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- SULNARY

In order to obtain an impression of the factors which are
significunt in the process of desalination by Reverse Ocmosis,
& seriecs of ALK 060 polpthylene-poly;etyrene sulphonic acid membrancs
with verying water contonts and co~ion capacities were prepared

by & heat treztment process., Amongst this series a CGO‘Normal
and Expsnded membrane were found to he similzar to the membranes

investicated by earlier workers., In this earlier study, using

an irreversible thermodynzmic approach, the phenoménologiczl
coefficients which define the memﬁrane transport processes were -
obtained under iéothermal and isobaric conditicns. Using thece
original phencménological coefficients a czlculation was evolved

in this study which could be used to rredict the pressure irduced
transport properties of the two 060 membranes. These predicted
Reverse Osmosic characteristices and those measured closely agreed.,
This calculation can therefore be used to predict these properties
for any“ﬁembrane cycten for which the appropriztse data existe arnd
could thus be usefully used in a przlimirary survey of EKeverss
Oswosis characteristics, - However, since a complete irreversidle
thermodynamic anslysis is a lengthy process, the use of the
predictive calculaticn is restrictea. This restriction might be, to
a degree,overcoie if an-alternative method of obtaining rhencménologiczl
coefficients could be obiained. One means of doing this would be

to. £find an accurcte and accessible analogue system,
Results from other woxrk cn the 060 membrene suggested that

the polystyrene-sulphorate matrix hzs similzar kinestic charzcteristics

-

to chloride ion in eaquecus solution. Indeed, the mezsured transport

properties of the memorzne, once corrected for tortuosity, were

similar to those of a simple binzry chloride solution.

In/'
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In this study it is proposed that the C¢o membrane is
modelled by an equimolal electrolyte solution where co-ions
of two types are precent, one of‘which 1s fixed relative to
the membrane matrix. The relationship éf these two species is
taken to be that ;etween chemically identical, but physically
distinzuishable isotopes.

Thus, by adapting the phenouw@nological coefficients of a
simple binary solution to apzly to a terncry solution of the same
electrolyte containing the isgtoﬁic'co-ion species, & precise
definition of the rhenomgnological coefficients ¢f the nmodel

can be expressed.

‘Once the tortucsity of the membrene matrix was accounted for
by a suitable sczling factor,*phencmenological coeificients,
which represented an experimental ﬁémbrane, were obteined. This
salt model cﬁlculation.(s;nsc.) also provided tfansport nunbers
and spacific condquctiivities fof various lonic forms. The
phenoﬁenélogical coefricients obtained‘were in good agreement witk
the experimental values as were the transport numbers of several
of the different ionic forms.

The phenoménélogical coefficientsrfrom.the SM.Ce were used %o
predict the Reverse Usmosis characteristics of the two 060 membranes
and the success they achieved increzsed the application of the
predictive Zeverse Osmosis calculation.

The application of the Salt llodel Calculation is, however,
restricted since it would undoubtedly not be appliczble %o every

membrane system since a model szlt system would have to ba found
for each membrune and the complete irreversible thermodymznmic data
would be required for the binery salt. Therefore, by investigating
the rznge of C., membranes and also a range of XR-170 per-fld%o

sulphoni c/



sulphonic acid membrznes, an impression of thosec membrane
properties which effect the reverse ocmosis charucteristics wes
obtained and comparison made with other more commercizlly vieble
Reverse Osmosis membranes. The results indiccte that s thin-film
jon exchange meubrenes might be very successful in the field of
Reverse Osmosis zince they might be sculptured to meet a particular

requirement. They certcinly would provide good desalination and a

hicgh water flux.

The application of prescure across a membrzne which is permeselective
to one ioﬁ sets up a membrane'pressure potential, one of the constitusnts
of vhich is the membrane strearing potential. This phenomenon is
somevhat zmbigucusly referred to in the literature and a short
review is given in this study.

Usin~ & irresvercible thercmodyn.mic approach, an equation was
derived which defin:d the membrzne pressure potentizl end ezcgh
individual ceniributionto it. This equation separates the membrane
pressure potentizl into contributions frcau the volume change of tke
electrodes, the difference in the activity coefficients ol water
and sz1t respectively and the streaming potential.

It was perhaps the most challenging paxrt of fhiswork to
design and construct aprarctus upon which the membrene prescure end
streaming potentizls could be meusured. These were subceguently

compared with those determined theoretically and the agreemeni was

found to be excellent.
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1.0 INTRODUCTION AND AIMS

it

Ion exchange membranes are usually concsidered to be

insoluble liquids or solids which cérry exchangeable iones,

If an jion exchange membrane is allowed to come to equilibrium

with a solution of a single electrolyte, four separate species
may be distinguished in the wmembrane phase. These are,
counter-ion, co-ion, solvent (usually'water) and the fixed

charge including matrix. Counter-ions have oprosite signs to the
fixed charges and co-iong, and, depending on the sign of the

fixed charges, themembranemay be either a cation ( negative fixed
charge) or an anion (positive fixed charge) ezchancer.

In the early 1950's synthetic ion exchange membranes which
were relatively thin andmechanicaily strong were first produced,
This coincided with the work of C.L.Reid and co-workers, on
celluloss acetate membrunes, in which the reverse-osmcsis procegs

of this membrane was shown to be viable alternztive to desalinction
by distillation. These two advances stimulated much of the

present day research into membrane processes.

The reverse-osmocsis separztion process is one of the most
importent fields of present duy research. The term 'ozmosis!
is familiarly used to describe tke sronteneocus flow of water
from a less to a more concentrated aquecus solution, when separzted
by a suitable semi~-permezble membrane. If, by application of
pressure to the concentirated solution, the osmotic flow is reversed
and pore solvent fasses ircm the concentrated solution, through the
membrane into the solven* phzse, then a process of desalination
is taking place. This is called 'reverse-csmosis'. The terms

Whyperfiltration" and "ultra-filtration'" are often used as

equivalent /
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equivalent descriptions of this process, although ultra-filtration
is now used more to describe the removal of large organic molecules
by the reverse osmosis proccss.

When pressure is applied to the solution maintained on one side

of a membrane, both salt and water are driven through the membrane.
The emerging salt solution will be desalinated if the permeability

of the membrane for water greatly exceeds that of salt. This
situation is obtained for charged membreznes because of Donran
exclusion of salt. If the Donnan exclusion is completey no co-ions
exist in the membrane phzse, consequently the membrane is ideally
semi-permeable for water and complete rejection of salt will occur.
In real membranes, however, co-ion uptake does occur, although it is

generally small. For example, for some of the experimental membrznes

in this study the ratio of co-ions to counter-ions in the membrane is
approximately '3%6" Nevertheless, under pressure of up to 1,500
l'bs.in.-2 the salt rejection never exceeds 85%. It is, therefore,
not purely the equilibra beiween membrane and solution wiaich
determines membrane performances, thus, other membrane yroperties

nmust be considered. Subsequently, one of the main topics for

discussion in this thesis is the relationship between flows,

aprlied forces and ionic concentration, in a series of membranes and
how these combine to explain the experimentally observed reverse-
osmﬁsis characteristics of water flux and'iejection.

In order to investigate these relations a series of membrenes
with varying water contenim and fixed charge capacities were required.
This was accomplighed'by expranding the pasic A.ll.T. 060
polyethylene/bolystyrene sulchonic acid membrane, to different degrees

by a heat treatment process. This has the effect of considerably

increasing/
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increasing the water content of this membrane, Since the fixed
charge capacity of the A.ll.F. C6o*membrane (per unit weight of dry
polymer) is constant, the increasing water content mcans that the
internal molality of these membranes decreased with expansion.

As the polymer remzins constant, but the geometric distribution
chznges, the series of Céozmembranes prcsents an ideal system for <he

study of the effects of water conient and capacity on reverse-csmosis
characteristics. In addition, a new membrane from Dupont was
investigated. This was the XR-170 perfl@%o sulphonic acid catien
exchanger. JIn. the series investigated the fixed charge capacity

(per unit weight of dry polymer) varied. These membranes thus
presented a series of differing water contents and internzl molalities,
allowing comparison between the two membrane types. Although both

the C6 and XR membranes have fixed sulphonate groups, the flé%inated

O
hydrocarbon matrix of the XR-170 membrenes might be expected to affect

the electron density of the sulphonate group and thus the mobility
of the water znd ion will be different in these membranes.

