ° a
I L % (i=1, 2, n-1)

k=1
where lik’ the mobility coefficients, are generalised "conductance”

or "permeability" coefficients, Equation (2,18a) may be represented

in matrix form (eqn. 2.18b)

I L 12 M3 ~---- 14 (1) Xy
o 14 1o, 1z - —--- 15(n-1) X5
- (2.18b)
I3 |1 132 155 - - 13(n-1) %
o : E i :
| Pt ez )3 Mee1) @) | P

The flow of the specie$~i, Ji’ is no longer solely a function
of its cbnjugate force Xi as in the laws of Fick and Ohm for example
but is modified by all other non-conjugate forces Xj to a degree ’
which is determined by the magnitude and sign of the cross-
coefficients 1ij’
Alternatively equation 2,18 may be written in inverse form and

the independent forces of the system expressed as linear functions of

the flows (14) eqne. 20190

n-1
X; = Z Ry, I (i=1--~--1n-1) (2.19)
k=1

The Rik coeffiéienfs obtained have the dimensions of force per unit
flow and are generalised frictional or resistance coefficients.

Applying the principle of microscopic reversibility Onsazer (12)
showed that X- and R~ coefficient matrices are symmetrical and

1, /
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1, =1, (i#K) | " (2.202)

By =Ry (14 | (2.200)

The equations (2.20)‘are formally known as the Onsager Reciprocal
Relations (O.R.R.). These relationships reduce the number of
coefficients required to characterise a system which contains j
independegt forces from j2 to Ji—%il—).

It should be noted at this stage that l- and R- coefficients
are functions of the local state variables but not.of the’magnitude
and direction of the forces (i.e. gradients) within the linear
region,

It has been shown (15) that the conditions required to justify
‘the O.R.R. experimentally are much less stringent than those imposed
by the principle of microscopic reversibility.

Application of the condition for overall positive entropy

production to equation 2.12 and the O.R.R. causes the cross-

coefficients to be contained by the inequalities,

iiilkk>/ 1,2 ' (2.21)
and B,R, ) B2 | | (2.22)

The direct coefficients must be positive but cross-coefficients
méy be either positive or negative.

Since there are a variety of acceptable definitions of flows and
forces which may be used to characterise a non-equilibrium system

neither mobility nor frictional coefficients are uniquely specified.

Foxr/
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" Por frictional coefficients however the assumption is made
n-1

= 0 L= ---=- n- o2
that Z C Ryy o (i=1,2 n-1) . (2.23)
k=1
and Rik may be shown to be frame of reference independent (25);

2.4 Application of Non-BEquilibrium Thermodynamics to transport

processes in ion-exchange membranes:The literature contains a

numbexr of treatmenté of membrane transport processes using non-
equilibrium thermodynamics (16)(17)(18)(19)(20).
Since ion-exchangers are inherently heterogeneous the validity

of the 0.R.R. must be justified (16)(19)(20). Snell ;na Stein (21)
have applied a general treatment to systems in mechanical equilibrium,
Fromthis work the conditions for the validity of the 0.,R.R. require
that the forces and flows be measured normal to the membrane surface
and that these forces must be uniform over that surface. A1l local
forces must bear a constant relationship to the potential difference
across the membrane, This means that the diffusional path lengths
across the membrane must be equal, Thia condition implies that the
local inhomogeneities of the membrane must-be distributed uniformly -
throughout the matrix and be orders of magnitude smaller than the
geometric thickness of the membrane, In effect the membrane must be
wniformly heterogeneous on a "microgcopic" scale or macroscopically
homogeneous, _

The membrane system consists of four components which are the

counterion,1; the coion,2; water,3 and the matrix-fixed sulphonate

ion,4.
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2.4.1 Mobility Coefficients: The mobility coefficient approach has

been used by Miller (22) to describe transport processes in binary
solutions (solvent-fixed frame of reference)., It has however been
found to be very useful when apvlied to membranes since it produces
relatively simple equations for observed transport proverties (e.g.
specific conductivity and transport number),

From equation 2,15 it can be seen that three phenomenological
equations are required to characterise the system., These may be
derived from equation 2,18 where n=4. The 1ik coefficient matrix
may therefore be solved only if the results of six indevendent
experiments are obtainable. When isobaric and isothermal conditions
are observed only electrical and chemical potential forces may be used
in this system, A theoretical treatment of the experiments available
using these two forces under steady state conditions will now be
considered, The phenomenological equations for this system are (2.18)

J, = 1,, X, +1 X, +1

1 11 ™ 12 13 X3
Jop = Ly, Xy +1, %, + 123 X3 (2.18)
J3 = 131 X1 + 1 X + 133 3

2.4.1.,1, Electrical Potential Gradients: If an electrical force is
applied to an isothermal isobaric system in the absence of a chemical
potential gradient, X1 and X2 are determined solely by electfical

potential gradients and X3is zero, Therefore from equation 2.13

X, = ZF E—'—g-;/f-g (1 = 1,2)

Under these conditions, conductivity, transport number and

electro-osmotic experiments may be carried out.

L.4.1.1.a/
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. -2 .
2.,4.1.1.2 Conductivity: The current density (amp em °), I, passing

through the membraene may be written as
(2.24)
I= (Z1J1 + zsz) F
However, since the phenomenological equations 2,18 may be

simplified to
Ipo= 3Ey + 1%

Tp = ¥y + ko

<

equation 2,24 may be altered using equations 2.18 and 2.13 to

2 ( -4y 2 5 2 ;
I = F § Eig-g (z,°3,,+223Z,1,, ‘+ Z,” 1, ) (2.25)
By Ohm's Law
-4
I‘Ké ﬁf‘ﬁ (2.26)

From equations 2,25 and 2.26 the relationship

K = & F° ' (2.27)

is therefore obtained where
172 ™1

2. ~
K = (371, 422, 2,1, + 2,3,) . (2.28)

2,4.1.1.b Transport Number: The transport number ti on a given

frame of reference is defined as the fraction of the total current

carried by that ion. It can be written as

i I ' - (2.29)

As an example the counterion and co-ion transport numbers t1 and t2

nay /
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may be obtained by substituting in equation 2.29,for I using equation

2,25, for J, and J,

equation 2.13. The resulting expressions become

usinz equations 2.18,and forX1 and X2 using

&= (2121 +2.2,10,) / 2 (2530a)
and |

2
b= (2,71, + 242 o142) Jox (2.30b)

2.4.1.1.c Electro-osmosis: The transference number of a species is

defined (23) as the number of moles of the species transferred by one
Faraday of electricity through a stationary cross-section in the

direction of positive current. The expression obtained for water is

therefore

J_F ;
ty = -51— (2.31)
and from equations 2,31, 2.25, 2.18 and 2.13,
e - 21115 + 221@ . ) (2.32
3 (*§ 03)

2.4.1.2 Chemical Potential Gradient Apvplied: When two solutions of

differing concentrations are separated by a membrane a chemical

- potential gradient is set up across the membrane which results in
salt diffusion, osmotic flow and a membrane potential. In this
situation there is no electric current and the corresponding forces

are the sum of chemical and electrical current. The zero net current

condition is represented by equation 2433,

I = (Z1J1 + 2,0,) F =0 (2.33)

Therefore /



Therefore
- - ‘ 2.34a
2,0, = = 2,3, - (2.342)
or '
J J ’
1 =2 = Jg . (2.34p)
r, r,

where x, and T, are the stoichiometric coefficients for ionisation
and Js is the salt flow,

There are severe limitations on the use of this method to obtain
1- and R- coefficients for the membrane phase because the coefficients
are a function of the intensive parameters of the syétem such as
concentration. Since the concentration varies across the membrane
the coefficients obtained by experiment will be an average value,
Results of significance will therefore be obtained only if the
concentration difference on either side of the membrane is small and
linear gradients of chemical potential can be assumed.

The concentration gradient provides a thermodynamic force

xi 8o that from equation 2.13

Xg= §-—i§ig - g- %—i-;+ 2% g-g—;ﬁg (i=1,2)

Evaluation of J1 and J2 in equation 2,33 using phenomenological

equations (2.18) will provide the expression 2.35

(21111 + z212‘,)x1 + (z,[112 + z2122)x2 + (z1113 + 22123)1:3 =0 (2.35)
Using equations 2.30 and 2.32 with equation 2.35 the relationship
2,36 is obtained,

%t N %t

2. |
X1 +Z—X2 + t3X3 = 0 ‘(2.36)

-

[

2

g
o)
~ -
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" and a combination of equations 2.13 and 2.%6 gives the equation

2.37,
g{igaf ) § ?2§+ %3 é i—;ig (2.37)

Equation 2.37 may be integrated across the whole membrane to
obtain the diffusion potential and this may be used to calculate
dp.
- gﬁl- and (- 2 as shown in appendix A.1. The diffusion flows
dx (¢ ax
of salt (Js) and water (JB) may be calculated using the equations

above,

2.4.1.2,a Osmotic Flow: Equation (2.18) may be expanded using the

eqﬁations 2,13 and 2,37 to obtain the expression for the osmotic

flow J3

(7337 73 (" (2.38)
The chemical potential of the salt (n,,) is ziven by
Pi2 = TPy + TH, (2.39)

where r, and r, are the stoichoimetriec coefficients for ionisation,

it can be seen that

1%1 t

1 Tee ). L ( I )
L, - =Xt { = = -==
= s 2,3 )T T, (2377, %) (2.40)

Using equations 2.39 and 2,40 equation 2.38 becomes

1 t dn d
rhfsegins 3820 (0 (22
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_For the system described in this thesis, J has the same sim as
du

dx

the direct effect of a force causing a flow of water while the term

dn;
-tsgx g- E;l g represents the draz from the ions in the system, The
t

term (113 - E}wx t3 ) %- dx12 g represents the reduction in water-

an dn
g- &23 while it is opposed by ((-—d}l?- v 155 E- g indicates

flow caused by salt-water coupling,

2.4.1.2.b Salt Flow: As mentioned above (section 2.4.1.2.) salt

flow Js for an electrolyte may be written as

J J

1 2 3
J = — = £ (2.34Y)
S r1 1'2 .

and it is possible to express JS in a form similar to J3 by
substitutinz equations 2,13 and 2.37 into equation 2.18 to oprovide

the expression

J, t.° dp t, ¢ a
Js=?1' = r_1 5{ Y49 - 1—2°‘§§'ax—1§+§112+'1 i“gf-;—?g
1 1 Z, Z1 22 =
t du
( A o(g(__i;)
+(113 7 by S (2.42)
It can be shown that
2 2
t t.t 2% ,1. .1 -1
1% 13 1E 1°2 ) 1§1122 12;
9.1 - —RA{ = —— ] - — = N 2
e 11 2 T T, 12 %125 JK) T {. ol (2.43)

24

Using the expressions 2,43 and 2.39, equation 2.42 now becomes

2
5 - 2425 ( Lialep = 19 ) P42) , 10y t-f‘za)(_ )
s r.r, ( ol YO dx ) r1( 13~ 2, )( dx )
. A (2.44
In this case JS will have the same si:m as %- é;l?; while it )

. du_y
will be onnosed to (- -—:D.
— &)

The second term is the indirect effect of 2 firce on water (Xz)

upon/
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upon the net salt flow and is due to couvling between the sslt and
water.

Equations 2.41 and 2.44 represent a redefinition of flows and
forces for a salt-water system. The phenomenological equations

which would arise in the system of salt,s,and water would be,

1 1

Jg =L gg Xg + L gz X3 , (2.452)

=1 1 2.45b
Ty = Ligg Xg + gy Xz (2.45v)

It can be seen by referring to equations 2.41 and 2.44 that the
0.R.R. is still preserved. N
Since only five indevendent equations 2,30a,2,30b,2.32,2.41

and 2.44 are available to describe the system the number of

independent exveriments which can be performed under isobaric and

isothermal conditions is immediately limited to five,

2.4.2 Hyverfiltration Studies: It has been shown that unier isobaric

and isothermal conditions only five independent equations may be
constructed to evaluate six unknown quantities., If however a pressure
gradient is applied across the membrane in the absence of electrical
forces a sixth equation is immediately available. The procedure

used is called "reverse osmosis" (25) and in order to assure that

no current is flowing the apparatus is built so that there is no
‘metal connection between the high and low pressure side solutions.

If the applied pressure and high concentration remain constant the
fluxes ( and therefore the low concentration ) remain constant, thus
ensuring against interfacial polarisation.,

X3 may be evaluated using equation 2.13

du . .
3 dx +v3 g B dx g - *—E 1n ( [} g * V3 E--a.g
a3
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where a3 is the activity coefficient of water, d is the membrane
thickness, and indices ' and " represent feed (f) and product (p)

solution,

-7 W
T "a

Since 1n 3 = ” Hm, (2.46)
Where ¥ is the muwier of ions in one molecule of solute, Vo is the
molecular weight of solvent, and.ﬁ8 and m_ are the osmotic coefficient
and molality respectively of the solutionm.

X3 therefore becomes,

X3 = Applied force - osmotic force
‘\
o rRTw ‘
d a10° £7f£ Tpp |

where P-P° is the difference between applied pressure and standard

state pressure. (1 atm. at 25°C).

2.4.3. Frictional or R-coefficient Approach: When equation 2.19 is

applied to the 4-component system under investigation it becomes,

X; = i Ry (i=1,2,3) .
k=1
It may be shown using procedures similar to those detailed

above for the mobility coefficients that the equations obtained for

electrical forces are

2,F Jh R h B . ts B3 (2.482)
K 4 %
2,7 by By % Ry b5 Bz
-1 + 2 + (2.48b)
K 2, 7, '
0 R TR B T B 5 (2.480)
% %
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and Ffor salt diffusion due to chemical potential gradients,

Xy = RyyJy + Rypd, + Rygds (2.492)
Xy = RyqJy + RBopdy + Ryzdy (2.49v)
X, =R,,J, + R, J, + R,.J (2.49c¢)

3 311 3272 3373

However the application of equations 2.34b and 2.39 to equation

2.49 produces the two equations,

2 2 ' .
Xy, = (r1R11+r2R22+r1r2(R12+R21))JS + (r1R13+r'2R23)J3 (2.50a)
Xy = (1-1331 + TyR50) 0 + Ryl (2.500)

Five independent equations therefore result which contain six
unknowns and agzain a complete analysis of the systeh cannot be
achieved. Since the relationship (2.23) provides a value for R4k nine
independent equations may be constructed in terms of R-coefficients.
These equations are still not completely soluble as they contain
ten unknowns.

A disadvantaze of the R-coefficient approach is that no simple
eqﬁationé may be derived to describe the flows, Js or J3, explicitly
in terms of their forces. Neither can simple equations be constructed
for conductivity, transport or transference numbers individually. There
are however three main advantages which thé R-coefficient approach
has over that of the l-coefficient. Firstly the R-coefficients can be
interpreted physically as a parallel to mechanical friction (2.4.4).
Secondly, as discussed previously, the R-coefficients are frame of
reference independent. Lastly and also as a consequence of equation
2.23, a value of R4k may be obtained which is :a measure of the

frictional interaction between the mobile species and the matrix, 4.

2.4.4 Spiezler Approach: The phenomenological equations which Spiegler
derived (17) are based on the concept of frictional interaction. It

is suggested that the thermodynamic driving force on a substance

in/
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in the steady state is equal in magnitude and opposite in direction
40 the sum of the frictional forces between i and all other species,
Considering the thermodynamic force on the counterion X1 in this

system we therefore have,

Xy = ~Fio = Fyz3 = Fyy (2.51)
where F12, F13 and F14 are the frictional forces between the counter-

ion and the coion, water and matrix respectively. However, from
equation 2,19 in this system is

Xy = Ry Jy + R0, + R13J3 (2.19)

R,V RV R v
4R14Yq + CoRypVy + C3Ry3V3

where the frame of reference of the vector quantities is membrane-

H'c

fixed, Equation 2,23 gives

CiRyy = = CpRip = C3Riz = C4Ry, (2.23)

By combining equations 2,19 and 2.23 the relationship
* * R % ' g
Xy = CR, (Vé - V1) + ;R 5 (v3 - 71) + Ry (o - ?:) (2.52)
is obtained, Comparing equations 2,15 and 2.52 it is seen that
generally
*

Fype = = Ry (T = ) _ (2.53)

If i;k is the frictional coefficient between one mole of
species i and the total concentration of Xk around it in the membrane

_ phase, then (24)

Rii“ T‘ | | (2.54a)
T T |
and Ry = R = -% a-% (i 4 K) (2.541)

The summation indicated in equation (2.54c) is carried out
over all species in the membrane, It is apparent from (2.545) that
the 0.R.R. does not hold for X, and for this reason frictional
coefficients are usually calculated in terms of Rik’ '

The/
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" The concept of (mechanical) friction has been used to interpret
transport processes observed in the system. Spiegler has described
his model in terms of mechanical friction which must be taken at
a molecular level to apply to the retardation of particles due tb
collision with other particles, Since this approach always produced
a positive value for f;k
analogy because Rik can be either positive or nesative, Kedem (27)
has in fact suggested this change of sign of Rik by considering that

he pointed out the.limitations of this

the R coefficients between attracting species are negative and
between repulsing species are positive, which is geﬁerally observed
of solutions (22)(29) although this scheme of giens is not obeyed
in all cases in membrznes, and specific examples are cited in two

earlier publications (30)(31).

2.4.5 Tracer Diffusion and Isotope - Isotope Interactions: No

approachAhas, as yet, been discussed whereby a complete analysis of
the system being studied may be achieved under isobaric and isothermal
conditions, Investigations of the two most promising treatments namely
those of the 1~ coefficients and R- coeffiéients has in each case
yielded five independent equations which contain six unknowm.¥n early
stuiies Spiegler (17)end Meares (32)and others have however used
isotopic diffusion measurements to provide further information by
éssuming that isotope - isotope interactions were negligible, This
assumption has however been proved to be misleading (33)(34) for
counterion and water isotope - isotope interactions, Kedem and

Essig (35) have used local values of the frictional coefficients

(rij) to obtain eqn( 2.60. These goefficients nay be integrated

across the total thickness of the membrane to provide a relaiionship
between them and an isotopic diffusion coefficient Dii' as shown

Dy; /



“ D, = nT
117 e (R;- Regy) | (2.55)
where R,T, and c; are the gas constant, absolute temperature and
concentration of species i(mol Gmrs)respectively.

The term 7] R,. measures the total frictional contribution

ii
between one mole of i and all other species in the system per unit

volume, while s R is the frictional contribution between one

it
mole of isotope i' and the bulk i per unit volume. If Spiegler's
approximations were therefore applicable a sixth independent equation
- would be immediately provided to complete the evaluation of frictional
coefficients since Rii' would then be negligible,

The relationship above (equation 2.55) was derived by relating
the flows (Ji) of the species (i) under test to their driving forces
(Xi) and coupled flows. Then the following phenomenological equations may
“be written for any local region of the exchanger in which 1 denotes

the bulk ion and 1! is a tracer, The assumption that 1 and {1' are

separate ionic species must be made.