In an ion exchange membrune, due to perﬁ%electivity for ons ion,
the mobility of the counter-ion is greater than thzt of the co-ion.
When prescure is applied across the mexbrane this causes a separationﬁ
of chérge and consequently sets up anelectric field, which oproses the
counter-ion flow and eaccelerates the co-ion flow. This electric field
is called the streaming potential., The streaming potentiel is thus
an intrinsic prorerty of the membrene and depends on the difference
between the interesction of ccunter-ion and co-ion with the fixed chzrge.

The practical difficulties involved in making an investigation
at moderately high pressures were considerable. However, apparcius

was designed and constructed which allowed the measurement of the

reverse/
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reverce-osmosis characteristics of the membranes, and also the
measurement of the total pressure potentizl set ur across the
membrane in a reversc ocmosis system. One of the two main design

features wzs to construct the apparatus in an electrically non

conducting material, in order to prevent the short circuiting of
the pressure potentizl created and to prevent any contributions

from stray potentials, which might be set up between the electrodes
and any nmetal incorborated in the appar;tus. Iﬁwas also imrortant

to ensure a very high flow of solution across the high pressure

face of the membrena, in order to exclude the possibility of a build up

of electroiyte concentration (concentration.polarization) at the

membrane surface, since this weculd affect both the reverse osmosis
characteristics and the pressure pofential.measurements. Once
these features were accounted for, the experimental*measurements
could be attributed to the membrane characteristics and not to
charzcteristics of the apraratus itself.

With the expected dependence on forces, salt permeabilities and

water flow, the obvious analysis tool for this study was non

equilibrium thermodynamics, whers thermodyanmic forces on salt and water

are defined and the flows are in turn defined by linear egquations in

terms of mobility coefficients and conjugate forces.

From the produced series of C6O'mambranes, two in particular wers

almost identicsl in all physical characteristics to a C60norma1 and

060 expanded membrane studied previously. The irreversible
thermodynanmic parameters of these two original membranes were obizined
in a series of experiments in which pressure forces were not applied.
Ph;nomenological coefficignts were determinad for the two membranes
by making a number of necessary aprroximations, which were considered

acceptablq/
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in that they would not significantly affect the values obiained.
VWith this close correlation between.the original membranes and
those obtained in this study, a method of calculation was evolved,
using the mobility cofficients, which predicted the reverse-osmosis
characteristics of these membranes and a comparison was made with
the experimental results. The predicted and observed results

were in excellent agreement and the mzthod of calculation can be
generalised to apply to all membranes for which mobility coefficiense
are knowm.

This, however, ié a very restricting condition since the
experimental determination of-mobility coefficients is a lengthy

and exacting task.

In previous work the analogy wus drawn between experimental
observations on membranes and corresponding data on concentrated
electrolyte solutions, in particular between the sodium sulphonate
matrix and aqueous sodium chloride. In this study this analogy has
been examined znd developed into z self consistent Salt lodel Czlculation,
In this calculation a suitzble model electrolyte iz chosen for which
a complete Irreversible thermodynumic analysis is knowm. Using an
anion fized frame of reference; first mobility and then mezsured
membrzne parameters are predicted. The model calculations are
encourzging and shgggst that the kinetic interections in a membrene
are fundementally similur to those in concentrited electrolyte
solution. They alco indicate %the importance of such effects as
tortucsity on the membrane properties.

Althouzh the phenomenon of streaming potential has been knovm

for a considerzble {ime, there are very few measurements of this

property reported in the literzture. Indeed, in the past, there

has/
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has been a degree of ambiguity in the potentizls reported as gtreaming
potenticls., It was the aim of this work to establish an equation
which would distinguish each contriéution to the total pressure
potenticl, including the streaming potential, and to compare the

calculated pressure potentials with those measured on the apparatus

constructed.



The effect of a Concentration Gradient and a Concentration Te
Plus Pressure Grudient on The Chemical Potentials and Plows
of both Salt and Water
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2el Non Equilibrium Thermodynamics

The theory of classical Thermodynamics deals almost exclusively
with equilibrium stuates and transitions between equilibrium
states which occur in a reversible mznner within a defined 'systen®.

Since the 'world' as a whole is not readily amenable to

L

experimental study, certain parts of it must be isolated from
their surroundings and subjected to controlled experimenfal

conditions. These are called Thermcdynamic Systems or 'Systems.
One simple method of isolation is to consider the contents of =
definea georetric volume, the bﬁundary of which is a mathematicél
wall which separates the system from the external world. The
basis of classical Thermodynamics is contained in two fundamzntal
laﬁs; The first Law of Thermodynamics which defines conservétion
of energy, and the Second Law of Thermodynamics orEntron‘Law.
In.Thermodfnamics the funckion of state, eniropy,ls definad
by the system as a whole, with muss, ;olume enthialpy and free
energy. <These._are extensive parameters whereas pressure,
temperature and concentration have a well-defined value at every
point in the system and are.intensive pzrzmeters,

A rigorousmacroscoéic descripticn of non ecuilibrium proceszes
(irreversible processes) must also be baseddon these two clagssical

laws. It is, however, necessary to adapt the formalism of the

Jaws to apply to the processes under consideraiion.

| Certainly the most important contribution of irreversible
Thermodynamics is that the methods of classical theory may be
generalised to include time as a variable. The Thermodynamics of

irreversible process has, therefore, a kinetic element which is

completely/



completely lacking in classical Thermodynamics.
There exists a number of simple laws which apply to systems
in non egquilibrium states., In eacﬂ a flow i¢ defined and
related to a 'driving force' by a constant. These laws were
discovered experimentzlly and examples are Fick's lLzw of
Diffusion and Ohm's Law of electrical conductance. In simple
systems the flow is proportional to its conjugate force.
| Flow'c(.Conjugate force examples aret-
Diffusional flow ofwaterC<*—gfad(concentration) - Fick
Flow of current o« -grad(electrical Potential) - Ohm
Flow of heat X -grad(T) - Fourier

It ﬁag, however, observed by early workers that when two (or-more)
such phenomena occurred in the same system coupling (or interference)
phenomena were observed. One example is, a flow of keat may
produce concentration gradients in soluticn (Soret effect), or
conversel&, concentration gradients may produce keat flow'
(Dufour effect). “Another is, pressure, applied across a capillary
may induce volume flow, but if the capillary is charged tken
electrical potentizls (strezming potential) will be developed.,
Similarly, under suitable conrnditions in the szme system, applied
electrical potentials induce not only flow of electrical current,

but also a non-conjugate flow of volums (electro-osmosis). This

experimentzl evidence suggested that tle simple dependence

of a flow on its conjugate force does not alviays hold.

In 1854 Kelvin published the first Thermodynamic Study of

coupling phenomena. In this he illustrated that for sufficiently
slow processes any flow may depend in & direct and linear mznner on

not only the conjugate force, but alsc on other non-conjugate forces.

1t/
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It is this study of coupling which forms the basis of the

application of non-equilibrium Thermodynamics to irreversible

processese



1l.

2-1.2' The Theorz

The second lawy or entropy equation forms the basis for
the generul theory of non-equilibrium Thermodynamics.,

In order to evaluate the change in entropy acccmpanying an
isothermal, irreversible process, consider a simple cycles-
a system enclosed by diathermal walls pusses isothermally
aﬁd irreversibly from state I to state II, maintaining

contact with a reservoir at constunt temperature. Upon reaching
state 1I, the process is reversed and the system is brought back
to state I in a reversible manner still in contact with the
reservoir applied in step I to II.

For the full cycle

fav=o0-=-faq-§an

From Kelvin's principle § dWw = W
thus &dQ =f2dQ-thQ$0
1 y R

f 12 dQ 4is the hezt absorbed from the reservoir in the irreversible

£0

stepe.

f2 dQ = A Qirr

1
By applying 4S5 = dQ/& (Clausius equation) to the external

surroundings.

fde = AQ]'.I‘I‘ = TAG S
|

A e S is the entropy chunge between the system and its
surroundings.
For the reversible process dQ= TdS and

1 1

Thexrefore

AQirr - TAS =TAeS-TAS£o

which can be written

As ?-Ae S

or dQ
| ds 2 Y/
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Therefore, in an isothermal natural process the entropy of the
system increases more than can be accounted for by absorption of
entropy from the surroundings. A process that creates entropy
has, therefore, tuken pluce in the system.

This entropy creution is culled the internal production of

entropy diS.
It is consequently postulated that the total chunge in entropy
is the sum of the entropy exchanged with the surroundings plus
the entropy created in the system. s¢ that
S =4, S +dS
i e
and the equality may be written
2 0

d.S =
i

thus the interncl entropy production is 'positive-definite', it is
equal to zero for all reversible changes and greater than zero

for all irreversible processes.