Xy =T, + T dy, +Zr1iJi ' ~ (2.56a)
i= 293

Xq0= Tyeqdot Tpaqedqot 284093 | (2.56v)
i = 2,3

Xy = Ty + 79, +eriJi (i =23) (2.56¢)
i=2,3

In a self-diffusion experiment there are by definition no
gradients across the membrane other than that of the radioactive
isotope concentration., The experimental details of self - diffusion

study will be discussed later (section 39). X 9Xq¢sdy and J,,, will

1
therefore be the only non-zero forces and fluxes in equations 2.56
so that those equations become,

Xy = T+ B9y (2.572)

Xy /
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Ko = Tyegdy *+ Tpeqedn (2.570)

0 =rj1J1 + rj1,J1, (3 = 2,3) (2.57¢)

Since the net current in the system is zero,

Jy 434, =0 | (2.58)

Under the conditions stated the thermodynamic force Xi (equation

2.13) reduces to

T R I it - & %’icig (2.59)
i dx- dx s dx
so that by substituting equations (2.58) and (2.59) into equation

\

2.56a the expression,

de . .
(-2
e = ; = (ryg = 7y9) 9y (2.602)

is obtained i.e.

- L N e B
J1 —c1(:c11 -rﬂ') ( ax ) (2.60b)

However, since Ficks first law of diffusion states that the flux

and its conjugate force are related thus

;e (21) (2.61)
1 "1 (ax ) . ' *
comparison of equation 2.60b and 2,61 produces the expression
PT

4a

= (2.62)
1 ey =z = Tyqy |

Integration of equation 2,6% across the membrane as a whole

gives the form of equation 2.55 corresponding to ion 1, That is

- RT Rd
D.. = = (2.63)
1 j°1 (?11 - Tyq0) e, K

where B© is known as the exchange resistance and d is the membrane
thickness.,

The validity of several other relationships which rely on the
measurement of tracer fluxes in the presence of isotope-isofope

interaction have been examined theoreticzlly by Kedem and Essig

(35) /
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(35). Their most important conclusion from the point of view of
these studies is that the relationship

Net flux = Influx - Outflux (2.64)
remains true whether oxr not there is isotope interaction,

Another expression derived by these authors for the flux rates

‘in the presence of isotope interaction states that

In( forvard flow JR- .
é back flow g ~ RT (2.69)

"where J is the net flow and f is the flux ratio. When equation 2.24

ln(f) =

(where J, may be the net flow of ion i) is substituted along with
equation 2.50 into equation 2.65 the usual form of the flux ratio

expression results,
t.Id

i - :
In(f) = ——-———-ZiDﬁ oF ‘ (2.66)

2.5.,1 Nernst-Planck Equations: The total flux Ji of a species i in

an ion exchanger in isothermal isobaric conditiona is due to the

influence of three factors, It will therefore consist of three

components (36)

1. J5 (diff) which is the flux caused by the chemical potential
gradient,

2. Ji (el) which is the flux due to the electrical potential gradient.

3. 33 (con) which is the flux caused by convection,

The flux Ji(diff) is related to the chemical potential u; of
species i by the equation, ‘

3, (aiff) = - Dy o; ered. (2.67)
and also Ji(el) may be written in terms of the electrical potential
gradient thus,

3y (e1) = ~u; z.c. grad\ (2.68)

In equation 2.68 u; is the electrochemical mobility of species
i and may be related to the diffusion coefficient of i CDii) by the
Nernst-Einstein equation which is/

$

-



Nernst-Einstein equation which is,
v Dy | p
= 2 .
Y% TRr (2.69)

Combination of equations 2.68 and 2,69 therefore results in the
expression,

Jg(el) = - Dy 2.0, % grad \ . (2.70)

The third flux listed, which is caused by convection due to the
coupling of counter ions and solvent, results directly from the frame
of reference being membrane-fixed, It is represented by the equation

Ji(con) = 019 (2.71)
where V is the rate of motion of the centre of gravity of the pore
liquid,

The total flux Ji mzay therefore be represented by summing
equations 2,67,2,70-and 2.712}; obtain

Ji= <D, .c. (grad u; + :R-Tl—- grad \P) +ci\) (2.72)

In the absence of a chemical potential gradient the equation
2,72 simplifies to

Iy == 23%Ds5 %r' grady 4oy V - (2.73)

In order however that equation 2.73 holds true for the ion
exchange system under investigation three ﬁain assumptions must be
made’

a. The Nernst-Einstein relation (equation 2.69) which is strictly
true only for ideal solutions may be used in a membrane situation.
Although an ion-exchange system would seem to be far removed from
that of an ideal solution this assumption has proved to be fairly
good (rigorous) in practice.vIt is therefore argsued that the
smallness bf the pores in the membrane prevents formation of
ionic clouds (37) which are known to deform under the influence
of an electric field and thus contribute to deviations.fromtthe

Nernst~Einstein relationship in a non-ideal system.,

b. Only /
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b. bnly counling between fluxes produced by convection are
considered .
c. Convection carries all svecies at the same rate (i.e. there is
no differential retardation of the mobile species),
When the rate of motion (Y ) of the centre of gravity of the
pore liquid is investigated it is found that,

z,Fe

’54'7'4’ grads;/rsZU gred (2.74)
, o 'w

where U3 = Fe 4/ P V. 1is the mobility of the pore liouid,P is the
specific flow resistence of the exchanger, V - is the fractional pore

volume and Z . is the signed valency of the fixed ions, The value of

4
U; may be obtained using the definition,

J5(el) = 3,05U; evadd | (2.75)
and a combination of equations 2.27, 2.31 and 2.32 so that on
rearranging,

t
v 5t |
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Since the electrical current density I may be expressed by the

relationship, I =F32.J, (eqn 2.24), the equation,

b 2 F_
I=F ’2'3 (-2;%.D.. T=+ Z4U3 c.2. ) grad Y (2.77)

may be obitained by insertinz equations 2.73 and 2,74 into 2.24,

Application of the condition of overall electroneutrality in

the membrane,

% ez, = 0 (i=1,2,4) (2.78)
to equation 2.77 produces the expression ,
. 2
g ng%’m (-2,° eD s RB) } grad W (2.79)

Substitution of equation 2.76 into 2.79 yields
( | § omea
e.D,.F c,t
1.122 (51 S0y /T § e, 3K/° - (2.80)

The equations 2.27,2,29 and 2.80 may be combined to form

equations /



equa{:ions waich predict values forK and ¢ 3 in terms of Dys9 Doy and

t., and these predictions are compared with the experimental values

3

obtained. The resulting expressions become

, 2 )
K = ¥ E ézi °ir ) (2.81)
RT 1+Z,4c4t3/c3)
2 o
F%B e.D.. t.eZ.
R + =iz (2.82)

RTK %3

2.5.2 Comparison of Non-Equilibrium Thermodynamics and Nermst-Planck

Equations: In the derivation of the Nernst-Planck équations several
assumptions must be made for the system ( the most important ones are
discussed in the previous section.) The validity of these assumptions
may be discusced more easily by expressing the Nernst-Planck equations
in a non-equilibrium thermodynamic form and comparing the result _
with this completely rigorous approach.

The phenomenological equationsfor an electrical gradient only in
the system discussed are

J4= ('le",l + 22112) F grad (-¢) (2.83a)

T (B, + 200) Foawed () (2.83b)

and may be compared with the Nernst~Planck equations,

¢ 4K

P P B Zi- Z)7 et (- (2.842)
€. D %

3= é 2, 239322 E? F.zfg F grad (<) | (2.84v)

Since J 3 has been used in the derivation of U; and is therefore
implicit in equations 2.84 the quations for J 3 need not be considered
here, Equations 2.84 can be seen to contain their corresponc‘iing self-
diffusion coefficients and these.must firstly be expressed in terms of
1~ coefficients before any analogies may be drawn between equaﬁions

2,83 /
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2.83—and 2.84. The self-diffﬁsion coefficient Dii of species i has
however been obtained in terms of R-coefficients in section 2.45

(as a result of non-equilibrium thermodynamics being applied to the
self diffusion process) and it is equally straightforward to use 1-

coefficients instead thus nbtaining the expression,

1,. 1.1t
D, = BT g-—i—*--—ﬂg (2.85)
1 °i c. !
i

Where lii' is the isotope-isotope mobility coefficient and ci' is the
concentration of traced ion i.

Since, as will be reasoned later in a discussicn section(5:5),
1..! 1

czg is negligible compared with 322 equations 2,84 will become,
2 2 :

using equations 2.27 and 2,32,

4 2404144°
Jﬂ_-(z 11 3(2113+Z123) ’———)F@ad(\ﬁ
(2.862)
| Zz 2122
= (B,1,, + ( Zy1y5+ Zplys) = ) F grad(-y)
°s (2.86b)

Comparing equations 2.83a and 2.8%b with 2,86a and 2.86b shows,

%4 2,4,
Zolyp = E;'( Zily3 + Dlps) - Toqy Mir (2.87a)
1 '=3L@1; + Z,1 )-5231 (2.87D)
17513 2723 c,e 22" .

Equations 2.87a and 2.87b show that if isotope-isotope interact-
ions are neglected theA112 crogs-coefficient of equations 2,832 and
2.83b 1is replaced by a weighted fraction of 113 and 1 23 in equations
2,86a and 2.86b. Since in the system ¢y is much larger than ¢y this
fraction will.cause J1 to be corrected to a much greater extent than
J, and will consequently destroy the 0.R.R.,. Investigation of
equations 2,86 ,however, reveals that the isotope-isotope interaction

term, although neglected by the Nernst-Planck, acts in the opposite

sense/



gensé to the 11 31 1, term, Although it does not necessarily follow

23
from this observation that the isotope term would restore the O.R.R.

the comparison of J 1 with J2 would certainly be improved,




CHAPTER

Ixperimental

3,1 Prevaration of Blectrolyte Solutions: All solutions were

prepared from analar salts and high quality distilled water using
grade A calibrated volumetric apparatus. Alkali chloride solutions
of specified molarity wewre prepared directly by weight from the salt
which had been dried at 120°C in a desiccator containing phosphorous
pentoxide,

Stocic solutions of calcium chloride were initially obtained
to0 an approximate molarity, however, and later anaiysed for calcium
by complexometric titration (38) using E.D.T.A. and Eriochrome-Black
T indicator. These stock solutions were diluted to the concentrations
needed for equilibration procedures, This refinement was required
because ca.léium chloride crystals were deliquescent and an accurate

preparation by weight could not be made,

3.2 Radioactive Isotopes and Counting Methods: Radioactive isotopes

tritium, calcium - 45 and chl?rine - 36 were required for capgcity,
salt uptake and tré,nspofi; ~a.nd diffusion studies on the membrane
species, These were obtained in microcurie amounts from the
Radiochemical Centre, Amersham,

Calecium - 45, in the form of agueous calcium chloride and
"tritiated water were used directly after stock dilution, Chlorine
- 36 was obtained as aqueous sodium chloride which was converted to
calcium chloride by ion - exchange on the calcium form of Amberlite
IR 120 sulphonic acid resin,

A small ion =~ exchange column sgbout 10 cm, long was cons‘{;ructed_
using a calculated amount of the Aion - exchange resin described above,
The resin bed was colunn - washed with distilled water then dilute
hydrochloric / | |
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hydrochloric acid and finally with distilled water to ensure that

" the exchange resin was in the hydrogenv form and non - exchanged acid
removed, The exchange column was then converted to its calcium form
with an appropriate quantity of calcium chloride and used, as required
{0 obtain CaClz36 by passir}g a specified quantity of NaCl36 carefully
and slowly down the column:;

Radioactive samples were counted using an Automatic Liquid
Scintillation Spectrometer ( Nuclear Chicago Mark 1 ).

Sampies of radioactive solutions were taken using Hamilton
Microlitre Syringes fitted with Chaney adapters. With these syringes
it was possible to extract samples of between 0,08 and 0.4 ml, which
were reproducible in volume to ¥ 0.1%, The radioactive samples were
counted in stendard scintillation vials of volume 20 ml., and containing
10 ml, of dioxan phosphor solution (39) which was totally miscible
with the aqueous samples used,

Since all vial samples from each experiment were identical apart
from the varying quantities of radioactive isotope present, no
corrections were required for differential quenching effects,

Standard scintillation counting proc:edures were. used: and
"background" counts on a series of vials were made for each counting
experiment. A typical sample was counted for twenty minutes to ensure
that a total count of about 104c.p.m. or more was obtained., Affer
correction for "background" the counting reproducibility was found
to be in the range Iy 2%, However, since tritium is a low energy
beta emitter, it was counted with a lower efficiency so that the

counting reproducibility decreased to about I 37,

3.3 Membrane Samples: The membranes studied were A.M.F. C60 cation

exchangers manufactured by the American Machine and Foundry Company,
Springdale /
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Sprihgdale, Conn., U.S.A., These graft copolymer membranes are prepared
from low - density polyethylene and contain 35% styrene and up to
2% divinyl benzene, The styrene is polymerised with chemical free -
radical initiators and the membrane is sulphonated with oleum. This
type of membrane is considered to be microscopically heterogeneous
having alternate regions of crystalline polyethylene and substituted
polystyrene intermingled,

Arno}d and Koch (40) found that these membrénes expand irreversibly
showing no chemical or physical deterioration, when heated in ﬁater
at 95°C for 1 hour, |

It has been shown recently (41) that the degree of expansion
of these membranes varies markedly with lengﬁh of heating time, and
with temperature,

In order to obtain a degree of expansion similar to that
described by Gardner (30) a sample of membrane sheet was placed in
water at 9500 for thirty minutes, During this treatment the sheet

became slightly opaque and expanded both in thickness and in area.

3.4 Preconditioning: Discs of membrane appmximately 3.8 cm, in

diameter were cut from the normal and expanded sheets. . Both sets of
normal (C60H) and exvanded (C60E) membranes were subjected to a
number of preconditioningz cycles as described by Helfferich (42).
'The membranes were treated, each for some houré, in turn with
methanol, 1M hydrochloric acid, distilled water, 1M sodium hydroxide
and distilled water, The methanol was used to remove any monomer or
similar material while the hydfochloric acid and sodium hydroxide
removed any acid - or base - soluble impurities resulting from
manufacture,

The membranes were converted to the sodium form by successive

equilibrations /



equilibrations with 1M sodium chloride for a minimum of four days
and then placed in distilled water to leach out sorbed electrolyte,
The weight of the leached sodium form of the membrane was determined
as described later (Section 3.5). The cycling process was continued
until the membrane wet weihts were constant,

At this stage the membraneé were in the sodium form because
their properties were ultimately to be compared with earlier studies
| (43) (44) which were concerned with this form. Physical parsmeters of
the C60ON aﬁd C60E membranes were measured as described. The two C60N
and the two C60E membranes which corresponded most closely to those
described in previous studies (43)(44) were used in the following
investigations,

Conversion to different ionic forms was made by successive
equilibrations over a period of five days.with the chloride salt

of the metal ion which was required as tounterion.,

3.5 Wet Weights: The membrane loses water rapidly after its surface
has been blotted dry and so a dynamic method was used to obtain wet
weights.

‘The membrane was removed from the equilibrating solution using
forceps and placed between two'hard" filter papers. Since the solution
on the surface of the membrane saturated the filter paper adjacent to
it, it was assumed at that staze that no moisture apart from surface
solution had been removed from the membrane itself, The membrane was
quickly blotted and a stop-clock was started immediately. When its
surface was absolutely moisture free the membrane was transferred with
dry forceps to a small weighed wire stirrup suspended in a balance.
The weight of the membrane (plus frame) was noted at fifteen second
intervals for some two minutes, Since the weight loss was found to be

linear /
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linear over this time ( about one milligram is lost every fifteen
seconds from a membrane weighing about 0.3 grams ) the true wet
weight of the membrane was obtained by extrapolation to zero time
from the graph of weight against time,

The membrane was returned to its equilibrating solution and
this weishing procedure was repeated several times, Weights were

reproducible to = 0,1%,

3.6 Dry Weights: The leached membrane was placed in a dry weighing
bottle in a desiccator containing phosphorous pentoxide, The desiccator
was evacuated, sealel and maintained at 40°C for several days, The
membrane was then removed and weighed in a stoppered weighing bottle
to determine its dry weight. The process was repeated until a constant
dry weight was obtained.

The membrane disc was then re-equilibrated with the test
solution and its wet weight was redetermined to ensure that the

drying and reswelling process was reversible,

3,7 Physical Dimensions:

%.7+1. Diameter: The membrane was removed from its equilibrium
solution and placed, still wet, between two thick optically flat
glass plates, The diameter of the membrane was then measured using
the micrometer stage of a projection microscéfe (Nikon Profile
Projector model 6C). The measurement was made several times. and .across
several diameters of the test disc to obtain an average value. The
micrometer coﬁld be read to an accuracy of ¥ 0.0001 cm., but because

of irregularities on the edge of the membrane, measurements were only

reproducible to ¥ 0,05% on a diameter of about 3.5 cm.

307020 /
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3.7.é. Thickness: The wet membrane was placed between two optically
flat microscope cover plates (measuring about one centimetre square)
and the total thickness was measured at many locations on the surface
of the disc using a micrometer screw gauge.

Using this method a membrane thickness of some 0.03 cm. may
be obtained to = 1.0% and any deviations in.the thickness over the

surface were found to be well within this error.

3,8 Concentration of Tons in Membrane Phase: The membrane was
equilibréted for twenty-four hours in 20 ml., of its.equilibrium
solution which had been labelled with the appropriate radioactive
isotope, It was then blotted and +to ensure fhat all the radioactive
solution had been removed from its surface it was dipped momentarily,
using clean forceps, in either an inactive sample of the equilibrium
solution (for co-ion capacity determination) or pure distilled water
(e.g. for counterion capacity determination). The last step was most
important when, as in co-ion capécity determination, the amount of
radioactive isotope in the membrane was smgll. The amount of radio-
activity remaining on the surface would then have been large compared
to the traced ion content of the disc. The membrane was blotted once
more, immersed in 20 ml. of the inactive solution and allowed to
:re-equilibrate for twenty-four hours, Five samples were then removed
by syringe from both radioactive solutions and counted as described
previously (Section 3.2)

The procedure was repeated twice more and the concentration of
traced ion in the membrane was calculated as described (Appendix A.2).
The résults for the counterion concentration were reproducible to
¢ 1.0%. However, the co-ion capacity being only 1% of that éf the

counterion /
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counterion is determined to a lower degree of accuracy so that results

for this determination are reproducible to % 5%,

3.9 Tracer Diffusion: Rates of diffusion of the radiocactive tracers

were measured in a cell similar to that described by Mackay and Meares
(45) and shown in figure 3.1,

A teflon paddle assembly lay along each half-cell, It consisted
of an impeller (A) situated some 1 = 2 m.m. from the exposed surface
of the membrane, a small paddle (B) positioned half-way along the
teflon shaft and a small bar magnet (C) imbedded in the teflon erd-
piece. The paddle system was driven by an external master magnet
connected by gears to a Citenco electric motor which operated from
a stabilised voltage source, A constant stirring speed was maintained
throughout the experiment and measured directly using a Dawe 1200E
stroboscope to an accuracy of & 1%,

The volume of each half-cell was about 60 ml,

The membrane was placed between two idéntical perspex spacers
which were pinned together so that the aperture in the centre of
each corresponds exactly-on either side of the membrane, Tﬁe'twe-half;
cells were then clamped together to sandwich the spacers as shown and
both half-cells were filled simultaneously from burettes to prevent
the membrane from bulging under unequal pressure, Assembly and filling
of the cell were carried with as little delay as possible to minimise
water loss from the membrane because a partially dry membrane when
clamped on the cell was found to buckle slightly on reswelling,

When the cell had been filled it was checked esvecially in the
rezion of the membrane to ensure that it contained no air bubbles and
was leak free, As a further precaution ageinst leaking the 5oints
between the half-cell and the spacers were sealed with a thin layer of

paraffin /
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paréffin wax, The cell was then immersed in a water bath at 25 : 0.056o
up to the level of the sample inlets and, when at least thirty minutes
had elapsed to allow the assembly to come to thermal equilibrium,
stirring was commenced.

To begin the diffusion experiment the solution in one side of
the cell was traced with a calculated quantity of the appropriate
radioactive isotope and the time noted.

The samples were again removed using calibrated Hamilton
microlitr; syringes fitted with Chaney adaptors. 0.08ml. samples
were removed and counted as described previously, The activity of the
inactive side was corrected for errors caused by the sampling
procedure as shown in Appendix A.3. The diffusion runs were performed
at a stirring speed of 550 r.p.m,

A plot of activity against time gave a straight line to indicate
that the system was in a steady state and therefore easily
charactérised. A study of other membrane systems (31) has revealed that
before a steady state was reached a considerable delay has occurred
during which concentration profiles were established at the exchanger
(This "dead time" may be treated by the nbn-steady method of Meares
(46) ). Results obtained for the system under investigation, however
have revealed that "dead time" is so short that it is undetectable
within the limits of experimental error. These limits are discussed
| later in the section. The gradient of the graph was used to calculate
a self-diffusion coefficient, 5;, for a particular isotope from the
relationship (equation 3.4) derived as follows (47).

The isotopic flux in the steady state may be represented by

J =3, o /a | (3.1)
where J is the isotopic flux in moles om™2 sec-1, S'is the membrane
tracer concentration on the active side and 4 is the membrane thickness.

The /
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The indices ! and " refer to the active and inactive sides respectively,

Mass balance in the system is indicated by

qJ = V" de"/dt (3.2)
where q is the area of the membrane (cm2) through which diffusion
occurs, V" is the volume of the solution on the initially inactive
side (cms) and dc"/dt is the rate of increase in activity on the
inactive side.,

If interfacial resistance is zero so that ea@h side of the
membrane is; in equilibrium with its adjacent solution then,

c! and ¢’  em > (3.3)

(o2

where ¢ is the bulk concentration of the traced ion in the external
solution (mole cm'3) and ¢ is the bulk concentration of the same ion
in the membrane (mole em™> ).

Substituting for J from equation (3.1) and ¢' from equation

(3.3) into equation (3.2) gives, on rearranging,

vV c¢cd de"/dt

e''cg

D, (3.4)
This equation is applicable only if e¢' remains constant
(within the limits of counting error) throughout the experiment, In
the event of ¢' changing significantly, however, equation (3.4) is

modified to (45)

= vt cd 4 (c"/c!
Dy = —— (3.5)
cq dt
The above calculation derives an expression for the apparent
diffusion coefficient but takes no account of the region of iiquid at

eacn membrzne-solution interface which will remzin unstirred no matter

how /
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how efficiently the bulk solution is amitated, Scattersgood and
Lightfoot (34) have shovm that the thickness of the unstirred film is
a function of stirrinz speed and have calculated a true diffusion
coefficient D as shown in appendix A.4, It was discovered however that
in the system under study, as in others (30)(31), only counterién-
self-diffusion coefficients were corrected significantly. The
correction used did in fact consistently inérease the counterion.
self-diffusion coefficient by about 4% while the calculated percentage
error was no greater than : 2% except for tritium diffusion where the

reduced efficiency of the counting produced an error of ha 3%.

3.10 HMembrane Conductivity: The conductivity of the membrane was

determined using an indirect method (34)(48)(49) which involved
measuring the conductivity of the membrane plus a known volume of
solution, |

A Wayne Kerr B331 conductivity bridge capable of an accuracy
up to 10.01% was used to measure the conductivity between the electrodes
of the high precision cell shown in figure 3.2 and described in the
U.S. Manual for Testinz Permselective Membranes (50). The cell was
designed so that it contained the same volume of solution whether or
not the membrane was present, Since the membrane contains a high
concentration of counteridns : relative to its equilibrium solution it
will display a much higher electrical conductivity. In order, therefore
to increase its resistance relative to that of the whole cell and
thus increase the accuracy of the results obtained the membrane area
exposed was very small (0,09855 cmz) compared to the disc's area
(10 cmz).

When the cell had been assembled it was filled with solution
carefully ensuring that no air bubbles remained inside it.

The / -



-
t

" The cell wés next vplaced on a thin polythene bag., Wnen the
assembly was positioned in an oil bath maintained at 25 ¥ 0.01°¢ the
bag collapsed around the cell thus allowing sood thermal contact while

preventing the conductivity apparatus from being contaminated with the
thermostat fluid. Thermal equilibrium was indicated by constant
conductivity readincs,

The cell was then dismantled, the membrane under investigation
was vplaced in position as shown in figure 3.2 and the assembly and
fillingnprécess was repeated, Conductivity was measured as above
and the resistance of the membrane was found by subfraction.

Since the exposed area of the membrane was much smaller than its
total area two problems were encountered, Firstly, the area under study
may not have been representative of the membrane as a whole. To
investigate this possibility a number of membranes were cut from the
same sheet and examined. All were found to have conductivities within
1% of thé mean value, As a furtherprecaution, one expanded C60E and
one normal C60l membrane were each trimmed to a smaller diameter and
resistance determined for each at different positions over the membrane
surfaces. Again the conductivities observeé were within 1% of the mean
value,

Secondly, conduction paths throusgh the cell aperture other than
normal to the exposed area were considered. The measured resistance
#alues were corrected for these edge effects using the theoretical
treatment given by Barrer (51). This correction when applied lowered
the specific conductivity by some 4%,

The main source of error in this experiment arose when very
dilute solutions (less than 0.1 molar) were being used. The resistance
of the membrane and solution was then so near that of the soiution

itself that the reproducibility of the measurements decreases from & 1«

for /
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for "solutions of over 0.1M to about ¥ 1.5% for solutions of 0,05M or
less,

The method described has several advantazes over direct methods
described in the literature (40) (45) (52) (53) (54). These procedures
involve measuring the resistance between two electrodes in direct
contact with a membrane strip. The problem of unknown interfaciai
resistances set up by these methods must therefore be overcome by
measuring the membrane resistance at various points along its length.
and calcuiating the true value by subtraétion. If the membrane is
anisotropic different conductivities will result. The main disadvantage
of these methods lies in the fact that the measurements are being
made along the length of the membrane whereas all other properties

are measured normal to the membrane surface.

3«11 Diffusion with a Concentration Gradient ~ Salt Flow: The flow

of elecfrolyte through the membrane under the influence of a salt
concentration gradient was measured by monitoring the co-ion tracer
flux. The membrane was clamped into the cell which was assembled and
filled as described in tracer diffusion studies (section 3.9) except
that the solutions on either side of the membrane differed in
concentration, These solutions were allowed to come to a steady

state of diffusion by leaving the cell for twenty-four hours under
the previously described isothermal conditions (section 3.9) and were
renewed befofe beginning the experiment,

A calculated amount of chlorine - 36 was added to the half-
cell containing the more concentrated solution and the diffusion
process was monitored as described for isotopic diffusion studies
(section 3.9). After re~equilibrating the membrane with inactive
solution the experiment was repeated with the isotope now in the

dilute solution. -

The /
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. The rate of flow of co-ion tracer with and against the
concentration -radient was therefore obtained and the net salt flow
calculated,

The flow of salt across the membrane was determined for a
calcium chloride conceniration zradient of 0.025/0.075 molal and the

results were found to be reproducible to 13%.

3.12 Trznsport Numbers: Since the A.M.F, C60 membranes used in this
work were found to exclude co-ions efficiently it was expected that the
counterion transport number would be very close to unity. It was
therefore decided to»determine the transport number of the co-ion,

Many transport studies have been made uéing the classical
Hittorf method (55) and subsequent analysis of electrolyte in the
anode and cathode compartments of the cell. This approach has however
proved tp be inaccurate particularly when dilute solutions have been
used because of the hizgh current densities required,

Membrane potential measurements (55) have also been used to
determine an average itransport number., These measurements are done
using a concentration cell in which the ion~exchange membrane
separates two solutions of different concentration., If the electrodes
are reversible to the anion the e.m.f., of the cell (E) may be given

by the expression (49) (56) (57) (58),

”
3, R 2 rr . &
B ='2"b1-]-?- 1n =t + t}’ F—ln-;g;

. F 1

(derived as shown in appendix A.1) where R, T and F are the gas
constant, absolute temperature and a Faraday respectively, a: and

a; are the activities of concentrated and dilute solution respectively

and/
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and t3 is the water transference nunber. t1, the transport number of
the counterion, is an average value since the concentration of
solution on eitner side of the membrane is different. If the
concentration difference is small the transport number obtained

should be a good estimate of the value corresponding to the mean of
the two concentrations. However if the concentration difference is
lowered the e.m.f. will decrease and the percentage error in

measuring it will increase. Also the accuracy of the value of
activities a' and a" will become extremely important.

The method used in these studies to obtain thé transport number
involves the use of radioactive tracers to determine the flow of co-ion
tracer with and against the electric current. The bulk flow of co-ion,
J2, may be calculated from the net flow of radioactive tracer and may
be used to calculate the transport number of the co-ion, t2, from
equation (2.29).

ZF J
2 2
t2 = __~T___ (2.29)

The cell used in the experiment was similar to that used in
tracer diffusion studies (section 3.9) except that it was fitted with
two circular platinum mesh electrodes situated about 3 em. on either
side of the membrane and parallel to it. These electrodes were silver
plated from a solution of potassium argentocyanide (59). The silver on
one electrode was then converted almost entirely to silver chloride by
electrolysis in 0.1 molar‘hydrochloric acid, If too much silver
chloride is depositéd on an electrode it tends to flake off easily
and so the number of coulombs used in the electrolysis is limited.

(The electrode could be used conveniently to pass 60 coulombs of

electricitg.) /
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electricity.)

The cell was assembled, filled and allowed to achieve thermal
equilibrium as described in section 3.9. The asserbly was connected
to a constamt current source (Solartron A.S.1413) so that the silver
chloride electrode was the cathode. The solution in the anode
compartment was traced with the radioactive isotope chlorine - 36.

The circuit was closed and a current was passed until most of the
chloride was transferred from cathode to anode (about 45 mimites at a
current deﬁsity of 4 mj cm-z). The current was monitored using a
Solartron digital voltameter which measured the potential drop across

a standard resistor, The flow of co-ion tracer was determined as
described in the diffusion experiments. When the anode had been

almost entirely chloridised the current was reversed and the experiment
was repeated. This time chlorine - 36 was being removed by oxidation

at the anode and a correction for this dilution was applied as
described in Appendix A.5.

The flow of radiocactive isotope both with and against the
electric current were determined in the same experiment and therefore
under identical experimental conditions, .

To prevent polarisation the current density was never allowed to
exceed 4 mi cm-z.

Two expressions which are derived in the previous chapter
(equations 2.29 and 2,66) may be used to calculate the transport
number of the co-ion from the flux measurement obtained. In equation
2.29 the net flow J2 of ion (which is the difference between the flows
measured with Ji' and against Ji“ the current) is used to obtain thre

transport number t, of that ion as shown (where J; =0yt - Ji")'

Zy r Ji

(2.29)
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where Zi is the valemcy of the ion ® is a Faraday and I is the current

ety Em )
The trznsvort mmber of iom i may also be calculated using
the rztes of the flrxes measured with and against the current using
the equation (2.56)(35)(60),
(J%) t.Id

= (2.66)

O

where Jf and J? are the fluzes with and against the current 'ci is
the concentration of species i in the membrane, D i1 is its membrane
gelf-diffusion cocefficient and & is the membrane thickness. It can
be geen immediately that two separate experirﬁents mst be performed to
obtain a value of t:’-. from equation 2.66. One experiment rmst be done
to find the met flow of svecies i and one to find the diffusion
cordifions a source of error is produced. It was found that the
rztio of the flows produced by current density used was always in the
order of 121 to 1:2 and this resulted in an accuracy of only some

¥ 10 to 12% bein~ obtained for the co-ion transport mimbers when
calculated from eqn., 2.66. It was therefore decided to use equation
2.29 to caleulate tae transport number values although, because the
net flow was much smaller than either forward or backward flow this

equation could still only produce results reproducible & 8%,

3.153 Qemosig: The cell was assembled as described for the salt flow
studies (section 3.11). For osmotic experiments, however, a right-
angled czpillary was fifted to one inlet in each half-cell so that
the c*aiﬂ.n}ixmﬁaii stem of each was horigéntal during the course: of the
experiment. The soluficns which coripletely filled each half-cell and
part /
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part of the calibrated capillary stem had been degassed to ensure
absorption of air bubbles which had not been removed during the
filling process. Leakage from the B10 inlets of the cell was prevented
by applwing a thin layer of silicon grease to the surfaces of contact
of these inlets with the capillaries and stoppers and by fitting

these capillaries and sfoppers with B10 teflon sleeves,

These experiments were verformed under the same conditions as
the salt flow measurements so that the same concentration gradient
existed acioss the membrane and a steady state of diffusion was again
attained,

The ogmotic flow was measured by monitoring the éapillary
readings with time. The time scale for all the experiments performed
in this work was about thirty-six hours. The flow rate for the
concentration gradient used (0.025m/0.075m) was found to be

reproducible to f3%,

3.14 Electro-osmosis Experiments: Electro-osmotic experiments were

performed using the transport number cell which was fitted with
ri:ht-angled capillaries plus teflon sleeées as described in section
(3.13) and filled with a degassed solution. The assembled cell was
immersed up to the sample inlets in a thermostat maintained at 25
¥ 0.01°C and allowed to come to thermal equilibrium,

When the eapillary readings were steady (indicating that the
cell was leak-{ree and at thermal equilibrium) the current was
passed through the membrane and the capillary reading again
monitored with time. The current was then reversed and the exveriment
repeated.

Equation (2,31) was then used to calculate the water
transference number t5 from the net flow of water I3 (moles cm-zsec_1)

which was obtained from the measured flow of solution in the cépillarx
The, '
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The rate of flow of water was measured under the influence of three
different current densities (1 .maA cm-2, 4 mA cm-z, 9 ‘mA cm_z).
It was found that in the absence of a polarisation effect the

transference number was independent of current density and was

reproducible to I 1%,

5.15 Hyperfiliration: The cell used for hyperfiltration studies was

constructed of Delrin and designed and set up as shown. (fig. 3.3).

The faddle assembly in the cell consisted of a cylindriecal
teflon block containing a small bar masnet and an impel]er blade
which were connected with a teflon rod and was driven by magnetic
coupling.

The membrane was positioned on a porous disc in the lower part
of the cell and clamped in place by a Delrin ring which defined the
exposed area of the membrane and a rubber oaring. The two parts of the
cell wefe screwed tightly together and filled with the appropriate
solution via the inlet at the top, The assembled cell was allowed to
come to thermal equilibration overnight in an air thermostat maintained
at 25 ¥ 0,24, '

Stirring was started and after ensuring that the paddle
assembly was being rotated efficiently the stopper at the top of the
cell was replaced and the nitrogen source connected as shown. The 7
.nitrogen cylinder valves were adjusted so that a pressure of 400 p.s.i.
was maintained throughout the experiment. This pressure was monitored
using a Budenberg zauge (which could be read to an accuracy of ¥ 0,5%
full scale deflection).

A small weighed collecting tube was connected by means of a
short capillary to the aperture (a) below the membrane, Thé glass-
Delrin joint was coated with silicon grease to prevent leakage, The

weight /
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weight of product solution collected was noted for a given time
interval (usually about 24 hours) so that the rate of flow of solution
through the membrane could be calculated and expressed in grams per
unit time, The collected solution was then analysed to discover its
concentration, This could be done in two ways:

1) the conductance of the solution was measured accurately and its
concentration found directly from an already prepared graph of
concentration against specific conductance,

2) the solution was titrated potentiometrically against standard silver
nitrate solution to discover the concentration of chloride ions
present.

An alternative method was also used to measure the rate of Prow
golution through the membrane. The collecting tube was replaced by a
calibrated capillary and the joints azain greased. The rate of f}ow )
of solution along the capillary was then found by using a stop-clock;

If was found however that the cylinder valves could maintain
a steady pressure to an accuracy of only : 5% over the experimental
time., Consequently the reproducibility of the concentration and rate
measurements for consecutive runs was conéiderably less than the

accuracy of each individual concentration and rate measurement,



CHAPTER 4

Results and Discussion, -

4.1 Physical Properties: The general physical characteristics of both

normal (G60N) and expanded (C60E) AMF C60 cation exchange membranes

in the calcium form are tabulated below (table. 4.1). The membrane discs
selected for this study were chosen for their similarity when in the
sodium form to the C60H and C60E membranes studied previously (43)(44).
For example, comparison of the membrane discs used in this work with
those studj:ed by Gardner and Paterson (43) shows that the expanded
forms, C60E in particular, have very similar water contents (% water
with respect to dry matrix used in this work is 75.9% while that used

by Gardner and Paterson contained 77.7% water).

4;1.1 Water Content: The ability of a membrane to swell and accommodate

golvent is determined by the elastic resistance of the matrix as a
whole,

It is evident from table 4.2 that the water content of bofh normal
and expanded forms of the membrane decreased when the sodium counterion
was replaced by calcium. The percentage '::e;'.ght of water with respect
to the weight of dry matrix was found to be 27,1% for the CE0N and 61.6"’
for the C60E membrane when the equilibrium solution was 0,05m CaCl,.
Vhen the same membranes were in equilibrium with O.1m FaCl their

corresponding water contents were 36.1% ard 75.9% respectively, The
water content of the C60 membranes described in section 4.1 (43) were
52,6% and 77.T% in O.1m NaCl and henceforth these will be the membranes
referred to when‘ comparisons are made between the calcium and sodium
forms of the 4F C60.

It should be noted that these comparisons are made wherjx the
membranes are inequinormal equilibrium solutions., Unless:otherwise

stated / | S
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General Physical Properties of the A.M.F. C60 membranes in 0,05m

CaCl,.

2

Dry weight (g)

et weight

Weight water (g)

7 water w.r.t, dry weight

Redins (cm)

Thicmess (cn)

Volure (cmB)

01,

02,
3’

41

c

(o]

(memol/ml of membrane)

(memol/ml of membrane) x 10°

(m.moi/ml of membrane)

(m.mol/ml of membrane)

C60N

©0.2453

0.3118
0.06é5
27.11
1.72
0.028
0,260
0.437
3.14
14.28
0.871

C60E

0.1896
0.3064
0.1168
61.6
1,74
0.031
0.295
0.426
6.83
22,08

0.846



TARLE 4,2
Tortuosity factors end water content comparisons,

External solutipn 0.1m NaCl 0.05m CaCl

Membrane C60N C60E céoN C6C2JE
% water w.r.t. dry weight 36,0 75.9 27.1 61.6
v, o 0.277 A 0,257 0.397
o - 6,22 6.78 4.04
o, 4.99 5.44 3,23

V' is defined as the volume fraction of pore liquid in the exchanger.




stated these equilibrium solutions are 0.05m CaCl, and 0.17 4aCl.

2
At the membrane-solution interface there is local equilibrium
between water (solution) and water in the membrane so that the
chemical potentials of water in solution and in the membrane are
equal, ui = ﬁi, wnere barred symbols revresent membrane functions.,

Equilibrium is maintained by a differential pressure higher in the

membrane than in solution (P - P) so that,

uz + R 1n az = u; + K 1n a; + (F - P) V3. (4.1)
The standard  states for water taken as pure at 298.16 K are

equal in both phases (u3 = 53). a3is the activity for water and V

3
the partial molal volume of water.
From eqn (4.1),
Hl'lni-za(i"-P)\-TB (4.2)

where ( § - P ) is the swelling pressure. The swelling pressure is
therefore a function of the water activity in the solution, 33, as
well as of that in the membrane. The swelling pressure cannot be
calculated in general, but Helfferich ( 2 ) has evaluated it in
particular cases with exchanger beads which were selected within the
range of about 1% to 16% divinylbenzene thus representing a
considerable rance of degree of crosslinking.