The local entropy production & for a continuous system in

which irrevercsible processes are taking place can be described by

d.S

where 6 is the rate and production of entropy per unit volume,
per unit time.
In order t6 evaluate ©™ certain basic assumptions must be
mzde and limitation applied. Local equilibrium is assumed,
. (if necessary, by isolating a small part of the system), the gradient
of the intenszive paramsters cannot be large and therefore the sycstem
cennot be 'far removed from equilibrium'. Applying these conditions

the entropy produced in an irreversible process with no chemical

coupling is expresced by
\ .
= >
AR VLA (2.2)

in/'
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in which Xi is the conjugate force to Ji’ the flow, and J'i

and Xi are independent.

It is often convenlent to use instead of ¢ anothsr function
the dissipation function such that § = T &~
This has dimensions of free energy per unit time and is a
measure of the rate of "Local" dissipation of free energy by an
jrreversible process. So thzt in general
§ = To =y X Z 0 (2.3)
If the flows are defined as those of entroPy'Js and matter Jj

then equation 2.2 gives ~

S 1 J. n
6 = S T grad(—T) +Z 1/T grad(-).li) (2.4&)
L=t
and using 2.3 becomes ,EF,
. ’ R
¢ = T 0“ = JS grad (-T) + ‘{T;Ji grad( }li; (2.4b)

N
where, T is the abzolute temperature and ji; defined by

(1)

Guggenhaiﬁl is the electro-chenical potential of the
ith jonic constituent which is composed of %two parts, a chemical
term Ky and an electrical term Zilwi so that
Pa =Pyt 5F ¥
where M4 is th: chemical potential, Zi is the signed valency and “,’i
the internal local elcctric potential of species i.
The choice of flows thus fixes the thermodynamic forces which
have to be empoyed.
The product of any flow and its ccnjug%te force must have the
dimensions of entropy production and for a2 defined system, the

sum of thes products must remain the same for any change of flows

and forces.

. *
L'-!'_*J".,H'l-t':
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2013 The Phenom@nological Eguations and the Onsager Reciprocal Relations

In order to make use of the dissipation function an explicit cerrelation
be tween flows and forces is required. The first of these was

obtzined by Fourieryand later Ohm and Fick added other laws which
indicated the linear dependence of a flow in its conjugate force,

Dufour(z) Soret(3) and Peltier(4)xshoﬁéd that for a

sufficiently slow process a flow.could also be linearly dependent on
a non-conjugate force.

In 1931‘0nsager(5) propoéed thzat for slow procesces occurring'
not far from egquilibrium thermodynamic flows and forces are
linearly related by a set of phenowmenological relationshirs of the

general tyre.

N :
Ji &= Z Ilikxk (i = 1’2 ii-illliin) (215)
alternatively i+ .
X 0= 5\: Bk | (2.6)

This expression 1s obtaified from equation (2.5) by latrix inversion

and expresses the forces as linezar functions of the flows.

The Lik

with units of floﬁ per unit force whereas tthik coefficients

coefficients of (2.5) are generalised mobility coefficients

of 2.6 are generalised fricticnzl coefficients with dimensions
of force per unit flow,.

Rik.andLik coefficients are releted by the equation

ik T (2-7)
wherel?ik|is the minor of Lik and |L1 is the determinent of all

»

R

L coefficients.
These equations illustrate the pessibility of coupling between

various irreversible pherncmenz since eachfluxiJi nzy be a linear

function of 'n' forces.

To/
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To characterise such a system oftptforces 1 2 mebility or

frictional ccefficients would be required and consequentlyrf2

independent
exreriments would be necessary in order to determine them.
Then if n D 2 the minimum number of coefficients and subsequent

experiments would be nine, making a complete analysis of the

whole system very difficult.
Onsager's fundamental theorem states that provided a proper choice

is made for the flowsJi and forces Xi, the matrix of phenoménological

coefficients Lik.andRik.Will be symetrical.
ie€e Lo =1L (i,k = 1,2 ooe n) ‘ | (2.8a)

similarly

R, = R (2.8b)

Thus the number of independent coefficients required to characterise
the system reduces from n2 to 2n (n + 1)

From the O.R.R. and the equation for the dissipation function

equation (2.3),applying the requircment for positive entropy production,
the furtker constraints are obtained.

and R, R 2 (Rik)z | (2.9)
also L.. 2 0 R,, = O (2.10)
j.e. direct coefficients must be positive tut cross coefficients may

be either po;itive or negztive.

Although these relations were originally proved by a statistical
*mechanicalltreatment and are an implication of ‘microscopic feversibility'
the relations apply to the macroscopic world and have now been praved
to hold experimentally in electrochemical systems.

D.G., Miller  (6) established that the O.R.R. were obeyed for a large
range of experiments on binary electrolytes. The approcach-’ used in

this work owes a great deal to that of ¥iller.
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2.2 Application of Nen Equilibrium Thermodynamics to Membrane
Transvert Processes.

To date a large number of analysis of membrane transport processes

have been reported in the literature_(7) (8) (9) (10) (11) (12)
Whether equation (2.5) or (2.6) is chosen to provide coefficients

depends on convenience and many workers have used both for a

complete analysis.

Both have their advantages, Lik coefficients are particularly
useful in the formulation of equations to predict weuwbrane properties,
(2.26) (2.27) (2.28) (2.41) (2.43). whereas frictional coefficients
have the advantage of being independent of the frame of reference
thus allowing the calculation of the interaction of all species with
the fixed charge matrix, species (4) . LRik.coefficients also allow

. the comparison of different systems. They are a useful and necessary
intermediate in the comparison of mobility coefficieﬁts of a membrane
with that of an equivaient salt solution (Salt MNodel calculafion).

All forces and flcws are measured normal to the membrane surface
and thé thermodynamic forces Xi are defired as the negative gradient

of the electrochemical potential of the ith species in the membrzne.

The system for analysis is defined as isothermal and has
four speciest-
(1) Counter-ion
(2) Co-ion
(3) Water molecules

(4) Fixed charge and supporting matrix.
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4

(2.21) The dissipation function then becomes

§ =To = ) JIX 20 (2.11)

vhere Ji is the flow of s?ecies i, in mole cm_zs_l and. Xi is the

negative gradient of the electrochemical potential

X, = (- d?J‘:'L/M) - - (Pif_+27 W/ +T¥/ax)  (2.12)

i

J]:i is the electrochesmical potentizl in J ouies 1::101:3_'"1
Z:'i. is the signed valence of species i

F is the faraday in coulombs eqivulent

V is the electrical potential of the phase in volts
P is the hydrostatic pressure in Newtons metre -

11} is the partial molar volume in metres3

dy is the length in cm across which the force is applied.

(By choosing cm and not metres for dx,. T ¢ refers to energy/

3
(1 cm3)/sec or o™ 1s. thé?p;%duction of entropy/l cm.

The Gibbs Duhem Equation states

A
. ndi, = O (2.13a)
where n, AM is the number of moles of species i
this becomes tcixi = 0 (2.13b)
A=0
where ¢. is the concentrution of species 1. From these it is

i
apparent that the four forces are not independent and elimination of X

A
from (2.11) gives (2.14) where

4 J
Ji = (Ji - Oi 4/04) (2.14)
- equation (2.11) then becomes
| o
T o= =_{,i 3(Ji - 1/0434)xi (2.15)
‘ i 4
g = Jixiz G (2.16)

Thus we have defined the frame of reference for this treatment as

'
“membrane fixed and J i" in the flow of specigs 'i' relative to a
statiorary membrane., This trinsformation does not alier the value of

the dissipation funciion and preszrves the O.R.R.

‘I‘his/
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This frame of reference is different from that used in a solution
treztment where it is more convenient to use a solvent fixed reference.
Consequently if direct comparison between membrane mobility coefficients
and solution mobility coefficients of the same electrolyte system is
required then the frame of reference of one must be converted.

On the membrance fixed frame of reference linear phenomenological

equations can be written.,

3
75 - z 1% | : (2.17)
= (1 =1, 2, 3)
2, 4
and X, = 2‘ R, J, (2.18)
. . K= .
in.which.lik'are membrane mobility coefficients aqdRik;are

generalised frictional coefficients. Applying the O.R.R. to
equation (2.17) and (2.18) provides six independent phenomenological
coefficientssfrom the three by three mairixywhich subsequently

characterise the transport properties of the membrane system,
From hereafter Jg wvill be represented by simply Ji and will describs
the flow of species i on a membrane fixed frame of reference.