Work done on the C60N membrane shows that the swelling pressure
varies considerably as the cation in the equilibrium solution and
therefore the counterion is chanzel. Table 6.5 shows that the
percentage water with respect to weight of dry matrix decreases as the

atomic weightsof the alkali earth metal ions increase.

4.1.2 Electrolyte/
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4.1.2 Zlectrolvte Uptake: The concentrations of ions in the

membranes were determined by the method of isotopic distribution
described in section 3.8. These concentrations are expressed in
millimoles per millilitre of membrane (table 4.1).

It is noted that the counterion concentration c1 of the expanded
membrane is slightly lower than that of th: normal (0.426.. mmol ml]
compared with 0.437; mmol ml-1). This was to be expectei since the
coacentration (or density) of fixed-charge per millilitre of membrane
must decrease as the membrane expands.

In. both membranes the concentration of co-ion ¢, is a small

2
fraction (=2bout 1%) of cye Reference to table 4.1 shows that ¢

5 is
3,14 x 10™2 mmol m1~! of membrane for the CSON membrane. A Donnan
potential exists at the membrane-solution interface and tends to
exclude co-ions from the membrane., This potential is reduced in the
expanded form C60E and the eléctrolyte uptake increases. The Donnan
potential may also be used to explain why the uptake of co-ion is
much larger when the membranes are equilibrated with calcium chloride

than with equinormal sodium chloride (02 values for the C60M and C403

membranes in 0.1} sodium chloride are lower, 2.4 x ‘IO-3 and 5.2 x 10.3

mmol ml™| of membrane resp:ctively).
It is found quite generally in studies with sulphonated
exchangers (61) that electrolyte exclusion is more efficient with

counterions of low valency and co-ions of high valency; thus Eazso4

is more strongly excluded by a cation exchanger than NaCl but as

observed here NaCl is more strongly excluded than Ca012.

4.2 Isotopic Tracer Diffusion: The tracer diffusion coefficients of

counterion, co-ion and water were measured for the calcium forms of

both/
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Water Self Diffusion and Tortuwosity factors.

| . c6oN C60E
-1 6 ' ,
D33(cm. sec” ) x 10° - 5¢03 _ | 6.79
D,.0 /D | 4 3A |
55 /055 % 5%
e | 6.78 4.04
2
6 . 4?.97 16,32
6, o 54 3,25

° . the isotopic diffusion coefficient of tritiated water in pure

D339

water was obtained from reference (76).
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TARLS 4,4

Counterion and Co-ion Self Diffusion Coefficients.

o
8 = Ds57/ Dy

céon C60E
D11(cm2 sec ) x 107 3,62 o T.47
D40 (cm2 sec-1) x 106 1.58 2.41
]),HOm(cm2 séc-1) x 106 2,45 | 3.02
D110p(cm2 sec-1) x 106 1.97 R 2.41
D“o (cm2 sec-1) x 106 5.10 5.90
D,, (cm2 sec-1) x 106 2,64 3.70
1)226(cm2 sec-1) x 10° 1.15 1.20
D226m(cm28ec-1) x 10° 1.79 1449 -
D226p(cm2sec-1) % 107 o 1443 1.20
:D22° (cmzsec-1) x 10° 1.23 | 1.49

The D,,° values obtained in equimolal CaCl, from reference (79).

11
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botﬁ C6ON and C60L membranes. The experimental values obtained were
corrected for the effect of film diffusion at the membrane-solution
interfaces. It wés found (section 3.9) that this correction was
significant only for counterion diffusion showing that co-ion and
water diffusion through the unstirred films was unimportant as a rate-
determining step (Appendix A.4). This method of correction is due

to Scattergood and Lightfoot (34).

It is seen (tables 4.3, 4.4) that the coefficients for both
membranes decrease in the order D33’ D22, D11 as found in studies of
aqueous calcium salts (CaClz) and this order was also found for the
sodium form of these exchangers (44).

A comparison of normal and expanded fofms cannot be made
without considerétion of tortuosity effects. The membranes contain
different volume fractions of irpermeable polymer and consequently in
the expandeld form which contains more water the tortuosity effect will
be lower. Thus the expanded form would be expected to show higher
values for corresponding'Dii values and this is illustrated in
table 4.4. The tortuosity effect may however be estimated although,
since the statistical values of diffusional pathways are not known in

this system, all estimates must be considered approximate.

4.2.1 Tortuosity: Transport throuéh a membrane occurs in continuous
aqueous paths between polymer chains which are themselves impermeable.
The AMF C60 membrane contains 35% styrene and about 65% polyethylene
and tortuosity, in this case, involves circumventing the inert
polymer polythene as well as the chains of polystyrene in the matrix.
One consequence of tliis obstruction effect is that the diffusional
path length through the membrane will be greater than the meﬁbrane

thickness/
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thickness (d). The measured diffusion coefficient of the exchanger
will be lower than that in an analogous solution by a factor of @
and will be a function of the fractional "pore®™ volume Vi.in the
membrane phase,

Several estimates of 6 have been calculated on the analogous
dielectric situation (62) but these have been restricted to systems |
where the obstructing material was of small volume fraction and in
the form of spherical particles. A more general treatment by Brown
(63) is also‘restricted and is only applicable when each mobile
species has similar permeability in the two phases,

Studies by Wheeler (64), Mackay and Meares (65) and Prager(66)
have related the tortuosity factor to the volume fraction (Y;) of the
pore liquid in the exchanger.

Wheeler's suggestion that,
2 _ '
0 = = . (4-3)
z‘ .
is however unsatisfactory because & should tend to 1 as ﬁf tends to
unity,
Mackay and Meares, on the basis of a lattice model, have
calculated 6 to be,

0-5%;-1;2 (4

and this relationship has been widely tested. A good agreement is
obtained between membrane diffusion coefficients of counterions, .
co-ions and water in Zeokarb 315 phenol sﬁlphuric acid membranes and
their corresponéing values in aqueous solutions of the same
concentration (67). Other authors however have found the agreement to
.be less satisfactory (30)(40)(68)(69)(70)(71).
It / |
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It has been found in this work as in previous studies (30) (31) (44)
that a better correspondence between diffusion coefficients of
exchangers and of the analogous elec£rolyte solutions is obtained
when the tortuosity factor developed by Meares is reduced to,

% = f‘wsz”% | (4.5)

This factor 8, used outwith the contaxt of the original
derivation must be considered to be empirical for these studies,

The application of a lattice model must lead to over-
simplification, particularly in the assumption that all path lengths
are equal, There will,in practice, be a distributioﬁ of path lengths
in the exchanger and those which are shorter than average will make
a disproportionately large contribution to the total flux thus
causing overcorrection of the diffusion coefficients.

Prager (56) has derived an expression for 8, (ep), vsing a
treatment which is purely theoretical and involves no knowledge of
the membrane other than of the yolume fractions of the permeable and
impermeable regions. No estimated tortuosity correction can be made,
however, which will be precise without a detailed statistical
formulation of the membrane which is beinz studied, The Prager
estimate has however been found to be useful in other studies relating
exchanger diffusion to diffusion in free aqueous solutions of model

. electrolytes (72). The scaling factor & can therefore only be
regarded as approximate and, for practical purposes, comparison is

made using e; and Gp. The expression for Gp is,

~ 2
5 O.S(InVW)

% =¥ - (7-vV +v_nv) (4.6)
v w w w

(av, -1)
. W
If v is close to unity only the first term (7527—:qu of

" becomes/pansion of the series for ln V_ need be used, The equation now

becomes/



beconmes,

ep"'\z'f - TV (4.7)
which is in a form similar to eqn (4.5) since, as V_ tends to 1,
ep tends to (%»- 1), which is designated 8 in eqn (4.5).

Investig:tion of the relative aprlicability of the three
equations (4.4)(4.5)(4.7) should, in tneory, merely involve measurinz
Dy (the diffusion coefficient of one species in the membrane) and
Doii (the diffusion coefficient of the same species in a solution of
concentration equal to the internal concentration of the membrane). The
ratio Doii / bii may then be compared with calculated values for
©. There are, hovever, certain restrictions to such tests, A species
must be selected which does not interact appreciably with the exchanger
matrix and for this reason water diffusion coefficients would appear
to be most useful.Ionic species>are intrisically less useful since
tlie counterions interact with the fixed charse on the matrix and the
co-ions interact with counterions and unless these interactions are
identical to those in the model solution , additional factors will
o

influence the relative masnitudes of Dl.

/ D... Liquid water is well
i ii

structured and because its concentration is high inside the membrane
all water-ion interactions are small compared with the water-water
interaction, (This concept is discussed in Section 5.3).

It is noted at this point that species which have different
paths for diffusion will have different tortuosities, If voids were
to exist in the AMF C60 membrane the co-ion would be concentrated
mainly in sﬁch spaces and misht have more direct routes across the
membrane., Studies of the sodium forms of such membranes (44) have
shown that this is unlikely since D,.D,, and 333 all tend to decrease
witnh increasing concentration of external electrolyte, This being
the case the C60 exchanger may be considered as relatively homoszeneous

in /
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in which the isotopic diffusion ciaracteristics are similar to volume
diffusion in free aqueous electrolytes which also decreases with
concentration (73)(74)(75). The effect of increased tortuosity as the

membrane shrinizs with increasing concentration of erternal electrolyte

would enhance this effect.

4.2.2 Vater Diffusion: The isotopic diffusion coefficient of water

in the exchanger was determined using tritiated water as described in
section 3.9. The results obtained are shown in table 4.3. The sugwestion
(section 4.2.1) that water in the membrane behaves in a ranner
similar to vure water may be investigated by evaluating the ratio
DgE/D _ where D§3 is the isotoric diffusion‘coefficient of tritiated
waterjin pure water (76). It is seen (table 4.3) that eqn 4.4 ( Oi)
greatly overestimates the experimental tortuosity value whereas the
ratio D(_;B/D33 corresponds reasonably well with the @ values obtained
from the simplified Meares equation (4.5) and from the Prager
equation (4.7). Comparison with fhe QD value is particularly good

(az it is for both CEOK and C60E in the sodium form at external
concentration 0.1 (77».

The observation that pure water and the water in the exchahger
appear to behave in a similar mammer is interesting because the
polyethylene and polystyrene of the matrix micht well be expected to
élter water structure within the exchanger pores. It appears therefore
that the surface charge of sulphonate anions masks the polymer
effect and confers unon the matrix the characteristics of a simple

anion., Indeed n.m.r. studies on sulphonate exchangers indicate that

water within such a material is structurally similar to bulk water

solvent (78). Water diffusion data are therefore particularly suitable

for/
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for a test of tortuosity expressions.

4.2.3 Counterion and Co-ion Diffusion: The self-diffusion coefficients

of the counterions and co-ions were obtained for both C60N and C60E
membranes in an equilibrium solution of 0.05m CaClz. The experimental
values were corrected for film diffusion in the previous chapter
(section 3,9).As a result of the difficulties involved in measuring

the co-ion uptake (section 3.8) the uncertainty in the values of the
co-ion self-diffusion coefficients is much greater than the exverimental
accuracy of the diffusion flux measurements (which were reproducible

to £ 24), It should be noted, however, that this uncertainty in

co-ion uptake (¢2) does not affecf.the magnitude or accuracy of the

phenomenological coefficients obtained directly from the co-ion

self-diffusion coefficient values because,

. R‘P '.
D = ; (2055)
ii c; (Byy = Byyd)

and since eqn. 2.55 shows s to be in the denominator of the

expression for D,,, (Rii - Rii') values do not depend on c,.

i
The self-diffusion coefficients obtained were shown in table
4.4, As exvected, the coefficient values are greater in the C60E
membrane which has a higher wafer content and a more open structure.
Comparison of the counterion and the co-ion self-diffusion -
coefficients feveals that the co-ion (chloride) mobility is much
greater than that of the calcium counterion and this order, as
stated above, is also observed for the diffusion coefficients of
calcium and chloride in aqueous calcium chloride (79). The chloride
ion, as in aqueous solution, is intrinsically more mobile‘thén the

calcium cation., Wyllie (80) has however proposed that a large difference

in /
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in the ion mobilities in the exchanger could be partly explained by
assuming that the species with the greater affinity for the fixed
sites in the membrane will be further retarded by intersction with
those sites. For most exchangers of the sulphonate type counterion
diffusion is typically a rising function with increasing external
concentrations while co-ion coefficients typically decrease (65)(81)
(82)(83)(84).

| Spiegler (85) has suggested that such behaviour would be
expected of an exchanger which contained near continuous void regions,
At lower electrolyte penetration, counterions would be concentrated
in regions of high fiied-charge and cross-linking and a low
counterion diffusion coerficient would be expected. Additional
counterions of invading electrolyte (which would occupy the void
regions preferentially ) would consequently have a higher mobility and
would increase the overall rate of diffusion, As discussed above,the
C60 excﬁangers in their sodium form (44) show no such effects and
may be considered as relatively homogeneous in which the isotopic
diffusion characteristics are similar to volume diffusion in free
aqueous electrolytes which also decrease %ith concentration (73)(74)
(75). The effect of increased tortuosity as the membrane shrinks
would enhance this effect.

It may therefore be concluded that the relative magnitudes of
the isotopic diffusion coefficients of the calcium and chloride ions
in the C60 membrane is a reflection of their relative mobility in
aqueous solution.

The values of D,, are similar to those for chloride in equimolal

22
calcium chloride ( DZZ) (table 4.4) but although, as in the solution

analogue, calcium ions would be expected to be less mobile than

chloride, D

110 is, by any estimate of @, some 50% of the value for

aqueouq//
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aquesus calecium chloride. This effect may be due to ion-

association as in Wyllie's theory discussed above, but in section 5.4
the isotopic diffusion coefficients are subdivided into the relative
contributions of the frictional interactions between the ion and its
environment in the membrane and of C32+- Ca2+ isotopic friction. The
environmental contributions are similar to those in agqueous calcium

chloride (section 6.6) but the isotopic friction is anomalously

high,

4.3 Electro-osmosiss Electro-osmogsis experiments were performed as

described in section 3.14. The water transference number tS,Which is
the number of moles of water transferred when one Faraday of
electricity passes, was obtained for both C60N and C60E membranes in

their calcium forms., The transference number is defined by eqn 2.31,

o o
t3 T (2.31)
where J; is the flux of water (mol em™? s71), ¥ is the Farsday and T

is the current density (A cm-z).

An accurate determination of the t3 values mugt involve an
investigation of the volume changes which occur in each half-cell as
a result of the passage of calcium ions throush the membrane and of
the chemical reactions at the silver-silver chloride electrodes, As
one Faraday of electricity passes tﬁrough the membrane, t+ equivalents
of calcium is transferred into the cathode chamber and t_ equivalents
of chloride to the anode. At the cathode silver chloride is reduced
to silver. The apparent water transference number ts(aPp) is therefore
related to the true t, value by the equation,

3 valu 2 .
Y VCa,012 * e = Yn

tB(app) = ’c3 + — " t3 + 5
3




T3

TABLE 4,5

Transport properties of A.M.7. -60 membranes.

External concentration 0,05m CaCl

2 |
c60N C60B
Snecific Conductivity (zc)(ohm'1cm'1) .
102 0.521 1.10
%, (transport number of co-ion) 0,011 , 0.018

ts (tronsference number of water) 8.97 - 10. 30

i
e T
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Vi is the partial molal volume of species i and /3 is tne correction
factor. The partial molal volumes are derived and evaluated as
described in appendix A,6.

The corrected t3 values for the C60N and CEOE membranes are
8.97 and 10.30 respectively (table 4.5) were much closer than was
expected from transport data obtained both from this work and from
studies on the sodium form of similar membranes (43). For example,
osmotic flow experiments (section 3.13) show that the ratio of
water flux through the C60E membrane to water flux thiough the CEONR
membrane is 2.3 to 1 (table 4.6). This compares with a ratio for the

membranes in the sodium form of 2.5 to 1. The t_ values for ihe

‘ 3
equivalent sodium form are 10.75 and 15,77 for C60N and C60B
Z2.%
respectively., It is noted also that the ratio l 3 drawn as a
c 1
function of Zz is not linear throush the origin as observed in

1 _
other studies (44). The implications of this obsexrvation are discussed

in sections6.5 a2nd 6.7.
"Salt Model" calculations (section 6.7) have been used to

predict t, values for the sodium form of the C60 membranes to within

3
105 ( table 6.5 ). Insufficient calcium chloride solution data is
available at concentrations in excess of 1,0 molar to predict t3
values for the calcium form of C60N (which has an internal molality
of 1,70). It can be seen however from the calculation outlined in
section 6.6 that, while the observed t3 value for the C60E (internal
molality 1.07 in the calcium form) is greatly overestimated (19.9),
by far the most variable parameter is the watervconcentration Cze On

this basis the transference number for the CE0i7 would therefore be

smaller relative to t3 for C60B than is observed.

A’ factor which contributes to the results obtained is the rmuch

greater/
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greater co~ion uptake of the expended membrane (table 4.1). As will
be discussed in the following section, the water transference mumber,

t3' may be expressed as,

Zylyz + 2,152

where Z1 and Z2 are the valencies of the counterion and co-ion
respectively, 113 and l23 are the mobility coefficients concerned with
the interaction of water with counterion and co-ion respectively.

2

- 1 |
K= By 422,27, 1, 425 1, (2.28)

17711 1
where l11 and 122 are the direct mobility coefficients of the

counterion and co-ion and 112 is the corresponding cross-coefficient.

It will be seen (table 5.1) that 123 aﬁd 113 are both positive
in this system.,Zzl23 will therefore be negative, 123 is a measure of
the interaction between co-ion and water and so, as the co-ion
concentration increases, Z2123 will have an increased effect in

reducing t, This contribution has to be small however since the co-ion

3.

concentration s is only 1% of 4 and it is not proposed as the sole
reason for the unexpectedly low ts value in the C60E membrane,

It was noted that the t3 values obtained did not vary with
current density within the rangze 1 - 4 . mA cm-z. This is however
not a general phenomenon and some authors have found that at external
solution concentrations of 0.1 molar or less, Z1t3 increases with

decreasing current density. (This tovnic has been well reviewed in

reference 55).

4.4 Conductivitys:s The specific conductivities of both C&0:7 and CH0R

membranes were measured as described in section 3.10 and are tabulated

(table 4.5). The specific conductivity of an electrolyte solution at

a/
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a 7iven concentration is roverned by the mobility of the ions and

~ this mobility devends on the concentration and neture of these ions.
A second factor, tortuosiiy, must be taken into account, however,
when considerinz transport processes in a membrane phase, The degree
of tortuosity of the membrane has z direct bearing on the observed
mobility of the ions within it., Reference to Table 4.5 shows that

the tortuosity factor is of primary importance. Althoush the expanded
membrane C60E contains a lower concentration of mobile ions than the

normal 2608 (Table 4.1) the specific conductivity of the CE0E and
2

C60N are 1,10 x 10°° and 0,52 x 10-%ﬁnn-1 em = respectively,
Comparisons may be made between the exrerimentally observed

specific conductivity values and these calcuiated using the Nernst-

Planck theory (section 2.52). The applicability of this theory to

the system under investization is discussed in terms of those and

gimilar comparisons in section 5,5

4.5 Transvort Humbers: The co-ion transport number t2 was found

experimentally for both C60N and C60E membranes. The t, values were

2
0.011 and 0.018 for the C60N and CH60E membranes resrectively. The

~hizher t, value for the expanded form reflects the hicher concentration

2
of co-ion in the membrane while the counterion concentration (c1)
is slishtly lower (Table 4.1).

These t2 values are far larger than the values of 0,002 and
0.005 obtained for similar membrenes (C60N and C60E respectively) in
the sodivm form, (43). This is largely a result of the higher co-ion
concentration in both calcium forms (02 is 3.14 x 1073 end 6.83 x
107> mol ml~! for the calcium form and 2.40 x 1072 ana 5020 x 10~
mmol ml~! for the sodium form of the C60N and C60E membranes

respectively). The relative mobilities of the counterions however

mst /



TARLE 4,6

Salt and Osmotic Flows
lMembrane

Concentration gradient

2

b

E-?éga g (joules mole-1cmf1)
%1077

Jg (moles en2 sec-1) x 10

§-'13-'

; (joules mole"1cm-1)

10

2

Is (moles cm” sec-1) x 108

céow

0.0248m/0,0764m

2.488
~205.43
3.686

-40981

77

Cé0RE

0.0242m/0.0733m

2.245

-179.1

"9.710

-11.484



78

must also be considered. The calcium ion is intrinsically less

mobile than the sodium ion in an equinormal solution (22)(79)(86). This
would also appear to be the case in the membrane system since, for
example, the self diffusion coefficient (corrected for path tortuosity

and film diffusion) of the calcium counterion is much lower than that

6 6 2

of the sodium, (DCa 6, and D 6 are 3.02 x 10" and 7.80 x 107 em

N
sec-1 respectively in the C60E membran%l

4.6 Salt and Osmotic Flows: A concentration gradient was set up

across the membrane as described in section (3.13) by placing it
between two solutions of approximately 0.025 molal and 0,075 molal
calcium chloride (table 4.6). In such isobaric isothermal systems two
chemical potential gradients (thermodynamic forces) are set up which
act in opposite directions, The gradients are the result of differences
in the chemical potentials of the szlt and of the water on either side
of the membfane. They are assumed for the purposes of this work to be
linear across the membrane and are derived in section 2.4.1.2. The
chemical potential gradient of the salt is designated by X12 and that
of water X..

3

The salt gradient X,, may be evaluated by considering the

12
relationship (equation 2,39),

- : ' 2.3

By2 Ryt TR | (2.39)

which for Ca Cl becomes My = By 2p2 o Pyor Ry and n, are the

2
chemical potentials of the salt, 12, cation 1, and anion 2, respectively.
r, and r, are the stoichiomeitric coefficients of the cation and anion
respectively,
s I . aiti n o,
Since n; =R, + RT In ay under these conditions (w ere u. 1is
the standard chemical potential of species i, R and T are the gas

constant and absolute temperature and 2 is the activity of species i)

Wy /
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u12 ,how becomes
_ .0 o 2
Pio =Pq + Hrlna1 + 2u2 +R‘1‘1na,2
o o 2
=(’P1 + 2}12) + RT In a, a, .
. o 2
1e€e Pyp =Py + R Ina; a, (4.8)

The mean molal activity coeflicient 2{2_ of a salt may be

expressed as

( &'2)1' = ( 6/1)1'1 . (Kz)r,- (409)

where X 1 and ¥ o are -the activity coefficients of cation and anion

respectively, while ry +T, =",

2
The molality of the salt m, is expressed as )
m, m,
' 1 2
m, = — = = (4.10)
12 Ty z,

vhere m1 and m2 are the cation and anion molalities.

Equatiog 4.8 now becomes for CaClz,
Pig = Pjp + B In (4m)) 423
Pl + 3R In Cldm, ¥ ) (4.11)

If a2 membrane of thickness d cm separates two solutions

represented by indices ' and ",

v f m* ‘6'
c o APz _zer 012712
12 a T 4 I Cm
12
381 k-
.3026 21 §—-—i; + lo t - lo " ;
=T P °8 (@, 88, ~ 8l

(4.12)
Meem molal activity coefficients were obtained from Harned and
Owen (87) and Robinson and Stokes (88). :
The chemical potential gradient of water X3 ( éak) may be

evaluated /



evaluated by a similar approach since

= .22 P [ ] "
Xy T RT (In 25' - 2y ) (4.1})
where a3 is the water activity. This gradient has been derived in
section 2.42, and equation 2.44 may be applied here where the pressure
difference across the membrane is zero.

The measured salt and water fluxes Js and J, are tabulated along

3
with their corresponding forces (table 4.6). They are calculated using

the equations 2.41 and 2.44

35 -%12 15 -;:— o tsg é - Z:m g + E 155 - t320(g é - gig (2.41)

8 131 1'2

It is to be noted that X,, and X, are opposite in sign as are

12 3

the fluxes Js and J.., Further evidence for the more open structure of ‘

3
the CA0E membrane exists since salt and water flow are about 2.5 times
faster for this membrane although the corresponding forces are slightly
smaller. The higher concentration of co-ion in the C60E (table 4.1)
(section 4.1.2) and lower tortuosity allows a greater osmotic flow in

the membrane.
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Table 4.7
Measured water flow J3 and product solution concentration ¢

under hyperfiltration conditions at 25°C.

Concentration of the feed solution 0,05 molal,

Membrane Measured.J3 (moles cmfzseéj cp(molal)

C60N 1.18 x 10~ 6 ~ 0,0306

C60E - 1.60 x 0™ | . 0,0284
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4.7 Hyperfiltration: Hyperfiltration studies were made as described

in section 3.15. The concentration of the product solution and the
rate of flow of water through the membrane are moted (table 4.7).
Salt flow, Js’ and water flow, J3, were calculated using

equations 2.45a and 2.45b,

8 ss s 83 x} (2.45a)
3 | | (2.450)

xs is the thermodynamic force produced by the electrolyte
activity difference across the membrane. X3 is evaluated using

equation 2.47,

o r RTw

P-P ‘
X5 = 3 " o §¢f mp - % “‘pg (2.47)

where P - P° is the difference between applied pressure and standard
state pressure., (1 atm. at 25°C).

In view of the inaccuracies in the hyperfiltration experiments,
equations 2.45a and 2.45b were not used to complete the thermodynamic
scheme and provide a sixth parameter. The results were used instead
on a comparative basis to assess in direct terms the validity of

the assumptions discussed in chapter 5.
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CHAFTER 5,

Apnlication of Transvort Theories

In Chapter 2 it was shown that the properties of an ion-
exchange membrane containing two ionic snecies and water are defined
by six phenomenological transport coefficients., Under isothermal,
isobaric conditions only five independent equations may be formulated
and so certain assumptions regarding the masnitude of one minor
coefficient ars necessary, In the present series the sixth independent
experiment.was performed using pressure gradients as additional
thermodymamic forces., The resultant fluxes of salt and water through
the membranes were measured, The vrecision of these studies was,
however, low (f 5¢) and of insufficient accuracy to allow that data
to be incorporated in the solution of the general problem. (Subsequent
to termination of this research other workers (41) have continued
these pressure / desalination studies under more carefully controlled
conditiohs and to much greater accuracy. It is hoped that in the final
publication of these studies the complete set of six transport
equations will be used). For present purposes a series of approximations
to minor coefficients will be apnlied and %he resvliing solutions
tested against pressure-study results, bearing in mind the lower
precision in the latter,

5.1  Limiting Assumptions

5¢1.1 Approximations for mobility coefficient calculations: Several

approximations have beeﬁ made to solve the five phenomenological
equations (2.30a)(2.30b)(2.32)(2.41)(2.44) and these are based
partly on experience gained from solution data (22)(89) and partly
on the concentration dependence of the mobility coefficients, (43).
The simplest assumption is that the membranes are basiéally

simple binary electrolytes of calcium (1) and membrane-bound

sulphonate /
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sulphonate (4)and that the co-ion concentration is small enough to be
neglected., This approximation would seem to be reasonable zince the

molar co-ion concentrations ¢, are 0.718% and 1.60% of the counterion

concentrations for the C6ON and C60E membranes respectively and the
corresponding values of the transport numbers for t he caleium
counterion are 0,989 and 0.982. It is noted that the concentration
data of the sodium form of the AMF C60 membranes (43) infer that that
form is more suited to these approximations (the corresponding
values of %he ion concentration ratios are 0.245% and 0.541%9. In the

binary situation the phenomenological equations (2;18) simplify to,

Jy= 1% + 113x3 (5.1a)

J3 = 131x1 + 133x3 ' (5.1b)

and all coefficients involving co-ion,2, are neglected.
Since the co-ion is a minor component it may be assumed that

the coupling coefficient 1, between counterion and co-ion is small

12

compared with the direct coefficient 1,. for the counterion.

11

Examination of equation 2,30a reveals,

2
. - Zy 1y + 242, 14,

1 o
that for calcium chloride (where Z1 =2 and Z2 = =1) the effect on

(2.30a)

111 of approximating 112 to zero would appear to be reduced still

further. The approximation (1123 0) is however less good with regard
" to the direct mobility of the co-ion 122. It is possible that l12 may
be a significant fraction of 122 which is the smallest of’the direct
coefficients and, if this were so, the approximation 112= 0 would

seriously underestimate 122; eqn 2, 30b,

221 +2.2.1

2 “22 122 12
- 2.30b
ty X | .( 30Db)

When/
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T2ble 5.1

liobility Coefficients

vternal Solution 0.05m CaCI2
13 16 15 14
Assumption 111x10 112x10 122x10 1_55‘10 23x10 1 311
Binaryr 1.399 2. 510 _ 2.875
112=O 1.384 6.156 2.531 4,276 2,468
C60N .
R, ;=0 1.383  =1.143  5.927  2.510  0.2074 3,205
Binary 2,948 6.072 T.663
112=0 2,894 : 21.22 7.071 199.T 21.55.
C60E _
Ryz=0 2,883  =16.23 17.98  6.055  =3.408 8,822

Units for 1, are mole2 3~V om™? g1,
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When calciua chloride is the electrolyte under consideration
the effect of the approximation 112 =0 on 122 seems to be enhanced
by the valency terms. tz, although small, is positive and so there is
no doubt that 122 exceeds 112. Inspection of the appropriate
phenomenological equations will show that this approximation under-
estimates all other mobility coefficients to a degree.

Cross-coefficient..l23 is a measure of the coupling between
co-ion, 2, and water, 3, and may be evaluated using equations 2,32

and 2,44 and the approximation 1,, = O. Results (table.5.1) show

12

that 123 is large compared with 122

counterion-to-water coupling coefficient.

but is smaller than 115, the

In equation 2,32,

5 X (2.32)

‘the valency temrms appear to make the neglect of 123 an even better

assumption relative to the 1, _= O approximation for the case of a 2:1

12
electrolyte (e.g. CaCl2) than for the study of a 1:1 electrolyte such
as sodium chloride in which it has been used with some success, Since
the concentration percentage of co-ion to counterion is low for both
membranes (0.718% and 1.60% for C60N and CE60E respectively) one

would expect that the presence of co-ion would not affect siznificant-
ly the amount of water transferred by the electric current and would
not influence t3 by an amount commensurate with the experimental
uncertainty in evaluating this parameter (f2%). It will in fact be
shown (table 5.1) that in all cases except the 112= 0 approximation
for the CO0OE membrane neglect of 123 in equation 2.3%2 causes a

- variation of 113 which is smaller than the effect of the ex?erimentél

error involved in evaluating t3 (section 3.14).

When/



87

Frictional Coefficients

O.OSmCaCl2 external solution at 2590.

C60IT embrane

a b c a
112= 0 123= 0 ' R23= 0. R22,= 0 binary
+matrix +matrix ‘ :
inversion inversion
Ryq -
x10'1 2 8.342 8.424 8.427 T.T54 8.475
Ri2 |
x10'11 4.233 0.583 1.395 5227
”-10 -6.094 -6.588 -6.596 ~2.394 ~7.400
R22 |
Rz% .
£10-10 =2.314  -0.0456 | 19.36
R o !
x10 =9  3.33 3,631 3,636 1.083- 4.124
14 . _ . .
X1O 2 -30189 -30147 -,‘0148 3.500 30025‘
324 B} .
X10 4'192 "6'159 "'60781 10013 ‘
;‘4 brdo B¢ - - S -
210" ~-10 =2.795 ~2,645 2,650 5.072 3,059
R4A . ' :
*=11 19.94> 20,154 20,16 1.835 20,14
x10
M, s 6 7.2 ~7.926
x10-12 "7.918 -1'25 . =fe 33 L4
22 214 0,129 0.150 0,190

Units for R, are J cm s mole 2,



B19e
x10_
Raor
x10

13

AT 5,2 (cont,)

Frictional Coefficients

a

14520

+matrix

inversion
3;788
12.82
-1.361
0.5206
~5.246
0.55T3
-1.554
Z2.028
~0.726
9.754
-3.992

0.0201

0.,05mCaCl

2

" C6OE lerbrane

b

123= 0]
+matrix
inverzion

4.037

3.558
-2.714

0.5546
-0.2392

1.289
-1.330
~5.647
-1.996
.56
-3.T4%

0.0641

Units for R,, are J cm 8 mole

ik

4.054

3.132

-2.781

0.5565

1,324
-1.320
-6,072
~2.055
12,07
~2.726

0.3660

34571

20,98

~0.1710

0.4905

“9¢655

~0.873

1,772

10.66
-2,443
26,44,

"40 209

88

binary

4.055

"30213

1.560

-1.189

""20 [1“64

12,78 -
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“nen either of the approximations 112 =0 and 1, = 0 is made

23
the remaining coeflicients alter slishtly to compensate. This
imbalance becomes more evident when the mobility coefficient metrix

is inverted to obtain R-coefficients which relate to "mole to mole™

friction.

5.1 Frictional or R -Coefficient Assumptions: The R -coefficients

in table 5.2 were calculated using four separate assumptions, Sets (2)
and (b) were calculated by matrix inversion of the corresponding sets
of l-coefficients (table 5.1). A third approximation, Rys = 0, (c),
was originally proposed by Staverman (90) on the assumption that if
the co-ion uptake is low the co-ion-dipole fiiction would be small
enough to be neglected. Although assumption (¢) would appear to be
intrinsically unsatisfactory because R-coefficients measure friction

on a mole-to-mole basis table‘5.2 shows that it yields results which

7
are in good ascreement with sets (a) and (b). It may also be noted

from table 5.2 that R2 has a magnitude comparable with several R-

3
coefficients. Consideration of the term ;92R23’ which is a measure of
the coefficient of friction between one mole of water and those
co-ions per unit volume of the exchanger (table 5.4), shows that it

is negligibly small compared to the interactions of one mole of water
with other ions.

Inspection of the phenomenolorical equations (2.48a, 2.48b,
2.48¢c, 2.50a, 2.50b) shows that in each equation the term containing
the frictional coefficient,RzB, is at least an order of magnitude
smaller than any other (table 5.2). This condition has been
fulfilled in earlier studies of the sodium form of the C60 system (43).

A fourth éroup of coefficients (@) was obtained from the co-ion

self-diffusion results using the approximation R§2" 0 which was made

by/



by Spiegler in his earliest analysis discussed in section 2.4.5. The
term CiRii' measures.the frictional interaction between one mole of
tracer isotope i' with those bulk isotopes, i, per unit volume of
exchanger,‘while ciRii measures the sum of the frictional effects
between one mole of i and all other species per unit volume. Since

the co-ion is a minor component of the exchanger,c is small

2ot
compared with c2R22 wvhich involves frictional interactions with all
major compbnents 143 and 4, and so the assumption would appear to be
reasonable in this situation, (Supporting evidence for these erguments
may be found by referring to the *"Salt 1Todsl Calculations" of

chapter 6),

It has been illustrated as discussed above (section 4.12) that
co-ion concentrations in the calcium form of the C68 membranes are
higher than in the sodium form provided the equilibrium solutions
are equinormal (0.1N) and it is not suzgested that the approximations
described above can be more valid than in the sodium form., Indeed it
will be shown (table 5.1) (43) that these assumptions produce less
consistent results for the calcium.form.

It is of interest, however, to compare directly the individual
mobility and frictional coefficients of the sodium and calcium forms
of the C60 system,

In order to determine the relationship which would be expected
from such a comparison a general correlation of these coefficients
may be made for a membrane or solution in vhich one ionic species is
univalent and divelent. For this purpose we shall consider a
hypothetical salt A+Ci’at concentration.ca ané normality ¥. We shall
now suppose that there exists a 2:1 salt with a divalent cation 32+(01f}2
which has identical thermodynamic and trensport properties to ACl at

equal/
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equal normality N. An obvious concentration relationship exists

( °a/2 a-cb) and since transport properties are defined equal it
will be genera.lly true that,

Jg = 2Jp and Wy = z “Bc1,

Consequently,
1
| 2 % |
Co-ion flows and forces would be unaffected, For such an
idealised pair of electrolytes the phenomenologica.l equations would
be,

J =L X +I:2JC2+L3X3

o I‘2 Xy + IpX, + LyzXs

3 = L}axa. + L32X2 + 1’..33){3

for the salt A%c1™ and,

Ip = Tp%p + pXo + L%
b

Ty = 1Ky + 1K, + 1ygks
Iy = Lok + L, + 15K,

for the salt B2*(C17),.

J

It is easily shown that,
Laa La2 Las |

Lo = 3 Ly = —"lzb’ Lz= 53

ly5 = L23;v133= Lyziloy = Lope

Inversion of the mobility coefficient matrices would yield the

following identities where R is the frictional coefficient for the

salt B2(C17),, and R is the frictional coefficient for ae1”,
= = 2R
Rb‘t) 4§aa RI:»4 ~

Ryo/
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Table 5.3

Comparison of aqueous solution transport coefficients for Equinormal

NaCl and CaCl, (2.0N) at 25%.

Solution NaCl cacl, g% Observed  Predicted
1
1,,x10 2 7.62 1.42 Iy 5.36 4.0
‘ 141
12 |
1,,x10 1.82 1.15 Ly 1.58 2.0
1
12
1,,x10 12.07 11.99 Ly 1.006 1.0
1y
-1
Byq
-1
Ry,x10” 0.860 0.904 By 0.952 1.00
By
0 .
R, 10 2.06 -7.32 B 0.28 0:50
By
R;x107 434 -84 R4z 0.4% 02500
R 13
Ryxl0™ 246 <178 Raz  1.38 1,00
r
1133::10'7 25,55 22.49 B 1.33 1.00

B33

The primary transport data for aqueous Caﬂl2 solution was obtained

from reference (79) and process‘ed (appendix A.@ ). The transport

coefficients pertaining to 2.0N aqueous NaCl were obtained from

reference (22).
Such a comparison will be referred to in the text as an

Bquivalent Valency Model.