Evaluction c¢f the lik.méﬁrix requires the performunce of six

independent experiments involving electrical, chkemical, and rressure

potenticl forces under steady state conditicns.

Electric Potential Gradient
Conductivity, Electro Osmosis and transport number are the three

experiments in which the external applied force is electrical only.

(2- 2:1- 1) P_QEdUCtiVit!

Witﬁ.an electrical force alone applied across the membrane, the current
density in amps cm"2 1s given by

I = (zlJ1 + Z2J2)F (2,19)
where agaianl a.ndJ2 are the flows of the'mobile_ionic species

and Zl
.&s/ .

’Zz are the signed wlency ofthe ions,
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As therc is no chemical patentlal or pressure gradient X 1s given by

X, z-...(""‘5"Pi/dgzz) = 4, ’—du/dx) iw 1,2 (2.20)

.and for water

The phenomenclogical equations (2 .17) then reduce to

Jo= 10X + 1%, (2.212)

To= tak t 1% (2.210)
= 1

J3 31): + 132x2 ) (2.21c¢)

therefore substitutlng'foqul and J,, in (2.19) gives for the
current density. |

I wf7 2 1
"‘[Zl 11

by expressirig Ohm's law as

S d
= }(( w/dx) (2.23)
it is obvious that .

2 2 >
K =lzl 1t 22t 1)+ 2 2122]F (2.24)

wher3£<'is the speciric conductance.

2 ay
+ ZZ (112+121)+ 22 ] E( ) (2.22)

It proires convenient to further reduce K to

/€<= o F2
therefore E o

2 2
« “[zl 19 ¢ 292, ( 15+ 1 5)) + 2

1,, ] (2.25)

(2&-12) Transport Number
(13)

The transference number of = spedies is defined as the
number of moles of the species transferrcd by one .faraday of

electricity through a stationary cross section in the direction

of positive current.
Therefore for water |

- ¥/ , (2-.262)
substituting for: I, bty equation (2,19) for J by equation (2.21c)

3] ndX1 and Xeby equation (2.20) rives
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Similarly ti the transport number of an ion, defined as the

fraction of total current carried by that ion, can be expressed,

a - e ~ N\ e

for counter-ion as 1, = (Z1 111 + 2122112) F//k (2.27)
. 2 2

and for co-ion t2 = (22 122 + 2122121) B /k N (2.28)

(2.2.2) Chemical and Pressure Potential Gradients

In the use cf concentration gradients to obtain membrane 1ik and

Rik_coefficients therc exists the basic objection that as these
membrane coefficients are functioné of concentration then the
values obtained will be mean values. This problem is minimised
in salt and water flow experiments by ensuring the gradients of
concenﬁration*are as swall as possible. The application of pressure
across the membrane also poses fundamental problems, though of a different
nature, in the application and determination of phenomenological
coefficients. It must be assumed that the .prescure applied causes no
structural deformation of the membrane matrix, that is, the membrane
under applied pressure is identical to that at atmospheric pressure.
Thus 1ik.and Rik_coefficients, and the equations d&scribing membrane

. processes, mzy be applied to describe membrane transport processes under
both applied pressure and concentration gradients.

When a salt gradient exists across a membrane two flows are observed,

those of szlt, Jsland of water, Jw,(osmotic flow)., VWhen the membrane

is gt,atmospheric pressure these flows are in opposite directions due to
the opposing gradients of chemical pafential for the salt and water.

E xceptions occur in certain membrznes in which the two flows are
concurrent and anomalous osmosis is obsarved (15)(16)(17). I1f, khowever,
pressure is applied o solution on one side of the membrane, salt and water
are caused to flow in the szme direction. The applied pressure constitutes

an additional force on waler which reverses the sign of ‘he wzter force

.X3, This induced flow of water through the membrarne
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consequently creates (dynamically) a new concentration gradient which will

be proportional to the ratio of the fluxes, JS anlew. Thus in isobaric
and non-isobaric systems the equations describing the salt and water flux
will be identical, only the thermodynamic forces will be altered by the

inclusion of additional terms:~

For an isothermal system under applied concentration and pressure gradients
there is no flow of electric current in the system.
The thermodynamic forces become

xi = (-(#ii/dx) = [(-cyli/dx) + ZiF (-dv/dx)] i =1, 2 (2.30)

-d ‘dlna & dP
SRR LY /o] (2.31)
dpP

dina A

Xy w V300 = - [RT %ax * V3 /ex] (2.32)

From (2.17) the phenomenological equations are

Jir = lilxi + 112X2 + 113x3 (2.33%a)
Jé = lz;xl + l22x2 * 123x3 (2.33b)
I3 = 1nX + 1%, + 135% ' (2.33c)

gubstituting equations (2.33a) and (2.33b) into the condition for

- _gero current gives

(2,1,, + 2,1,5) X 4 (2,1,, + 2,1,5) X, + (le13 + 22123) X; =0 (2.34)

By applying the equations (2.26), (2.27), (2.28) defining the transport

numbers, equation (2.34)'reduce3 to

t,/2, . X+ t/Z, . %X, + tX; = O | .(2'35)'
end from (2.30) by expanding X, and collecting terms (2.35) becones
- t t du
CFCTya) = /2 (F )+ tz, (P2, ) 4 e ( 3 (2.36)

This/
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This equatlon was first given by Plunk.( 18) and by Henderson (19)

(20)

and later by btaverman using an irreversible thermodynamic
presentation. By integration across the membrane the expression

for membrane diffusion potential is obtained (2.3.2.1)

(2.2.2.1) Salt Flow J

Using the condition for electro-neutrality

(2,r, + 2Z,r,) = O (2.37)
F' N i~
and Pip =TiH + T, (2.38a)
alternatively written X,, = r.X + rX, , (2.38b).

where rys To denoted the number of moles of cation and anion given
by one mole of electrolyte,and T5 is defined as a number of moles
of ions given by one mole of elecirolyte so that

r) + T, (2.39)

*y12

The flow of salt, Js, under a coencentration and pressure gradient

is given by
= Jl/rl = J2/r2 (2.40)

using equation (2.33a), (2.40) becomes

- Mfr (1% + ilZX2 + 1).%,)
JB = 1/1'1 [111(-‘3}11/6.3{) + 112(_#12/(1:) + 113(-d}13/d_x)]+ l/rl[lell + Z 112]':'

expressing (leli + Z2 12) © t1°7z from equation (2. 27)
-d!
and substituting for ( J/dx) from equation (2 36) J becomes

[(111 __{_ 1) ( 1 - b tz“\"z’c‘j rl[( 13 '%‘L)(%JJ

l 2

Using the expression (2.,37) defining electro-neutrality
2

2., 2
/e (14, = 2 °‘/z ) = = Z1%/r  (2111227112)
1'711 1 2 =
2

e, 1y, - H152%08,) - 248/ 1(111122( 12 )

Finally applying condition (2.38a) the general cquation for the flow

of/
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of salt can be expressed as eguatlon (2.41)

I = 414, ( 11 22- 12 ) 12 + 1 (113 5t 3)( d}13) (2.41)

(2-2-2-2) Wa‘ber F].OW, Jv!,

From equation (2.330)

1 1 1
J - ( 135y *+ 1ok, 4 33):3) (2.42)

In an expansion similar to that for JS, above, using equations

(2.30) (2 36) equation (2 42) beconmes

-d 2 Ny
T = (s S oGz - 2 () © Qe 0( )
11 .
Once more employing the condition for electro-neutrality it can

be shown that

t.t, K
(123 ) ( 13 =L 2— )
1
Using equation (2.383.) the water flow is given by (2.43)

Iy = %1(113 - ——Ltéi ﬁ(idig)" * (133 - 579 (:-:};—3) (2.43)



PRESSURE

No Fixed charge or difference in mobility of Cation
and znion for any reuson., Therefore No Strezmins Potential.

PRESSURE

Displecement of counterion

' from fixed charge by the
Applied Pressure czuses a
€E9 Streaming Potenticl |

STREAKING
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2.2.2.3 THERLODYNAMIC FORCES FOR SiLP fi, AND WATER yi, UNDER
APPLIED CONCENTRATIOS AND PRESCURS GR DIENTS
APPLILD CONCENTRATION AND PRESSURD GRADIENTS

From the full expression for Xi equation (2.31) i = l, 2 and

from equation (2.38b) and the equatioﬁ for electro-neutrality (2,37)

4 1 14 4P
. dlna dlna ~ ~ /
Xyp <R (C751/5 0+ 72 3 ) = (xqV) + 2, V,)(0 ix)
The activity of salt
o B
312 s al ¢a2
and the partial molar volume of salt -
o A A "
?12 = rlvl + r2V2 | | (2.44)
d1lna S dp
therefore K12 = <RT ( 12/AI) - V12 ( /dx,) (2.45)

This illustrates the additional term included to account for the

effect of a pressure gradient on the chemical potential of salt.

::\f'
X12 can be culculated from activity coefficients derived at zerot

> abP

- pressure, using the term Vlz-a;'as a correction term accounting

for the applied pressure. Alternctively the activity coefficients
(14 )

obteined at specific pressures above 1 atmosphere czn be used
In practice, however, this consideration need orly be made at very
high pressures. Appendix I.
The ttermodynamic force, X3', on the otker hand contains a major
contribution from the applied pressure gradient equation (2.32)

X ~(RT dlmﬂ‘B/dx + 3}3 dP/dx) (2.46)
The influence of pressure on.XBmay'be large and if water activity
and pressure terms oppose, as they will when pressure is applied
to thé concentrated solution,(in the direction of the salt gradient )

then the pressure force muy reverse the direction of X Such

3‘

conditions are obtained in reverse ozmosis (desalination) techniques.

Equations/




Equations (2.43) (2.41) can be expressed in shortened form

g = ssxla +,stx3 - (2.47)
Jw = stlz + wa3 (2-’48)

t
Therefore, in the full equations for JB and Jw if 113 > tl 2“

and 1,,> t32o< all the mobility coefficients in equations (2.47),

(é.'-}B) wi]:l be positive. From Fig. (2.1) for an applied concentration

gradient, 112 and )Lj have opposite signs, consequently JB and Jw are in

opposing directions. Under these conditions it is obvious that the cross

effect expressed by the coefficients st st (0.R.R.), cue to the
coupling of the two'flows, causes reduction in both the ealt and water
flow. However, under an additional pressure gradient, Xiz and.XBmassume
the same sign causing JS andLJg now to be in‘the same direction. The
coupling term in this case contributes to the flow of both. The water
flow is a reverse-osmotic-flow and the coupling between the flows causes

an increase in the concentration of salt on the low pressure side of the
5 )

membrane.

Thus, (;:oupling acts against the process of desalination in a reverse

osmosis systeme.

-
FY TR TR Ry CXCP  UE RCS
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2.2.3 BN F, MEASURELENTS ACROSS THE MEMBRANE IN THE REVERSE-OSKOSIS CELL

When a salt solution is compressed through an ion exchange membrane a

(21 )

portion of the electrolyte is excluded by Donnan rejection.

The result of this exclusion is a salt filtering effect. The salt

filtering process across ionic membranes can be described in terms

of the flux equations of irreversible thermodynamics, for example

equations (2.41) (2.43) (B2) (83) (24)(25)

Figure (2.2) shows the compression of an electrolyte solution through
a cation exchonge membrane. The'chioride ions (of the electrolyte)
are effectively excluded from the membrane because of the high concentration
of fixed negative ch.rge (Donnan effect). When pressure is applied,
displacement of the Na' counter-ions,vith respect to the fixed negative
charge occurs, because the latter cannot move under the influence of
fressure, whereas the former can. The result is a streaming potential
with the low pressure side carrying positive charge. This potentizl
enhances the flow of the chloride ions and tends to work agzinst
effective desalination. However, if the concentration of chloride
jons in the membrane is small, the flow of chloride and hence the total
salt flow should remain,relativéysmall compared with the flow of water.
o Congider a cation exchinge membrane separating two identizl salt solutions
.An,equiliﬁrium situation exists Xlz = X3 = O, If a pressure is applied
to one solution a non-equilibrium situetion is createdix3l% 0. In

consequence'water and szlt flow through the membrane and in the stezdy

_th_.l:
* r
£ %

state J anle ara deflned,eqpatlcns (2 41) (2 43) If the high

Mp;ressure solutlon is effectively stirred and is of a sufficient

“yolume, its concentration remains constant {effectively) up to the
membrane surface. The flows of salt znd water into the low

- pressure solution define the concentrations (and consequently the

chemical/
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chemical potentials) at the membrune surface on the low pressure side

since

J .
JB X C.W = Concentration of product (Cp)
W

and consequently the salt gradient across the membrane is defined.

If electrodes which undergo a reversible reaction with one of the
jons in solution are chosen and inserted on both sides of the memtrzne
tht totzl . emf. of the reverse osmosis system can be measured.

The method of Irrever31ble'Thermodynamicu prov1des a comglete

and elegant determination of the total ~emf  of the system,

allowing the origin and form of the different contributions to be

distinguiched.

The total emf. can be expressed.

(2.2.3.3)000 STST = (9 - ¥L) + (VL - vl + @l -V ) + (W - Vs)
+ (US = Vg)

or alternatively

AU SYST = AY ¢ Nz + As

Electrodes Donnan Diffusion

By éhoosing'the silver-silver chloride electrode which reacts

reversibly with chloride ion, the eyuilibrium conditions for the

electrodes can be written

Azcl +e = Az  + cl”

and | _ _
P.Q.gcl + He /u.Ago + Pl

The elééirode potentials arci-

o 0 I’
, _ ~ N ~ B-Zl_ l
(Y’E_RJS) (PA Per™H Agcl) F (vAg"vAgcl+vcl_) - F 1n3‘2

RT, ®

(Vi-VS) = F (){Ag + R - By %cl) + ( AMCI + vcl ) + =5lva,

(2.49)

(2.50)
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1 o O o
where = ( + - - ) = Constant = E the standard electrode
: )l Ag }101 }J Agel © potential,

If Donnan Equilibrium is set up the chemical potential of salt

at the solution-membrane interface on each side of the membrane

are inequilibrium /

s = )’m

ARAY | (2.51)
Yu = Ps
Therefore /
2 Y -
_2 25

WI.I-V;’)--*-'%@- mog - T - W)

where the bzrred symbols represent the membrane phiase., The
diffusion of salt dus to a concentration gradient creates a
diffusion potential which can be expressed by integration of

equation (2.36) across the membrane and- by substituting for the

thermodynamic forces,equations (2.31), (2.32),

| a t a
/ v RT 1 .2 In 2 + %, 1n 3 +
(‘IM"".) = (1 In Ei "'22 5_5 3 3)
t t
F J l—M D =
+(F-P) (V] -5V, +-3- )

. /7
As F = 1 etmosphere then P. 1is the applied pressure which will be

denoted herezfter by P
For a 13l electrolyte,

: I
=1, 2, ="1 and applying t, = 1 - %, gives for (U QL)

1
| t. 82T N sy $_RT a-l _ o
I” 17T 172 RT
(W - V) = F 5 -F lngr 45 lnE; *%‘ 8 (V] + Vp)
~E I, 33- PV
P2 B 3
Froa/ .
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From equation (2.44) and the assumption thit the partizl

molar volumnes of the species in the solution and membrane

are identical, i.e.

NS a1
Vi = Vi

The expression for the total emf of the cell becomes

5# au .a-n
‘Etot ~ F (VAg _VAgcl) +'t3F In a t1.F in a. a.
3 1 72
F N
| + 5 (4V5 3V3)
in the case of a 1t1 salts
~e T5 -2 2 poy - Y &= 2
8y a, = (312) a, &, = (a..)
However ’

where Mix ; are the molar concentration and activity coefficients

respectively,
‘herefora
n = MM
8,2, = Ui &, ¥,
= (Hg : <

Since equilibrium is zssumed at the solution membrane interface

- ¢ o & .

- o ¥ —.f'__-a/ 5 o B
212 = P10 212 7 P17 237 2y 8y = 8,
’thqrefore ¢ ¢ %
SUNE-FUNIE NI PO SRR S A
tot = F Az~ Agel 3F T & 1 F " OISy -2

N

| P ,»
The first term ?.(yﬂg VAgcl) is a correction term due to tke effect

of pressure on the volume chunge of the electrodes and will be negative

for silver-cilver chloride electrodes,
F

a
3 -

3 Rﬁ ln-——' also mekes a nagetive contribution. .
3 .

This rerresents the tendency (osmotic) of the water to diffuse 5ack‘

in the direction cf the concentration gradient (of water ) thus opposing

the applied rressure.
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The final two terms both of which are positive for a

positive t3 give the contribution respectively from the concentration
cell (due to the salt gradient created bty the flows.JB_and Jw) and

the streaming potential.
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(2.2.32) Strezmins Potential and Electrokinetic Phenomena

Streaming Potential is a consequence of coupling between

irreversible processes, i.e. coupling between flow of electric current,

volume flow and hydrostatic pressure; with three other similar

electrokinetic effects it makes up the well known Saxen's relationshirs.