-



93

Rpp = 2Bap Byp =Ry, Ry =Ry
B3 = Doz By =Ry Ry =Ry
Bps = Ros B33 = By

The mobility and frictional coefficients of 1:1 and 2:1 salts
may be compared by means of the above identities although the
individuality of each electrolyte must make the above but useful
guides to relative magnitudes. It is immediately obvious, however
from thesé identities that the valency éffects on the limiting
assumptions discussed above (equations 2.30 and 2.32) are illusory and
on this basis assumptions‘112=0 and 123=O are probably equally valid.,

The sodium form of the C60 system has been extensively
investigated (30)(43)(44)(91) and it has been ascertained that the
frictional and coupling interactions are similar in the membrane to
those of sodium chloride in soiution when allowance has been made for
tortuoéity and concentration corrections. The hypothetical 2:1 salt
32+(Cl~)2 corresponding to sodium chloride must show equal similarities,
The individual coupling and frictional interactions of the calcium and
sodium forms of the membrane system may therefore be compared in the
context of this hypothetical situation.It is useful, however,initially
to compare the transport properties of equinormal aqueous solutions of
sodium chloride and calcium chloride in order to determine the predictive
qualities of the model Bz+(Cl-)2electrolyte in the simpler solution system,

Referénce to table 5.3 in which the mobility and frictional
coefficients of sodium chloride and calcium chloride in equinormal
solutions (2.0N) are compared shows that 111 for the calcium ion is
lower than the model 132+(Cl')2 suggests., The direct mobility
coefficient ratio L22/122 does, on the other hand, show extremely

good agreement with the predicted value. The frictional coefficient

ratio/ T
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" R .
ratio “13/R13 is estimated remarkably well by the model., Other

frigtional interactions directly involving the caleium ion R11 ard

R12 are underestimated while the water-co-ion R23 and water-water R

=33
values are overestimated. It is noted however that all coefficients
are predicted to within t 40% for major coefficients, This comparison,
although only semi-quantitative, provides a basis for expectations on
the correlation of calcium and sodium forms in the membrane which are,
byvvirtue of their matrix-fixed sulphonate charge)effectively equi-

normel systems.

5.2 Results: The results of the calculations using the assumptions

described are given in tables 5.1 and 5.2 as 1:'.3}r and Rik coefficients

respectively.

Table 5.1 contains the 1ik coefficients obtained by applying

the approximations 112= 0 and 1, .= O as well as those derived from

23

matrix inversion of the R~ coefficients calculated by assuming
R23= 0. The applicability of these assumptions appears to decrease in

the order 12 =0, R = 0, It is noted that although 1., i

3 23 12 1o 1S

found to be negative its value is so low as to be insignificant

=0,1

compared with 122 which is the next smallest mobility coefficient.
The approximation R22, = 0 was found to yield R-coefficients
which do not agree well with those obtained using the other
approximations (table 5.2). It was therefore decided against
iﬁcluding the l-coefficients obtained using this assumption (R22, = o)

in the overall thermodynamic scheme,

5¢3 Discussion:

1

5.3.1 Mobility 1. - Coefficient Values;// .

o
X
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5.3.1 Mobility 1ik— Coefficient Values: Although the mobility

coefficients calculated using the-l12 = 0 approximation (table 5.1)
and their corresponding R-coefficients (table 5.2) compare closely

with these obtained using the approximations 1., = 0 and R23 = 0,

23
this comparison is less good than in the sodium form of the membranes,
The coupling coefficient 123 is particularly sensitive to
experimental uncertainties since it is calculated from the difference
of two almost equal quantities (eqn 2.32), The wide variation
observed in its values (table 5.1) is therefore rationalised and, as
seen, it remains a very small influence on the wafer transference
number,
Examination of table 5.1 will show thét the direct coefficient
133 varies more than any other with the differing approximations, 1.53
is evaluated using equation 2.41 and a calculated value of 113. As
discussed above, this value of 113 varies according to the approximation
applied. When 112 = 0, 111 and 122 are minima and 113 is under-
estimated., If however 123 = 0,'113 has a minimum value, The variation

in 1,, is emphasised in equation 241,

13

J =1—§ 113--tlo<t )§-dp12)+§133-t32«g§-%; (2.41)

by its association with the predominant force X12 under the conditions
stated (table 4.6) and this is reflected in the 133 values quoted.
Consistently accurate hyperfiltration results would go far to
providing a precise estimation of (135 - t324~) and as discussed
above such studies are at the moment being investizated (41).

It may be concluded that nezlect of co-ion coupling is less

useful/
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Table 5.4
External solution 0.05m CaCl, at’ 25%
membrane C69N C6OR
o{oren enlZsecyxro® 2% 3-T10
Jsggﬁ::lzzg zec-1)x101° 58 - N7

Comparison of observed salt flows Js for the normal and expanded

C60 membranes in 0.05m CaCl, at 25°C with those J values calculated

2

using equation 5.2.
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useful in the calcium form than in the sodium form of hoih GEOY and

C60Z membrares and this may be attributed to the increased co~iom
uptake,

It is however worthy of note that the expression for the =alt
flow, J_, (equation 5,2) which is a rearrangement of equation 2.44 with

1 =1 =0,

12 23
: Jdmgy 4 d
1 -5t g‘;;_;zzg 2y 2P ) ) e

shows that Js is controlled primarily by the transport number of the
co-ion in the membrane.
The salt flows calculated using equation (5.2) were compared

with the experimentally observed values (table 4.L)., As seen in table
=10

5.4 observed and calculated vzlues for the C60N were 3.7 x 10 and
3.8 x 16" o1 em™2 sec-1, and 9.7 x 10710 ana 1.7 x 10710 o1 em™?

sec-i for the CH0E, It is seen therefore that agreement is reazsonably
good between observed and calculated values.

From the above arguments on the effect of neglect of 11 > and
125 it becomes obvious that both terms on the right hand side of

equation 2.44 are underestimated.

2
~Z,2, (1 - 15,y t &
> (L1122 = 112) 12 _1_( _ M50 .

but since the sa.lt‘force X12 and that on water XB are of opposite siem
their difference remains unaltered, illustrating once again the
dependence o-f' Js on the transport number of the co-ion.

The aspect of salt diffusion has been discussed by Eelfferich
using a treatment based on the Nernst-Planck equations (2)(91).

In the sodium forms of the C60 system the ratios l'|3 / c, azd

Lys /



Table 5.5

External electrolyte

(0.1 at 25°)

L o
13 £ 1012 NaCl
c

1
L .
-—2-2 x 1012 NaCl
[]

2
1 | |
A3 4 1012 Call
e, | 2
1 |
23 ¢ 1012 Call
c . 2

2
1
Lk units of mol J"1 cm-2 s-1
[s3

i

Lix

sodium and calcivim forms respectively.

28

Membrane
C60N  C6OE
16,3 | 35.0
66,2 206
5.78 16.6

13.6 295

and 1ik are the mobility coefficients referring to the
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L23 -/ c, are of the same order of magnitude showing that sodium and
chloride ions have a similar coupling with water when adjustment is
made for the concentration differences which exist in the membrane (43).
These coupling interactions may be compared in terms of the Equivalent
Valency Model.introduced above with those observed for the calcium
form. The identities

L,, =21, and L.,6 = 1

13 13 23 723

have been established above, where Lik and 1 ik represent the univalent

and divalent forms respectively, Therefore, for equinormal situations

the relationship

143 ~ 3, D
€ca®*  °ja ®2

would be expected. Table 5.5 shows however that the model over-

estimates 113 by about 100% in the expanded membrane C60E and this

is also the case for the normal} C60N, It would appear, therefore, that
the calcium counterion-water coupling interaction is lower than would
be expected on the basis of the model. Examination of the relative
magnitudes of 113 / ¢, end 123 /c2 (for the calcium form) supports

this conclusion, 11 3 / 91 and 123 /€ 2 were calculated using the

12 12 1

mol J~

and 2,95 x 1019 mo1

and 13.63 x 10~
12

approximation 1,, = 0 to be 5.78 x 10~

em 2 g1

12
for the C60N membrane and 16.6 x10°

3V en? 571 in the céoE. 13 /01, for the C60N has. a value approx-
imately equal to half that of 123 /e o* This relationship is not
repeated in the C60E membrane but it has been noted above that 123
values are extremely susceptible to experimental uncertaintities,
For physical interpretation, the direct mobility coefficients
are divided by a concentration term 1., /e 1 where ¢, is the
concentration of species i, is known as an "intrinsic" mobility. In

the membrane system this contains a large obstruction contribution due

mainly /
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‘Fable 5.6

- Intrinsic lobilities, BErternal solution 0,05mCaCl

2

Nembrane C60N C60E
Assumption . 112= 0 123= 0 323= 0 1,,=0 123= 0 R)3= 0
g 10 . |

——x 10 3.165 3,164 3,163 6.787 6.769 6.755
1 :

1, g

2+ 107 1,960  1.934 1.888  7.107 2.641 2.6%0
2

1 .8 ' e

= x 10 2.429 2,247  2.245 9.760. 4.091 3,991
3 .
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mainiy to diffusion path tortuosity (as discussed in section 4.2.1).

When‘i =1 or 2, 1ii / ¢; includes smaller effects such as
coulombic interaction of other i-type ions, solvation and frame of
reference interactions. The intmsic mobilities are shown in table
5.6 for both counterion, 1, and co-ion 2, species in the C60N and
C60E membranes, The increased ease with which ions pass through the
expanded membrane is again reflected, This is esvecially evident in the
co-ion case in which, although 02 is sreater in the expanded membrane
(3.14 mmol m2™" for the C60N and 6.83 mmolml™! for the C60E), its
iﬁtrinsic mobility is increased. ' ,

Since in the system being investigated the frame of reference
is matrix-fixed the intrinsic mobility of water,3, may be determined.

| Reference to table 5.6 8hows that in both membranes the intrinsic
mobilities increase in the order 1,, / 61 less than 1,, / e, less than
133 / 03‘.

In the solution analogue the chloride ion is larze and order-
ﬁestroyigg&whefeas the calcium ion with its higher charge density is
order-producing, The drag effect of the electrophoretic =nd relax-
ation terms and the solution effect will tﬁerefore cause ca&cium to be
rmuch less mobile than chloride. It has been suggzested that the.
golvation effect is small in the membrahe system (section 2.5.1). How=-
ever, as discussed above, the intrinsic mobilities must now contain

a contribution due to interactions with the frame of reference (the

matrix-fixed sulphonate group).

5¢3¢2 Discussion of Rik Coefficient Values: Agreement between sets

2,b and ¢ is zood for 211 major parameters, The co-ion is a2 minor
component of the system and the largest discrepencies are as exmected

for the co-ion frictional coefficients R21, R23 and R24. Since the

R-/ )
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R - coeflicients in "d" do not correspond closely with those of the
other groups some doubt is cast on the applicability of the "Spieglern
approximation R,,, = 0 to this system (further discussion as to the
magnitudes of the isotope-isotope interactions is to be found in
section 5.4),

The more open structure of the expanded membrane is reflected in
the relative magnitudes of the R - coefficients., Reference to table
5.2 snows that frictional interaction between species in the exvanded
membrane is smaller than between the corresponding species in the
normal, |

The significance of the siszn R - coefficients is discussed in
Chapter 2 (section 2.4.4). The signs of the(direct coeffigients Riiare
positive as required by theory. Table 5.2 shows that R

33
y = 0. This is a further indication

is negative
for C60E using the approximation R22

that the assumption R = 0 is not valid for the system under

22!

investigation., R., is particularly sensitive to the approximzstions

23
chosen,

Cross coefficients arz found to be both positire and negative,
The frictional coefficients between countérion and water, R13, and
between counterion and matrix, R14, are both negative implying on the
basis of Kedem's observation (27) that there is an attractive force
between the interacting species. Conversely, positive coeffiecients
should indicate net repulsion between the interacting svecies,
Coefficients R,, (counterion-to-co-ion interaction) and R24 (co-ion-
to-~matrix interaction) are found to be positive and negative
respectively.‘These two results are not consistent with Kedem's
intuitive suggestion since counterion-to-co-ion interaction would be
expected to attract and the matrix-fixed sulphonate—to-co-ioh
interaction repulse, Indeed, previous work on the sodium form of the

AMF C60 membranes (43) and studies by leares (92) have indicated that

Kedem's /
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TABLE 5.7
Comparison of R- coefficients of the Sodium and Calcium Forms of

the CEOE membrane in terms of the hypothetical Equivalent Valency

Model (the internal normality of the membranes is approximately 2N).

sodium form " calcium form
tortuosity tortuosity
observed correction (M) observed correction (M)

R

22
R"--12 0;850 0.113 4.04 0.427
x10
R |

44 12 0.602 0.0821 1.195 0.126
x10 )
R | .
Le-12 00013 0.000177 0.00129 0.000136
R

12_45 - . 0.356 0,037
1a-12 1.65 0.225 35 375
R <.

14 45 0,283 -0.0%86 -1.33 -0.140
x10
. .
1212 -0.0218 ~0,00297 -0.0271 -0.00286
R

2512 -0.102 -0.0139 -0.00239 -0.000252
x10

45_40  _0.0128 -0.00175 -0.0200 -0.00211
x10

R . '

M2 -2.19 -0.299 -0.565 -0.0597
X

The above (M) tortuosity correction is obtained by dividing the
observed results by M which is a tortuosity factor evaluated and

discussed in Chapter 6 (table 6.3).
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TABLE 5.7 (contd.)

Equivalent Valency Model comparisons for the CGOE‘membrane. The

predicted and observed . %?JE values are tabulated (whereﬁik and
ik :

Ryy represent the sodium and calecium forms respectively).

observed prédicted
B2 2.38 1.0
oY) |
R 0.26 : 1 0.25
Ryq
Baa 0.65 | 1.0
Ra4
233 1.30 , 1.0
B33 |
B2 6.0 | 0.5
B2
244 0.275 . 0.5
By -
213 1,03 0.5
Rz |

55.2 | 1.0

o3

Rys

By3 - |
Boy 5.01» ' 1.0
Bou
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Kedem's observations may not hold for membranes.,

Once again it is useful to réfer to the hypotheticallmodel

. described in section 5.12, In table 5,7 the individual R - coefficients
for the sodium and calcium forms of the C60E system are correlated and
compared when appropriate path tortuosity corrections hafe been made,
The C60E membranes are compared since their internal normalities are

almost equal at 2, The direct frictional coefficient R,, for the

11
calcium fo;m is predicted accurately by the model as is R53 when

corrections have been made for the differing e

3values in the sodium .
and calcium forms (table 4.1), R44 is overestimated by some 30%
because it is calculated from eqn2.23.
4 )
2 ¢; Ry =0 (k=1,---4) (2.23)
i=1 : ‘

and the equation contains the term R14 which has been overestimated

by a similar amount and R34 which is predicted accurately (02R24 in
this instance is negligibly small ). The cross coefficient R13 is

underestimated by about 100% and these coefficients directly involving

the co-ion, R12 R23 and R24 all show poor correspondence. Indeed, the
direct coefficient R,, is overestimated by somé 200-300%, It must be

remembered however that the co-ion uptake of the membrane increases as
sodium ions are replaced by calcium (for equinormal extefnal concentrat-
ions, 0,1N, the co-ion concentrationsec,. of the C60E are 5.2 x 10™>
and 6.83 x 10"3 mol 171 respectively for sodium and calcium forms).
. Such. variations in concentration must be considered when
specific frictional interactions are compared, A more meaningful
comparison would therefore be betﬁeen the vath tortudsity corrected
c, R22 values, and reference to table 5,7 will show that agreement
is / T
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Table 5.8

Malysis of Frictional Interaction

lembrane BExt Sol, Total Friction = TIon-water Ion-matrix
S P T P 1
x10 x 10 x10
c60x 0.05rCaCl, 3.671 = 0.,918(25%)  2.754(75%)
C60E 0.05mCaCl, 1.689 : = 0.505(30%)  1.188(70%)
c60H 0.1rifaCl 0,990 = 0,569(58%) 0.425(43%)
C60E 0.1mlaCLl  0.781 = 0.482(62%) 0.304(395)
c !R] 1 ) -:;czRﬂ -c_‘RM
x10~7 x10™7 %107
c60m 0.05mCacl, 1750 = 0.364(21%) 1.782(795%9)
C603 0.05mCaCl, 0.952 = 0.351(37%) 0.599(63%)
C60N  O.imiaCl  0.857 = 0.431(51%)  0.426(5059)

C60E 0.1maCl  0.574 = 0,304(53%) 0.278(48%)

Membrene Trt Sol®., Total Friction Counterion Water IMatrix-water

CsRzz %443 °4%43
33:?(1)"7 x10~7 %10~ 7

ceot /
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Table 5.8 (contd,)

Membrane Ext.Soln. Totél Friction éounterion-Wa’cer Matrix-Water

°3"53 "ot °4"43_,
x10 ' ’ x10 x10°
C60N  0.,05mCall, 5.045 2.809(567%) 2.233(44%)
2,334 0.974 (42%) 1.347(58%)

C60E 0.06mCaCl

2
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is B0 much better between the sodium and calcium forms of the CEOE
membrane,

In this system c1R11 measures the total frictional interaction
between one mole of calcium and all other species per unit volume (ml)
in its vicinity (89) and c4R44 measures a similar quantity for the
matrix-bound sulphonate ion. Study of similar systems (43) has shown
that when the counterion is the monovalent sodium c1R11 and c4R44 are
of similar magnitude, when the counterion was calcium, 01311 was
twice as large as €444 (table 5.8)., These results are consistent with
those of the sodium since in the calcium case the counterion is divalent,

Comparison between the sodium and calecium forms of the C60
membranes was extended by examining the proportions of each of the
total frictional interactions c1R11 and c4R44 which are due to inter-
acfions with individual membrane components (table 5.8). These have
been calculated for the calcium forms from equation 2.23 using R-
coefficient values from table 5.2 (sets a,b, and ¢). It is evident that
'the contribution due to co-ion interactions is extremely small and it
may therefore be ignored. In each membrane the total frictional
interaction for the calcium counterion and for sulphonate-matrix is
divided between ion-water and ion-matrix interactions in a ratio of
approximately 1-4. When the counterion is sodium however the correspond-
ing ion-water and ion-matrix interactions are of similar magnitude.

It is possitle therefore that ion association in some form is ocecu¥ring
between the calcium ions and the matrix-fixed sulphonate:; Ion-matrix
interactions have been examined in p.m.r. and Raman spectroscopic
studies (78)(93)(94)(95)(96)(97). No indication of covalent character
has been observed although these methods would not detect ion-pair

formation by electrostatic bonding.

Evidence /
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Evideﬁce that sile bondinz appears to erist between polyelectrolytes
containinz sulphonate grours and czlcium ions has been gathered by
Strauss and Leung(98). The possibility that calcivm-sulvhonate ion
association exists in the C60 membrane is investigated fully in
section 6.2 in which the individual interactions in both sodium and
calcium forms are compared with those of the solution znalozues
sodium chloride and calcium chloride,

A sim?lar analysis of 03333 (table 5.8} shows that the total
friction between one mole of water and all other species in unit
volume of the membrane consists almost entirely of counterion-
water and matrix-water interaction in approximztely equal prorortions,

Coupling coefficients (q) provide zanother method of studying

the various individual interactions. These were defined by Kedem and

Caplan (99) for a two-flow system,

iz 12

27y 111 122 VR; By

(5.3)

and were subsequently extended by Caplen (100)(101) to multiple-flow

systems,
1..
q;j = — ' (5.48.)
Vi 133
R. .
, i) )
qij = ' l (5'4b)
‘ R.. R..
i 3

*
i 1 f R, ;e
where q ; # 9 5 and'Rij‘ls the modulus of R;

The counling coefficient gives a quantitive measure of the

desree of coupling between the flows of svecies i and J. Thus if
*

qij

q%. or q.. = 1 there would be 2 complete counling between the flows,
i) i

To /

or qij js zero then a flow of i would have no effect on j and if

-
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Table 5.9

Counling Coefficients Values

Coupling Coefficient | q@ C60R
U3 0;3?5' V - 0.353
iy - g - .d.m : | 0,6-65.
Q34 0,304 - | 0.134
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To oBéy the O.R.R.‘q:j and qij must not exceed unity. Since mobility
coefficient values are dependent on the frame of reference (9) (24)

q;j values contain a contribution from the source. However, R-
coefficients are uniquely svecified and so therefore are qij values,
The coupling coefficients q13, q14, and q34 are evaluated and shown in
table 5.9.These coefficients azain reflect that in both CH0N and CEOE
membranes the counterion matrix coupling i3 greatest, The q14 coupling
coefficient is in fact greater than the total ion-water interactions
(q13). It ig &lso noted that q13 exceeds q34. The explanztion for this
may lie in the relative charze densities of the calcium and sulphonate
ions, The calcium ion which has a high charge density is an order-
producing ion and association with water molecules (solvation) is
thermodynamicélly favourable, The sulphonate group, on the other hand,

is a large order-destroying anion with a diffuse electrostatic charge

and is therefore unsuited for coupling with water molecules.