The first theoretical explanation of these phenomena was

advanced by Helmholtz, Gouy, and others (26) (27) (28) based

on the electric double layer theory.

However this theory reaches a l;mit where it fails {o describe
experimental data when the water content of the membrane is very low.

Saxen in later years observed that several relations between

coupled phenomena remzin valid for denss membranes and Hazye: .

.and Overbeck proved they may be deduced from the Phenomenological

(29)

L]

equations of irreversible thermodynamics

From the derivation of the totzal emf of the raverse osmosis cell
equation (2.52) .and frem the equation itself it is apparent
that the streaming potential is derived from the diffusion potential

part of expression (2.49) and is a ccnseguence of the movement of pore

solution in the membrane,expressed by'ts.

Saxen's relationshiyps can be established under the condition
of no concentration gradient across the membrane and it is convenient

to choose the flows &nd forces so {that the dissipation function is

given by
- ¢ = J_ AP + IE
'
where Jy = volume flow
AP = applied pressure
I = electric current
E = potential difference across the membrane
(between the reversible electrodes)

The/
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The system is then described by two flows and two forces
which can be used to establish the Saxen lLaw equation (2.53).
This relates the streuming potential across a membrane to

the electro-ocsmotic flow.

.

GST/_AI) I-0 (tV/I) AP = 0 (2.53)

is the strezming potentialin volts, P the applied

3

Bgr

pressure, tv the electro-osmotic water transport in cm” sec”
and I the current in amps. Hence baxen's law implies a
comparison of two different experimenis involving a membrane

separating two electrodes.

1) Application of pressure, and measurement of the

resultant streaming potential between the

electrodes to glvz(A-i;) I =0

2) Application of electrical potential difference

between the electrodes with P = 1 atmosphere.
This yields |%
his yields {T ] AP = 0

Saxen's laW'holéé for zll membranes when E and V are

proportional to P and I respectively.
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The equationﬂ (2027) (2-28) (2-26) for tl, t2 and t3 3

respectively and for-Js andiJw,(2.4l) (2.43) have norm:1lly

in the past been considered undexr isothermal and isobaric
cénditioqs thus giving five equations to determine six unknown
mobility coefficients. In order to evaluate the complete
liklmatrix*various assumptions were made for specific coefiicients

(30) (3 ). However, if equations(2.41) and (2.43) are used

in a pressure experiment this will provide additional data with

which to Qvaluate the full liklmatrix4 This pressure experiment

will aiso allow an alternative evaluatioﬁ of the'various likcoefficient'
essumptions made in previous work when the pressure experimental

system was hot available. Equation ( 2.52) describing the

total E.XN.F. of a reverse osmosis cell allows evaluation of all

t+he contributing processes and illustrates the relative value of each.
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3.0 SALT MODZL CALCULATION

The equations describing membrane transport processes
formulated in the previous section provide the means by which the
phenomenological coefficients describing a éarticular membrane -
system may be evaluated. However, in order to do so a great deal

of experimentation must be curried out as the transport coefficients
cannot be predicted from molecular theory. Therefore any model

which might allow quantitative assessment of transfer coefficients_and
of general éembrane properties would sport cut a great deal of the
practical work, consequently making a useful contribution to the
understanding and assessment of membrane properties. One means
of accompiishing this would be to find an accurate and accessible
analogue system.

The obvious first choice for‘such a model would be the

poly-electrolyte salt solutions from which the membrane matrix
is formed. This choice would give a ternary solution system
when'the imbibed electrolyte in the membrane matrix was considered.

Transport processes would be evaluated at equal molalities in the

.- membrane and model. "Deta on the transport properties of

polyelectrolyte solutions and their ternary mixtures with simple salts
is however insufficient to allow this model to be useful. This
particular system, providing that the polyelectrolyte undergoes no
conforrnetional changes would give the most accurate comparison
to the exchanger membrane.

A much simpler model system, to the extent of presenting &
limiting case, is the analogy to a simple aqueous electrolyte,

It is proposed that ithe membrane is modelled by an equimolal

electrolyte solution where co-ion of iwo types are present,

co-1 on/

gl v
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co-ion species (2) as before and co-ion, species (4) which is
fixed relative to the membrane matrixe The relationchip of
these two species is taken to be that between chemically identical,
but physical diétinguishable isotopes. In order for this model
to function, the aqueous electrolyte must be chosen carefully in
such a way that its anion and the fixed charge on the membrane
matrix exhibit similar kinetic behaviour. Thus by adapting the
phenomenological coefficients of a simple binary solution and
making them apply to a fernary solution of. the s#ﬁe electrolyte
containing the isptoPic anion species (2) and ( 4) - & precise
definition of the phencmenological coefficients of. the model
czan be expressed.

As the accuracy of the model depends on the similafity

existing between the matrix fixed charge and the solution.énion

chosen to model it, comparison betwesen them must be examined.

The Salt Model calculation presented was developed from observations
" made oﬁ.the.A;m;F. C¢o membrane dsscribed in section (3.3) -

(1) (2) (3)

Paterson & Gardner using the method of Arnold and
Koch (4) prepared an expanded form of the AJdL.F.C go membrane,

C Section(4.1.4.1.) The physical properties of both the

608’
expanded CéOE and the normal Cédﬂ,'were obtained in sodium chloride
solutions in the concentration. range 0,1 - 2.0, these are shown
in Table (3.1). The expanded membrane C6OE takes up more salt 62
- than the normal C6ON’ at each concentration. of external electrolyté
and the salt uptake rarges from 0.2% of the total capacity for the

‘normzl' in O.IM Na@l (ext.) to 22% for the 'expanded' in 2.0M (ext.)
Figures (3.1) (3.2) (3.3) (3.4) show the results of isotope diffusion

and electrical siudies.
The flows of both ions and water are larger in the more open

structure of the expanded membrane and in general decrease as both

membranes shrink when equilibrated in more concentrzted solutions.,
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This can be attributed, at least partially, to the increasing
obstruction of the polymer matrix as the diffusional pathkways
become more tortuous and the fractional pore volume decreases.
For electrical conductivity, FPFig. (3:3) there is the
additional effect of increasing uptake of salt by the membrane,

vhich tends to increase the conductivity. These opvosing effects

almost cancel for C6ON above 0.5l Nacl (ext.), tut increased salt
uptake in the C gop more than compensates the effect of increasing
tortuosity (and decreasing pore-volume) and at higher concentraticns,
specific conductivity increases. In figure (3.2) isotopic diffusion |
coefficients for counter-ion, co-ion and water (determined using
tritiated water) show similar diversity between the C6ON and C60E
membranes'énd there is little 1o suggest the common source of

these membranes at this stage. However, when scaled by the

tortuosity factor lecalculate&by'Meares (5), for path length
tortuosity, the two seiz of data for, CéON and 06OE coincide ard

(6)

are close to the corresponding values for sodium ion

(7)

chloride ion (6) and tritiated water in equivalent equimolar

aqueous solutions of sodium chloride. Fig, (3.2).

The scaling factor emlis used outwith the terus of reference
of Meares' origineal derivation '(5), however, using ep, Prager's
estimate (8) obtained from a more generalised treztment
alte;native value, Diiep arc some l5ﬁlowerf

The mobility, lik:and frictional, Rik_coefficients which
measure the kinetic interactions of the counter ion and co-ion and
water with each other and with the exchanggr matrix were obtained

for both membranes using irreversible thermodynamics (2) (2) (3),

Tke matrix-fixed frame of reference is used for the membrane

mobility coefficients while solution flows are measured relative

to/
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to a stationary sclvent. Therefore for a direct comparison of
membrane and solution the membrane lfk coefficicnts must be converted to &

solvent-fixed frame of reference and designwted Lik'

By using aﬁlthese can be corrected for path tortuosity becoming

Like 0 and can be compared with the coefficients for sodium chloride

solution at closely-corresponding concentrations,Table (3.1.-),
The agreement between the membranes and an equivalent

sodium chloride solution is good and indicates that membranes

and solutions are similar when allowance is made for tortuosity.