5.4 Isotope - Isotone Interactions: The isotopic diffusion coefficient

Dii of a species i' may be represented as

(2.55)

Spiegler, as stated previously (section 2.45) used the assumption
Rii'= 0 in his theoretical derivation of Xik frictional coefficients,
This approximation has been used for R22, in previous studies of the
sodium forms of C60 membrenes (43). It was found as would be expected

from the low co-ion concentration, €1 in these membranes ( e, is

AN 3|

2.4 x 10~ and 5.2 x 10~ moles 17! for the C60N and C60Z ) to give

results which asreed extremely well with those of several other
approximations. In this work, however, the assumption R22' = 0 has

been /
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beensapplied with less success (tzble 5.2) particularly in the CZ03
membrene which has a higher co-ion concentration (tzble 4.1), inother
factor to be considered is discussed previously (section 4.2.3)., It .
has been provosed (85) that co-ions tend to concenirate #n regions of
low charge density with the result that their frictional interaction,
when considered on a mole to mole basis, will be larger than
predicted from experimental data., Comvarison of R22 coefficients

calculated using various assumptions (table 5.2) shows that is

Roor
indeed a significant fraction of R22 ( about 107 and 124 for CEOY
and C60E respectively depending on the assumption made).

The coefficients R11, and R33' have been shown evnerirentally to
be of comparable masmitude to R11 and R33 resfectively. Since there
is a high concentration of counterion in the membranes (table 4.1)
it is not surprising that in each case R11; and R11 are of comparéble
magnitude (table 5.2). It is however interesting to note that in both
membranes R11, is ne~ative, This is a direct contradiction of Kedem’s

Rule (27) since R,,, is a measure of counterion-counterion inter-

11
actions and as such would be exrected to b? positive., This result
has been noted for other systems ( 43){(/0b6) and althoush analogous
solution studies (é2)(73)(74) have yielded positive velues for R,.,

it would appear to be a real rather than an apparent effect., The
counterions in the membrzne tend to be concentrated in regions arovnd
the matrix-polymer chains where there is little co-ion. As the
counterion concentration:in these regions increases all other species
will become prgportionately less significant so that a situation is
approached in which only counterion-counterion interaction occurs, As
the relative concentration of the species 2, 3 and 4 decreases
counterion diffusion would still occur normally, and since c1R11 would

must be negative to ensure a positive diffusion

tend to zero, R11,

coefficient./



Table 5.10

Isotone-Tsotope Interactions

Water

membrane

C60N

C60E

Counterion

membrane

céom

C60E

33
x10-10

0.363

0.129

4.037

R =R R
33 "33t 33!
= -10

0 x10~10

3045 ’30078
1n65 -10521
R,.-R R '

11 11! 11!

xﬂ0-12 x10~12
150660 ‘7-256
- 7.780

'30743

113

-c_R
R

%21

05(Ry3-Rz51)

0.892

0.481
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coefficient.
o TR .

The ratio /311_ R, (table 5.10)shows what fraction of the
the total resistance to counterion diffusion is dve to counterion- to-
counterion friction. When expressed as a percentage, it is seen that
46.2% in the C60N and 48,1% in the C60E of the total resistance is
due to this interaction, and therefore 53,8% and 51,9% for the CEON
and C60E respectively is attributed to interaction.of the counterion
with co-ion, water and matrix,

The R35' coefficient,when calculated from eqn 2.55 is found to be
negative for both membranes (table 5.10) Table 5;10:shows that, for
the C60N and C60E, 89.2% and 92.2% of the total resistance to water
diffusion is due to water-to-water interactions and only 10.8% and
7.8% respectively to interactions with ions and matrix. In pure
water-solvent the term 03R33 is zero and sole contribution to water
diffusion is water-water frictionr(which again mast have a negative
sign to ensure normal diffusion). Again force of attraction would be
expected to cause concurrent flow of other water molecules,

In the light of this evidence along with that discussed in
section 4.2.2 it is concluded therefore tﬁat the kinetic character of
water interactions in the membrane is similar to those in pure water.
The major effective contribution of the matrix to water diffusion

appears therefore to be geometric rather than chemical or physical

interactions and incorporated in a tortuosity factor.

5.5 Comparison of Nernst-Planck and Irreversible Thermodvnamics: The

predictive value of the Nernst-Planck Theory may be investigated by
applying it to the complete set of transport data obtained for the
calcium form of both C60¥ and CE60E membranes.

~ It has been shown in chapter 2 (section 2.51) that the specific

-

conductivity /
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Table 5.11

Predicted and Observed Llectrical Trensport Results

C60N C60E

Spegific_gond, 4 observed 0.521 1.10
#10%(ohm™ em ') calculated 0,532 0.806
't1 . observed 0.939 0,982
calculated 1.005 0.833
t, observed 0.011 N 0.018
calculated 0,004 0,005

The observed results above were measured fdr an equilibrium
solution of 0.05m Ca,t')l2 at 2500. The calculated values of K and ':l;i

were found using equations 2,81 . and 2,82 respectively.
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condvctivity (K)end transport numbers (ti) may be expressed as

functions of the self-diffusion coefficients D,.D., and t

11722 37
Eﬁ Zl. Z.zc.D.. .
K= % é 1l+ ; ltl;"' g (2.81)
4%4"3/ %3
2 2
- F2.7e.D,. t_c.Z. .
PR S 1 _i;Lgh‘ (2.82)

i RTK - c3
The specific conductivities and transport numbers of membranes
C60N and céom were calculated using equations (2.81) and (2.82) and
tabulated as shown (table 5.11)alonz with the experimentally observed
values, In the case of the C60lN membrane the specific conductivity and
counterion transport numbersvere overestimated whilg ?2 was.
underesfimated. All three transvort values were however sreatly under-
estimated in the case of the C6QE membrane, To explain these effects
a comparison was made between the Nernst-Planck and Irreversible
Thermodjnamics gpproaches,
The flows of counterion and co-ion may be presented in terms of
the mobility coefficients using the derivation shown in sectioh 2.

The equations are

Cqlqq 1
J.= % 2,1y, = %y " + — (Z1l13 + Z2123) ; F (~grad )

1 11 1 c3
(2.862)
c.l c
222! 2 fo. -
andJ2= g Z2122 - Z2 02' + 03 (Ztil.‘} + Z2123) g F ( 3Ta'd¢/) '
- (2.86b)

The corresponding equations from Irreversible Thermodynamics

are (usin: equations 2.30a and 2.30b)
= / - 2,8
3y = (3414 + Byly)F(-ezad f) (2.832)

and /
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Cormparison of MNernst~Planck and Irreversible Thermodymemic Estimates

*
of 112 and 112

. 13
c1D11x10
RT

13
111x10

. 1012
Z1C 111 1,.«.10

01.

13
22112x10

3
13
(zp14,)* x10

13
02D22x10>

RT
1

122x10

A 13
22c2122,x10
Con

z1121x10 -

0] o
N

13
(z1121)*-x10

Cc
1 dn13
< (21115+z2123)510

1%
(z1115+2212?)x10 ,

C60N

0,679

1.28%

188

0.00042
1.537
0,049
0.061'
_0.0607
0.006%

-0,00084

0.0110

0.0037

CEOE

1,285
2,887
3,204
0.0159
2,345

~0.859
0.203
0.180

1 0.02%

~0,07%1

0,0%276

0.0146
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and I, = (8,1,, + Z2,1,0) T (-grady)) (2.82b)

Comparing equations 2,86a and 2,86b with 2.83a and 2.83b shows

Loy |
Zylyy = = 2y © _E;: + E;- (Z1113 + 22123) (2.87a)
1 ¢
20t 2
end 2,1,, = ~Z.c, o + -c-; (24145 + ZyL,s) B (2.87D)

As digcussed above the 0.R.R. is therefore destroyed, It is
1ii'

o1
the counterion it is recorded as negative for the co-ion., Tn the

noted that while the isotopic term ey is positive (table5.12) for

co-ion case, however, 1 represents only a 10% fraction of 12

22! 2°

BEvaluation of 122' involves the values 122 and Coe 122 is obtained

from the co-ion transport number which has an experimental error of

1+

8¢ while c,

5% (séction 3.8), It.is possible therefore that 122, ney vary from

the co-ion concentration may be determined to within

1+

negative to positive within the limits of exrerimental ervor,

In table 5.12the values (Z2112)* and (Z1121)* are equal to the
right hand side of equations 2,87a and 2.é?b respeciively, It is noted
that, in thé case of the counterion, Z2112 is less than (Z2112)*
for the C60N, and Zyly, 18 positive while (22112)* is nezative for
. the C60E membrzne., It therefore follows that the Nernst-Planck theory
overestimates the counterion_flow, J1, in the C60N and underestimates
Iy in the C60E membrane. |
The underestimation of tz in both membranes is rationalised

because a posi‘kive Z1121 value has the effect of 1owering 't2 (if 22

is nerative as in this system) since,
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Turther re’erence to table 5.2 shows thst while the rositive
values of (Z1l21)* obtained usinz the HWernst-Planck treory result in
an underestimation of t2 in both membranes this is mich nore merie? in

the CO0E than in the C60N where the difference between Z1121 and

72,1,.)¥%is creater,
1721

Similar comparisons have been made using different systems (30)
(31) and these have shown that the effect nroduced in the C60N zrmesrs
to be quite ceneral. The results obtained for the CEOE membrane nay
however be attributed to its high co-ion uptake (02 is6.83% X 10" mole

1-1). It is seen immediately from equation (2.87b) that the high c,
produces 2 larze (Z1121)* value, It has been argued above (section3,2)

that as ¢y increases the reducing effect of 123 and t, increases. Tha

21%41410 1 (21

7
outcome is that eventually -————-exceeds — 13 * “2123)'

1
In this event a negative sign is1conferred’on 5 (22112)* (table5t12),

. 5.6 Hyperfiltration Studies: As outlined previously the results

obtained in the hyperfiltration experiments (section 3.15) wWere
used %o assess the mobility coefficients calculated by applying the
assumptions described above,

The mobilitjy-coefficients of equations 2.45a and 2.45b

5 = 1' x o+ 1.x
S S

ss¥s 3 X3 - (2.45a)

5. = 1 x o+ 1

. ot
36%s X5 (2.45b)

33

weéré evaluated using the 1ik values obtained from the assumption

1,,=0 (section 5.1.1 , table 5.1). This assumption was chosen

since it should provide fhe best value for the counterion - to-
water mobility coefficient, 113, and it is the accuracy of this
coefficient which is of prime importance when used in conjunction
with X_.

3
Fluxes/ v -
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Table 5.13

Calculated salt and water fluxes, J, and J3 for the C60

membranes under 400 psi (2.7¢ x-106 Nm;z) Pressure at 25%.

C60N membrane,

c_(m) X X J J J
) 3 _ o 8 3 s
<07 mot xo™ ozl T 55
0.020 1.850 18,04 43.49 5.748 0.0420
0.025 - 1.8T1 13,06 35.97 5,767 0.0320
0.0306 1.893 8.575  29.2% 5.796 0.0280
0.035 1.910 5.566  24.74 5.825 0.0236
0.040 1.930 2,635 20,38 5.860 0.0193
C60E membrane
c_(m) X X, J J J
P : 3 12 _ 8 3 B
x10™2 104 x10! x107 35 5545
0.020 1.843 16.53 290.5 39,25 0.0410
0.025 1.861 11.96 268.7  39.12 0.0381
0.0284 1.874 9.586  257.7 39,11 0.0365
0.0350 1.898 5.100 237.1 39.10 0.0337
0.040 1.916 2.414  225.1 ° 39.17 0.0319

Units of J_ and J; are moles cm™2 sec !,

3

3 12
values were calculated from equations 2.45a and 2.45bH

-1

Units of X, and X,, are joules mole™! en™',

Js and_J3
respectively using 1ik mobility coefficients obtained using the

limiting assumption 112 = 0,



0.05m

0.04m
J
S
T 9945
000511'1

0.02m

0.01m

121

C60N @
C60E =2)
®
jv]
1 ] 1
.01m 0.02m 0.0%m 0.04m

c, (guessed)
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TdﬂeﬁJg

Comparison of calculated and observed values for water flux,

J, and product concentration cp(m).

5
C60N membrane

Observed Calculated
J3(moles cmfzsec-1) 1.8 5,245
x 107
¢, (molal) 0.0306 | 0.0290
C60E membrane

Observed Calculated
J5(moles cm'zsec'1) 160 | 14.689
x107
e, (molal) 0.0284 o 0.0338

Calculated cp values were obtained from figure 5.1 o
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Fluxes Js and J3 were calculated for a range of product
concentrations, cp, which encompassed the observed value. Since
35 cs (where cs is the molality of water in the product solution).-
aiso defines the product concentration cp’ cp(guessed) was varied
until self-consistent results were obtained (figure 5.1 and table 5.13).
In table 5.14 the observed results for menbranes CE0N and CE0E are
compared with those calculated using the 1ik coefficients described
above, Fairly good agreement was obtained for the calculated and
observed ép values and it is noted that agreement is better for the
C60N membrane. This may again reflect that the assumption used
(112 = 0) is applied more appropriately to the system containing the

lower co-ion coxicentration.
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CHAPTER 6

SALT 11ODEL CALCULATIONS

6.1 Introduction: Irreversible thermodynamics is a.ma,croscopic

discipline, Transport coeffients, obtained experimentally, cannot be
calculated from molecular theory and the physical parameters of the
system. The only exceptions appear to be very dilute electrolyte
solutions in the range of the Onsager limiting law for electrical
conductance (102). The interpretation and even the prediction of the
membrane p:.coperties might be advanced if suitable and accessible
analogous systems might be found,

The analogy between transport in an aqueous electrolyte and in
a charged membrane might be considered. It has proved useful in
earlier interpretations of thermodynamic problems such as selectivity
(103). The most natural choice for a model would be the polyelectrolyte
salt solution analogous to the cross-linked polyelectirolyte gel
which cdnstitutes the membrane, Imbibed electrolyte in the membrane
would require the model to be a ternary électroly-\';e and transport
could be compared at equal molalities in membrane and model, There
are, however, insufficient data available (;n the transport provperties
of polyelectrolyte solutions and their ternafy mixtures with simple
salts to allow meaningful calculations at this time,

For the time being, therefore, model sysiems must remain more
simple aﬁd are confined to limiting positions in which the properties
of an ion exchange polymer membrane are assumed to be similar to those
of a simple agueous electrolyte. Extensive studies have been done
concerning ’ché observed properties of AMF C60 -polystyrene sulphonic
acid membranes in the sodium form containing sodium chloride as
the invading salt (77). These were initiated by proposing that the

sodium polystyrene sulphonic acid membrane may be modelled by an

equimolal /
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equimolal solution of sodium chloride, Althoush the theories develoned
were applied with apparent success to several membrane systems the salt
model calculation presented below was develoned primarily from
observations on the C60 systems (43)(44)(77)(91). As stated above,
this calculation was based mainly on the sodium forms of the C&0
membranes but has proved successful for various ionic forms; Indeed
much of this chanter will be devoted to szalt model calculations for
the calcium form of the C60 system with calcium chloride as invadinz
salt anduié comparison of the applicability of these calculations

with those of the sodium form, at approximately equinormal concentrat-
ions, The AIF CE0 membranes used are fully described in Chapter 2 and
the physical and transport properties of the calcium forms of both
C60K and CHOE are detailed in Chapte? 4.

The internal molality of the calcium forms of the CA0H and CEOE
membranes in O.OB‘mCa.Cl2 are 1,70 and 1.07 m respectively. Due to the
unavailability of relevant transport data for agueous calcium chloride
solutions at concentrations exceeding 1.0 molar it was decided to use
only the C60E membrane results for comparison with the solution

analozue,

6.2 Salt Model. Calculations: The salt model calculation is based

upon the proverties of a single electrolyte for which a complete
irreversivle analysis is available at concentrations which include
the total ionic mobility exchanger.

Experimental evidence (31)(43) has shown that a similarity
existsbetween the function‘of sulphonate-matrix-fixed charge in
the C60 membrane and free chloride ion in solution and this sugzests
that chloride and sulphonate have similar kinetic behaviour, Since the
co-ion for these studies is chloride a model may be conceived in which

chloride of two "sorts" is presentjchloride, species 2, which is the

co-ion /
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co-ion in the membrane, and chloide, species 4, vhich is fixed
relztive to the membrane matrix. These two forms are taken to be
chemically identical but physically distincvishable isotopes, A
precise definition is therefore allowed of the frictional and mobility
coefficients of the ternary solution; in particular of the absolute
magnitudes of R, and Ryy ( i=1,2,3,4), the frictional coefficients
between co-ion and fixed charge and the other components of the system,

This model implies that the polymer matrix has no chemical
influence upon the transport process but, by virtue of its presence,
obstructs diffuéional pathways in the membrane phase and renders them
tortuous, lajor deviations between the predictions of the model and
observed transport parameters can therefore be considered as indications
of specific polymer effects and the possibility with certain ions
that sulphonate and chHoride may have quite different complexing or
ion-pairing characteristics would obviously undermine the model, It
might also be expected that dilute homogeneous membranes or membranes
with significant voids would have local ionic distributions which were
grossly different from those in a simple agueous solution of equal
molality and consequently the processes of transport would be polymer-
dependent and specific processes such as polymer chain diffusion
pseudo-mosaic effects would be siynificant.

If,however, the aqueous and ién-permeable regions of the
membrane constitute an essentially homogeneous phase, it is conceivable
that the distribution of charges might approximate to those in an
aqueous elecfrolyte gsolution and in this range a salt model would
predict membrane prorerties which were of the correct magnitude.

The choice of a salt model based on a ternary isotonic solution

allows a precise evaluation of model coeificients. The theory of
isotopic diffusion and the identification of isotope-isoiope

coefficients/
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coefficients has been develomed by Laity (104) and by XKedem and
Essig (35). The treatment riven below is mainly develoved to exvress
frictional interaction in the isotopic ternary solution in terms of
those of the parent binary electrolyte and the isotopic diffusion
coefficient for the co-ion,

Since the analysis requires a change of frame of reference from
golvent, to ion-4-~fixed in the merbrane model, a develomment is
presented ?sing frictional coefficients, Rik’ which are indevendent of
frame of reference.