The intrinsic mobility of sédium, 1119 /;, increases as the
internal electrolyte concentration.decreases'although.more'markedly
4n the membrane than in solution. Both sulphonate in the
membrane and chloride in solution show larger intrinsic mobilities
L,,®/ sthen the sodiun (both large order destroying ions)..
Although the cation-anion ccupling L, 49 /m is of the seme order

of magnitude in the membrene and solution,the correspondence for

this coupling is least satisfactory. Overall the vest agreement

is obtained between the expanded membrane (2.13 internal'molality)
and the sodium.éhloride solution of molality 2.09.

In each case the purely geomstric scaling‘ﬁactorS*am,ep .
bring the C6CN and CéOE data into good agreement with equimolar
solutions for sodium chloride.

- The experimentzl values for the electro-osmotic transport

number ., equation (2.26),renge from 15.77 for C (0.1¥ externzl)

605
to 5.48 for the cédN (2.dM external) znd at each correspondihg

externzl salt concentration the transference numbers for the ¢

602
are greater than for the céON' However, in the plot of t3 against
alil f membrane electrol
molality of membra ctrolyte, the data forboth.CSOE and CGGH
combine in a single curve (Fig.3.4). Spieglsr has shown (o)

that/
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that a large number of exchangersobey the empirical equation
C
t, = A
y =P /g,

counter-ion in moleé/l_itre of exchanger andﬁ = 0,50, Fig. (3.5)

wher053,61 are the respective capacities of water and

”
shows thzt the ratio 3/#1 is a lineur function of ths concentration
eradient and has the slope 0.576,

Once agiin the properties of normal and expanded membranes are
shown to obey a common law and it is of interest to examine

the significance of this relationship,

From the equations (2.26&).-(2;27) and sin.ceJi = 01214 where

Ci is thz concentration and Vi4 the velocity relative to the membraﬁe

‘l;3/‘l:l becomes

t3/£1 = c3v34 /'zlclvl4
The-ratio V34/V14 is,therefore,a constant equal to 0.576 for 060
membranes in normal and expanded forms under all conditions studied.
To examine the analogue with aqueous electrolyte solutions the
velocity Vi4 must be converted to a solvent fixed frame of reference
v,3. Then

v34 /v =-v43/(v13 -v43) -.0.576
which on rearrangement gives that the velocities of sulphonate-matrix

to sodium counter-ion
- v43 /N3 = 1.36

This shows that these twe ions huve similar velocities relative to
water solvent. The sulphoncte-matrix ion has therefore much in common
;ﬁﬁtha simple order destroying anion such as chloride, which has
slightly gresater meility*than sodium ion in aqueous solution
(in the same concentration range as the internzl electrolyte
concentraticn in thz membrane). In concenirated sodium chloride
the mobility ratic ~Vé%/vua3 = 1.70,Tae fect that incresasing

concentration of salt in the membrane, up to 22% has no effect

upon the mobllity ratio is a2 good indication that from a kinetic

standpoint/
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gtandpoint, sulphonate and chloride are to a degree similar,
Therefore, as a consequence of this similarity, exhibited between
the sulphonate-matrix fixed charge of the membrane and the free
chloride ion of the binary solution, the polystyrene sulphonic

acid membrane czn be modelled by a sodium chloride solution of
_equalmolaiity to that of the exchanger membrane, It is a basic
assunption of this model thdt the polymer matirix makes no reactive
contribution to the membrane transport processes. However,

because of the random orientation of the polymer chains, and

cross linking, the matrix creates iniricate pathways to which

the mobile species are restricted. Thus the phenomenological
coefficients,obtained from the binary solution system to represent
the ternary solution modeljshave no account tzken, in thelr basic
form, for this tortuosity correction imposed by the polymer matrix.
Major deviations between the observed transport parzmeters and f
those predicted by the model cén also be censidered as indications
of this steric polymer effect,for instance the orientation of the
polymer-fixed charge may cause structuring of the pore solution

to some extent different from that of the free solution, and might
also impose a degree of coupling or ion pairing, especially with

di or tri-valent cations. Hﬁmogeneous membranes which azre not

very densejsor membrznes with large pore cross-seetions would have
local ionic distributions which differed greatly from those

of the aquecus binary model, thus the polymer matrix would again
affect the transport processes to a very great extent. If, howvever,
the aqueous ion permeabls regions of the membrane constitute an
essentially homozgenecus phase, it is conceivables that the distribution
of charges might approximately represent those ih an aqueous

electrolyte solution, and in this range a salt model would predict

membrane/

—_— —_—
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membrane proparties in at least a semi-quantitative fashion,
The choice of a salt model based on a ternary isotopic

solution allows precise evaluation of model coefficients.

The theory of isotopic diffusion and the identification of

(10)

-isotope~isotope coefficients has been developed by lLaity

(11)

and by Kedem and Essig . The theoretical treatment

presented owes much to these papers and is developed primarily
to express frictional interaction in the isotopic ternary
solution in terms of those of the pareht'binarj electrolyte
and the isotopic diffusion coefficient for co-ion.

As stated previously frictional coefficients Rikrare
independent of frame of reference, and are therefore convenient
for this presentation as & change in frame of reference is

required from solvent fixed, for the binary model 10 ion-(4)-fixed

for the membrane.
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3.1 THEORY

From equation (2.6) the phenomepolcgical equations for a

simple binarysolution are given by

3 3
X, =Ry;J;° +RJ, (3.1a )
_ 3 3

where the flows of both cation and anion are expressed on a solvent
fixed frame of reference. Now consider another solution where
cation remains unchanged, but a specified number of aniocns (2)

are replaced by a chemically identical species (4) under;the

condition that the total anion concentration remains unchanged thus

C.. = C. 4+ C (_3,2,)

equation (2.18)

4
Xi = z JkRik (i,];’; zs l, 2, 4.)

k=1l
gives the phenomenological equations for the ternary system.
s 3 . 3 3

X) = Tpdy” * Teda t Tigdy (3.32)

- ' 3 3 3 ] 3 » b
Tp = To1dy Y Taoda t Youdy (39

_ .3 . 3 . 3 ' 3. 3¢
Xy = Tqdy T Tgada TTagdy ( )

Assuming the Onsager Reciprocal relationships for equations

(3-1) and (3-3)

Ryp = %y  and ik = Tiy

By comparing the binary and ternary systems certain rclationships

become apparent.

As defined, the cation situation is unchanged and as chungze

3

in anion has no effect on either Ii or jl. then

3 3 -
Jl. = :jl; and XI = Ii

Also/
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Also as a condition of the model and from (3,2 )

3 3 3
J2 = 3,7 + 4 ‘ B (3.4)
From the Gibbs-Duhem, equation (2,13) for both binary and ternary
solutions
Clxl + szz = 0
and c,;x; + CX, + ¢ 4 = 0

the expression (3,5') is derived
02X2 = CyX, + Ca%y (3.5 )
the conditions for isotope diffusion of co-ion, i.c.

no electrochemical gradient for species (1) gives that X, = 0

3.13 = 0, As no bulk flow of co-ion takes place
3 . 3 . 3
Jo7 =37 + §7 = O (3.6)
thus 3, = -3 43 and from (3.5)
X2 = = C2%4 (3.7)

applying these equalities to ( 3.3a) gives

P10 =T T Tg1 T T2y

3 _ .3
_31 = (O

3 . : - _
apd J2 0 give respectively Rll = Tq4 and 312 = 1-12 = :14

Comparing expressions ( 3.1a) and ( 3.33) for Jq

and comparing (3.1'b) with (3.3b )(3.30) under the condition

= = X - :-@M' (=) ¢ = = o
X, =X, =X, = Z;F (53) whers Zj = Z, = Zp,using Ry Ky = 1y5x)
gives the equations (3+8 ) wnd (2.9 )
3 .3 . 3
R22J2 = Tooly * To494 (3.8 )
r 3 . 3 . 3
Rox?o Tgad2™ % Typpdg (3.9 )

Since co-ions ( 2) and (4) are chemically identical they hzve the

sam'e/
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same electrochemical mwobility, v, under an applied electric
potential gradient, such thzat Ji = Civi, therafore ( 3.8)
and ( 3+9) become

Collop = CpT o + CyTpy = Cot g2 ¥ Ca Ty (3.10 )

Acain under the conditions for isotopic diffusion of co-ion,
with no gradient of electric potential, salt concentration,

or pressure potential, the thermodynamic forces I.i reduce to

d}li _dln Ci RT -dc.

x, = (52) = BRP (g7 ) = i(dx) ( 3.11)
(where i = 2 4)

Using equationg(3.6 ) and (3.11) equations (3.3b ) ( 3.3c) give

-dc
iy = (%) (342)
'. c, (1'22-1'2 £) ddx
Iy T (—4.) (3.13)
YOS G &

which on comparicon with Ficks Lzw of Diffusion

. dci
Ji 1i (T—)

gives the expression for the diffusion coefficient of co-ion

D, = RT/c RT/¢c
2 - = -
22 (,, To4) 4(r44 r42)
By using equation (3.10) a single equation for D22 and D44 can

be obtained (3..15) expressing the diffusicn coefficien'ts

in terms of the diréect frictional coefficient of anion R

22
and the total concentration of anion C, in the binary and
1‘2 4 the isotope-isotope frictional coefficient of the ternary
RT
D, =D,, = o———
22 =44 T T (3.15)
- 2 (Ryp -rpy)
Rearranging (3.15) gives
2 Y22 T 247 T Dy

and applyinz (3,2 ) and equation (3,10) the expressions
(3.16) (3.17) and (3.13) for the frictional coefficients

are obtained.