The phenomenological equations (2.19) for a binary electrolyte
(1,2) are given by ean. (6.ﬁ) in which 1 represents the counterion and

2 the co-ion,

3
X4 Bie Rypf | Y3 6.
= 3 ' 6.1
X, Ryr Byl | Y2
The flows of counterion, J? and co-ion JZ are given on a

solvent-fixed frame of reference. Thermodynamic forces on a counterion
and co-ion defined by the negative gradients of chemical potential are

given by X, and X, respeetively. In the ternary isotopic solution of

1 2
equal concentration, some of co-ion,2, is replaced by co-ion,4, which
is chemically idehtical in all respects such that the total co-ion
concentration in the binary is the sum of the concentration of 2 and
4 in the ternary (equation 6.2),

- 6.2
2 02 + C4 ( )

The phenomenological equations for this ternary solution are given

c

in eqn. 6.3 in which forces, frictional coefficients and flows are

3

represented by lower case symbols x., Ty, and Jjj respectively.
-3
X, T4q Tyo r14 J;
- 6.5
1= | Tar T2 Tag| | 2 (6.3)
r r 33
Xy T4 42 44 4 .
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From eqns (6.1) and (6.3) the Onsager Reciprocal Relations

11 be umed h i
wi assumed such that R o Rki and r rki for all i and k.

(Extensions to relationships proved between R- and r- coefficients

due to those identities wiil be represented by (+ 0.R.R.)).

In a comparison of a binary solution (eqn 6.2) and the same
solution in which an isotopic form of 2 is present ( eqn 6.3) the

following identities exist (eqns (6.4),(6.5),(6.6)),

Beils D=5 % =x, (6.4) (6.5) (6.6)

and by using the Gibbs-Duhem relationship for forces in both systems
eqn (6.7) is obtained,

Cc, X = C, X

2 2 2% Yy | (6.7)
/
Under conditions for isotopic diffusion of co-ion (eqn(6.3))
x,=0= j? , and from eqns (6.3), (6.4) and (6.5),
1'12 = r14 ("l‘O-RuR.)
Comparison of X1 and Xy in experiments without isotopic forces
shows,

The coefficients r,,, o4 (;42), and rh4_of equ (6.3) cannot
be determined solely by comparison of coefficients in eqn(6.1) and
(6.3) but are related to the isotopic diffusion coefficient for co-ion
D,,(and 344).

If o purely electrical force is applied to both solutions,

= = = - { 6.8

X, X, x, Z ¥ ( grad(}'/) (6.8)
where Z_ = Z, = Z4 is the co-ion valency ( including sign ), and
graiYD is the local gradient of electrical potential. Comparison of

expensions for X. and x, and x, giveseqns (6.9) and (6.10),

2 2 4
5 _ 3 .3
Rypda = Tpolp + Tpudy (6.9)
_ 3 :3 6.10
and Rzsz = Tyody Tyl (6.10) |

~

Since/
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Since co-ions 2 and 4 are chemically identical they will have
the same electrochemical mobility,V: (cm s-1) under unit electrical

potential gradient., Since J = ¢ v:

c = C.I + ¢ =
oRop = CoTp 4524 T Cofap t C4%y (6.11)
Under conditions for isotopic diffusion of co-ion eqn(2.18) is,
3 ’
J, = é{% 1%, i=1,2,3. ‘ (2.18)

and the total force and total flow of co-ion are separately zero and
from eqns (6.7) and (6.5),

-c4 x4 and Jg = -JZ (6.12)

c, X,
It is easily shown that the isotopic flows obey Fick's Law and

that the isotoric diffusisn coefficients of 2 and 4, D22 and D44 resp-

ectively, are equal (eqn(6.13)),

RD RT

(o0 = Fog) T o4(Tyy - Typ) (6.13)

N\ =

Dyo =

From eqn 6.11 these diffusion coefficients may be -expressed in

terms of the direct frictional coefficients of co-ion in the binary R22

and the frictional coefficient between isotopes 2 and 4 in the ternary

Toy (rAZ)’ (eqn 6.14),s0 that,

R
D e D = (6.14)
22 44 02(R22 - r24)

The relative concentrations of co-ion isotopes, ¢, and c4, are

not required in tuis equation and the isotope-isotove frictional
coefficient Tpy (

isotopic diffusion coefficient of the co-ion in solution and the

raz) may be obtained directly from the self- or

corresponding values of R22 and 02 in the binary.
From eqns (6.11) and (6.14) explicit expressions for the
frictional coefficients x,, (r42), r,, and ,,0f eqn (6.3) are obtained,

(eqns (6.15), (6.16) and (6.17))y

i 6.1

%/ IR
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[o]
r - R + cA _.QT_L_ (6‘16)

c .
and Ty o= By + ci %vgzblz) (6.17)

These last two coefficients, TH, and r44, depend upon the

relative proportions of isotopes 2 and 4 in the solution.

From the identities,

’2,'.5 C,R., =0 k = 1,2,3 end
=1

4 N\
i=1 ;

applied to the phenomenological equations (6.1) and (6.3) respectively,
it is easily shown that the ion-to-water frictional coefficients in

the isotopic ternary are equal to those in the parent binary; eqn (6.16)

o .
4 (me)
r - R + (6.16)
22 22 c, (021)22)
R13 = T3 and 323 = Tyy o= Tz ( + 0.R.R.) (6.18)
Consequently, »
Byz = T3

. 6.3 Phenomenological Equations relative to ion 4: Eqn (6.3) may be

taken as a model for the exchanger membrane in which ion 4 represents
.the fluid cnarge in the polymer; and 2, the co-ion imbibed by the
membrane from the external solution. Membréne flows are measured
relative to the stationary matrix and therefore relative to the ion, |
species 4, On a "4-fixed" frame of reference the phenomenological

equations (2,18) become eqn (6.19),

x1/
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. 4
*4 11 12 13 %
x,] = | r r j 4 (6.19)
2 21 22 23 J2 19
X r r r J 4
3 3 32 33 3
The flows ji4 are the flows of ions 1,2 and water, 3, relative
C-
to the fixod anion 4, where ji4 = ( jiB - El-,j43 )e
' 4

All frictional coefficients, Ty are defined by the binary with the
exception of Thos which, from eqn. (6.16) is devendent on the
c
isotopic diffusion coefficient D22 and the concentration ratio EA“ Thus
2

the direct coefficient TH, is strongly dependent on the concentration

of salt in the membrane and increases as co-ion uptake ¢, diminishes,

2

This feature has been observed in experimental studies of ion exchange

(43).

6.4 Scaling factors for transvort parameters: Eqn, (6.19) is

representative of a non-tortuous membrane in which no account has

been taken of the presence of polymer, The model assumes that the
membrane function is determined by the ionogenic fixed zroups on the
polymer, that these grouns are similar fo siﬁple agueous anions and
that the polymer matrix has no influence on the movement of ions or
water other than, by its presence, to restrict movement by constraining
mobile specics to tortuous diffusional pathways,

Concentrations in the meubrsne are usually expressed in moles
en™> of total membrace ~olume, ¢, where C = t;c and v;is the fractional
. aqueous volume (or vore volume) of the membrane. rlow across the
mermbrane is referred to in terms of flow per unit area of exposed
membrane, 3;so that J = j‘V;where Y: is the ratio of "pore" to
geometric area at the membrane surface. The membrane may be defined

L
as homogeneous in macroscopic iterms if V' = v'.

The /
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" The presence of nolimer in the membrane may be considered to
increase the effective length of diffusional pathways across the
membrane, such that a membrane of geometric thickness @ mey have =2
diffusional path lenzth of @ 6 which corresponds to a solution of path
length 4 where 6) 1 (6 is the tortuosity factor which is discussed in
section 4.2.1),

.Fick's equation for isotopic diffusion of co-ion may be chosen

to illustrate these scaling effects (eqn.6.19l

, A¢C,
o= Do T (6.20)
T -D AT, :
becomes ,2 - 22 2 1 (6.21)
T ° v
- w
' ' -
and if Y* = Ywa,s in homogeneous membrane)
, -D AC,
- 22 2
;2 = = - (6.22)
D .
22 = 6.2
so that —=% = T, (6.23)

The diffusion coefficient of co-ion in the tortuous membrane,

D

322 = -—2—% using this salt model calculation ard so is smaller than

in free solution., Using barred symbols to. represent the membrane,

. = AL (6.24)

20 T T = =
C, (Byy = Bpor)

and consequently

— r229 di. = 1'229
o2 = W ane Taor v

where 2! is the isotopic form of2 used in membrane co-ion diffusion

(it is easily shown that T,,, = T 4). Since the analysis may be applied

.to/
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to the forces and flows in the phenomenological eqns (6.19) it is trve

that,

- [*)

Riv = T v, (6.25)
or in inverse form as mobility coefficients lik;

- )4 _

1, = 1. =¥

ik ik © | (6.26)

The value of the tortuosity coefficient calculated by theoretical
estimations is dependent upon the statistical model of the exchanger
phase chosen and values from independent theoretical models may not
be consistent. In this study of the calcium form of the C60 membranes
and in previous work on the sodium forms (43)(44)(91) Prager's
estimate of the tortuosity factor’Op and Meare's value of the path
tortuosity Om have to be used,

: D
The salt model calculation S,M,C. however defines © as —%?i

and as 6 it will be used in the comparisons of experimental megéiéne
and S.M.C. parameters given below,

An estimate of the frictional coefficients for an experimental
membrane may be therefore obtained from a knowledge of its physical
dimensions, the concentrations of ions and.water in the membrane and
the co-ion diffusion coefficient, Before making comparisons of this
sort it is useful to summarise the predicted correspondence between
membrane R.. and solution frictional varameters eqn (6,27) which is

ik

represented in matrix form,

By, Ry Ryy Ry, Ry Ryp B4z By _
Ryy Ry Bpy Rpy | = | B Tap P Ty & (6.27)
R,. R,. R,, R R,. R,, R, R i
R31 32 33 T34 31 “32 33 "%
-ﬁ41 §42 343 R44 R21 r42 B25 r44
llmembrane " ) solution
(s.1.C.)
Wwhere Tonr Tgy and To4 (=142) are defined by eqns (6.16) and (é’?7)

and/
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and (6.15) respectively,

6.5 Application of the S.M.C: Before making a detailed comparison

between this simple model calculation and the observed proverties of
membranes it is of interest to note that the model predicts that a
value of §é2 may be obtained directly from the isotovic diffusion
coefficient of co~-ion in the membrane, 5%2, nrovided the ratio of

fixed charge to co-ion concentration is larze (eqns (6.13)(6.15)(6.16).)
For most binary electrolytes the function RI/02D22 is of the same

order.of maznitude as R22.'For example, in aqueous calcium chloride of

concentration 1M the function is some 10% smaller than 322.

If the co-ion-to-sulphonate friction in the exverimental

membrane is even apvroximately equal to r24 of the salt model

calculation,

22 7

<

(6.28)

Do

Q

2

Agein within the limits of applicability of the mogel the error
in using eqn (6.21) would be approximately’1902(c4% in the membrane
(at the molalities quoted) . .

There are certain consequences of the isotope model presented,
The first is that, since co-ion and matrix-fixed charge,4, are taken
to be chemiczlly identical, the transport number of co-ion t2 will
be‘defined as zero, The change of frame of reference to membrane- or
4~ fixed antomatically requires co-ion to be stationary relative
to 4 in an electrical experiment. Tgually the valve of the electro-
osmotic transference number,t3, 7ill be identical to that obtained

by considering the flow of water relative to all co-ions, fixed, in

the binary so that,

t3 /
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TABLE 6.1a

Comparison of S.i{.C. with experimental R-coefficients for CE60E

The CE0E membrane in O.O‘;';MCas]2 and 0,1M NaCl

mtlo S.I‘.”[cCo So}l{oCoer S.I‘!IQC.)':.R/I
(1,,=0) ,
0.11f NaCl 0.1M NaCl 0.1} NaCl 0.1 NaCl
Bxtn.
SOlrl-
R22-12 102 14.024 . 82.9 103.0
x10 : , _
R”-12 0.83 0,134 0.79 0.98
x10 <
R .
44_4, 0.602 0.0848 0.501 0.621
x10
RS :
22_40 0.0848 0.501 " 0.621
x10
o
38-12 10,0013 0.000261 0.0015 0.0019
-R
295 1.65 0.0203 0.120 0.149
x10 T
-R : : '
14_40 0.283 0.020% 0.120 0.149
x10 -
-R, .
2=12 0.218 0.00436 0.0258 0.0720
x10 .
-R
25_12 0.102  0.00247 0.0145 0.0181
x10 :
-R . . . )
440 0. 0128 0.00247 0.0145 0.0181
x10 .
2, 2.19 0.0090 0.053 0.066



Extn.
Soln.

x10~

x10”

Exptl.
(1,5=0)

0.05I1 Call

55.46
4.04

1.95

- 0.00129

-Oo ?‘56 '

1.25

0.,0271

0,00239

0.0200

-0.565

2
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TARTS 6.1 %

S.M.C. SILOXP  S.JLC.H 5.1.C.xexp.
o;o5u CaCl, 0.05 CaCl, 0,05if CaCl, 0,051 CaCl,
9.931 7502 94,1 108.5
0.762 5.77 7.21 8.33
0.091 0,689 0.862 0.994
0.0904 0.688 0.861 0.992

© 0.000285 0.00217 0.00271 0.00711
0,073 0.554 0.697 0.798
0,073 0.554» 0;593 0.7¢8
0.0114 0.0864 0.1082 0.1248
0.,00200 0.0151. 0.0189 0.0219
0.00200 0.0151 0.0139 0.0219
0.011 10,0833 0.1042 0.1202
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. c c

t. = - ,Z_é__ PR B £ 3 -

3 202 2 Z,lt':1 2
where t23 is the transport number for co-ion in the binary solution,
The specific conductivity, X, is independent of the frame of reference
chosen for the measurement and so the S.M.C. predicts the specific

conductivity of the membrane X by eqn (6.29),
v .

g W

K=Xg (6.29)

For these parameters it is sufficient to know the co-ion
transport number relative to water, 1’:23, and the specific conductivity

of the model binary K to obtain predicted membrane 'parame’&ers.

6.6 Observed and Calculated Membrane Parameters:

The Salt Model Calculation has been developed above as a general
theory and its essential validity may be illustrated by referring to
the sodium form of the C60 membranes (77). The frictional coefficients
for the ‘binary model electrolyte sodium chloride were obtained from
Miller's tabulated data (28) and those for the binary model calcium
chloride were calculated using primary data from references (86)(105).
Since molarity,C, of species relative to ur;it volume of aqueous pore
solution is not defined unequivocally, this concentration was
estimated by assuming the ratio of molarity to molality in the membrane
to be the same as in the corresponding equimolal agueous chloride
solution at 25°C. Since sufficient primary solution data for aqueous
calcium chloride could be obtained at concentrations not exceeding
one molar,comparisons were restricted to the expanded membrane C60E
which had an internal molality in the calcium form of 1.07m.

Frictional coefficients obtained from experimental data and
from the Salt Model Calculation (SéM.C.) are given in Tables 6.1a

and 6,1b., Tortuosity corrections, 7' have been estimated, using the

-

ratio/
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Table 6,3
Tortuosity corrections for membrane C60E in equinormal

equilibrium solutions of NaCl and 08.012.

Membrane C60BE

Ext®, so01®, 0.05mCaCl

2 : 9011!1 HG.CI
o, . 3,229 2,78
oy 4,04 | 3.45
gexp 4'66 ' ‘ 3.44
P 7.57 5.91
¥ 9.47 | 7.33
exp 10.93 g 7031
0 | oﬁ o,
P-;’E-; Ms;,-;; éxp=—-§v' . V. is defined as the pore

volume of the membrane
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- D
. 22
ratio Iﬁ;; as suggested by the model and those of Meares and Prager

in the manner discussed above, These three methods, designated (exp), (M)
and (P ) respectively are shown in the tabulated Qgta.(tabie 6.3).

The experimental frictional coefficients shown in table 6.1a
are for the sodium form of the C60E and are determined using the
approximation 112=0(43). The agreement in table 6,1a between
calculated and experimental coefficients Rik is in general extremely
good, with calculated values following in detail the trends and
magnitudes found from data derived from experimental measurements
(43)(91). The particularly close agreement between calculated and
experimental values of R22 and R.44 largely justifies the basic
assumption of the Salt Model Calculation; that aqueous chloride and
sulphonate-matrix anions have similar kinetic characteristics,

In table 6.1b the experimental frictional R-coefficients for
the calcium form of the C60E membrane are calculated using the
approximation 123=0 as described in section 5.1.1. This approximation
was chosen as being the one which gave most consistent results for
the calculations used in the above chapte?.

It is immediately obvious that the agreement betweeh calculated
and experimental values is much less good, although,on the whole,
trends in observed data are still followed by the S.M.C. The direct
coefficient R44 is fairly well appfoximated but those for calcium,R11,
ygter,R33,and chloride,Rzz,are all overestimated by the S.M.C. The
coefficient R34 indicates that the water-sulphonate-matrix frictional

interaction is similar to the water-chloride frictional interaction
in the model. However R13, the counterion-to-water frictional

interaction, is greatly overestimated by the model while R, , the
counterion-sulphonate-matrix frictional interaction, is undere;timated. N

The /
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TABLT 6.2

Comparison of S.!T.0, with experimental values of l-coefficients for

C60E membrane in 0.05m Ca,('}].2

Internal molality of membrane 1.07m

S.11.C S.M.C S.M.C.
C60E S.M.C. 5 T =
exptl, (123=0)
111 2.89 32,60 4,30 3434 2.98
13 ' : .
x10 \
1l =1.59 50.10 6,62 529 4.58
1215
x10 i
1 1.80 | 10,0 1.33 1.06 0.915
2214
x10
1 0.607 13,0 1.72 137 1.19
1311 . A .
x10
1 27,00 3657 2,85 2.47
231'- i )
x10'°
1 0.903 8.67 114 0.92 0.79

33
::109
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The major coefficients R13 and R14 have proved to be equally
anomalous when the calcium forms of the C60 membranes are compared
directly with the sodium forms (table 5.8) and possible reasons
| for these observations are suggestions and discussed at length in
section 5,32,

Mdbility coefficients lik for this system are shown in table
6.2, The model, by assuming identical co-ion and fixed charge,restricts

the calculated co-ion transport number to zero so that from equation

(2. 30p)

221+ 2z.2.1

2 22 172712
t2 = X (2.30b)
Zg l22 = - Z122112 in the S.M.C.. For a 2:1 salt such as calcium
chloride, 122 = 2112.

11 and 133 are predicted with

reasonable accuracy although no single tortuosity correction

The direct mobility coefficients 1

consistently gives best coirespondence. The expeiimental value 112
is small and cannot be calculated with confidence for this system
which has low co-ion uptake., Table 5.1 shows in fact that the
application of the assumptions 123; 0 end R,,= O results in negative

23
valuss of 112. The direct mobility of the co-ion, 122, is under-
estimated by the Salt Model Calculation. The calculated value of the
co-ion- to-water coupling coefficient 123 is about 2% of 113. In
this system with a 2:1 electrolyte the assumption 123= 0 is therefore

velid since this coefficient appears only in equation 2.32,

2,1,, + 2,1
& 1713 ~ "2723 , (2.32)

3 ol

which/
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Table 6.4
S.M.C. Predictions fo; the C6O0E membrane in 0.05m CaCl2
Observed Calculated -
Transference
Number (t3) 10.30 19.88
Specific .
Conductivity (X) 1.10 ' 1.59((P)correction)
(ohn_a"1 cm-1_) x10° 1.29((¥)correction)

1.10((exp) " )

Water Flux(J,)

(mole cu~%s” ) x10°

=11.48 - ~4.42((P)correction)
| =3.53( (%) ")
] -3.06((exp) " )

Salt Flux(Js) v 4
(mole cen2 g ) %100 9.7 - 6.35((P)correction)
| 5.08((0) " )
4.40((exp) " )










































































































































































