T 427220 T a4

(3.14)



o4 = Tp2 = o2t s (3.16)
2 22
C
BT _ (3.17)
r,., = R +-4£ :
22 22 02 C2D22
c
2 RT (3 18)
b o = R + == : ¢
44 22 04 02D22

Equaticns (3,17 ) (3,18 ) indicate: that the direct frictional
coefficients for species (2) =nd (4) depend on their ratios

in the ternary solution, . | R
Finally, by apprlying the 1denu1tles

3
2

=0 k=1,2,3

i 1

4
2 cirikuo k=1, 24 3, 4
-l |

to both binary and ternary solutions tkhe ion-water frictional

coefficients can be found by considering X3 in the former and x3

in the latter.

R13 = I‘l and 333 = Tny = 1‘43

Ryy = T35

jndicatinz that the ion-water interactions are the same in the
model ternary and the simple binary soluticns, This completes

the evaluation of the model ternary matirix from the binary

golution information. '
3011 |

_Phenomenological Equations on a Membrane Fixed Frame of Refe“ence.

- While comparing the frictional coefficients of the ternary

golution model with the simple binary, it was necessary to consider
the flows of each species, in the normal solution fashion, with

respect to fixed solvent, However, in order to use thq ternary

solution/
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solution system to model an ion exchange membrane, defining the
membraneigﬂééies as (1) counter ion, (2) co-ion (taken up as
salt in the imperfect membrane), (3) solvent water, (4) fixed
charée (including surrounding polymer), the flows of these

species must be measured relative to the membrane matrix, i.e.

to (4).

Redefining the phenomenological equations (3,3 )
15 I'11314 * r12524 ¥ r13j34 (3.192)
| . 4 A | '
2 = r21314 toTooly Y r23334 (3.19v)

4 4 4
% = Tndy f Tl *oTady o (3a90)
where jizl is defined.
C
.4 (i3 _ 1.3
Ui (3 C, 4 )

In the model, with the exception of the direct frictional
coefficient of co-ion 1322’the frictional coefficients are
defined directly froam the binary solution.

T oo is dependent on D22 the isotopic diffusion coefficient

and the ratio of species (2) and (4) defined by themode}. Thus

1r22 is inversely dependent on the szlt uptake of the membrane

a feature also observed in experimental studies of ion exchange

(2)

membranes

3.1.2
Scaling Factors due to Membrane Tortuosity

|
Equations (3.19) represent a model of a membrane in which

- no account has been taken of the effect of the polymer matrix,

This model assumes that the membrane'ls properties are determined
by the fixed ions on the polymer matrix and that these correspond

to simple anions in solution. However, membrane processes will

bq/
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be affected by the polymer matrix creating toriuous diffusional
pathways through which transport must occur. Because of this a

scaling factor must be derived which will change the phenomenological
coefficients of the ternary model in such a way as to account for

this polymer effect.
3

Generally membrane concentrations are expressed in moles cm

of the total membrane volume C, i.e. polymer matrix and imbibed water

where C = VC and V is the fractional aqueous volume (pore volume)

of the membrane. Similarly flow across the membrane J is expressed
in units of flow/ﬁnit arca of exposed membrane, J = le where'vl
is the ratio of pore to geometric area at the membrane surface,
The membrane is defined as homogeneous in macroscopic texrms if
via v,

If the geometric thickness of the membrane is represented by
d then due to the tortuousity of the polymer matrix the diffusional
path length will be dO which corresponds to a solutiocn which
presents a path length d where € > 1,

Fick'!s equation for isotopic diffusion of co-ion can ba used

to 1illustrate the effects of thsse scaling factors,

3p = Dy Doy ‘ (3.20)
becones | -

sl .. 22 D% g (3.21)

2 8 g v

and if Vl = V (for 2 homogeneous membrane)

D Ac

;. -2 B2
2 _O d
So that D22/e = D?_g (3-22)

The diffusional coefficient of co-ion in the tortuous meambrane

1522 =D22/é using this salt model caulculation and so is smaller

than in free solution. Using barred symbols to represent the

membrane.

RT
(3.23)

D -
> (Rys _ g

22 = C \
* 24
and/
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e e -
322 s v and R 23

s
24 Toa V

Too

oince this analysis can be applied to the forces and flows in
the phenomenological equation ("3,19) it is generally true that

R., =

» 8
ik ik y

Therefore, due to the inverse relationship between the frictional

and mobility coefficients

_ )
1 _ iky

ik ©
© may be derived by either the method of Prager giving 6p, or by

that of lleares for the path tortuosity'ﬁm Section (5.2.1)
The salt model calculation S.M.C. however defines © as D.. /=

22/D22
and as ©5 will be used in the comparison of experimentzl
membrane parcmeters with those calculated by the Salt Model
Calculatioh given in the following sections.

The frictional coefficients for the model membrane system

and their relation to solution coefficients can thus be shown

Ry Ry, Ryy By, f1 B2 B3 Byo
Ry By, Ryy By, Ro1 Toz Ray Ty, .8
Ry Ry Ryy By By Ry Ry3 By '
Ry By Ryy Ry "1 Ta2 Rz Ty
S.M.C. iembrane Solution T

where Ipse Tpy and T, 8T defined by equations(3.17) (3.16)

(3,18) respectively.

An estimate of the frictional coefficients for an experimental
membrane may therefore be obtained from (1) a knowledge of its
physiczl dimenglens, (2) the concentration of ions and water in

the membrane, and (3) the co-ion diffusion coefficient.



. 362 Avpplicution of the Salt Model Calculation

The isotopic model imposes certain basic conditions.
Since the co-ion (2) and matrix fixed charge (4) are taken as
chemically identital, the transport number of co-ion t2 v:ill be
'zero. The chinge of frame of reference tomatrix fixed
automatically requires co-ion to be stalionary relative to (4)

in an electricazl experiment.

3.261 Specific Conductivity

The specific conductivity K is independent of the frame of
reference chosen and as this can be defined by the mobility
coefficleﬁtsﬂgquation (2.24).{.319 S.l.C., predicts the specific
conductivity of the membrane R_can be determinzd from the
specific conductivity of the eguivalent equimolar sodium chloride

solution, H,by eguation ( 3, 24)

;Z _ K% (3.24)

3,202 Electro Osmotic Transport Number

-In-membranes the electro-osmotic flow of water is generally

measured with respect to the stationary matrix (4).

L}

therefeore in the S,M,C.

J 2F C (V - V,)F (3_25)
3 =t32= 3/I.= 3V 3 2/1

In the binary solution the flows of both cation and anicn

are measured relative to the solvent water. Therefore, ths

transport nurber of the anion in the binary is

3
t2 = 1 = 1 - T T (3'26)

Comparing equations (3,25) and (3'26) gives
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: 49.
2 3 .3
3 Tm | (3.27)
2 2
and since in the binary solution Zl‘C1 = -2202
S.M.C. C
t3 = .aL. t3 (3028)
2,6, 4

Therefore if the capacities of both water znd counter ion
are known for any membrane, in any proportion, the t3 can be

directly determined from the co-ion transport numbers of the

corresponding binary solution.

3.2.3 Salt Flow and Water Flow

F or a 131 electrolyte equations (2.41) and (2.43) Sive

1 2 AP,

Jo = a(117100715") (=) + (15 -etyt,) ( ax )
B
)

However since in the S.M.C. t2 = 0 ‘;1 = 1 equation (2.25)

S ) (i SR CREP LY

gives that 1

12 = 122‘ therefore Js and Jw beconme
-d -d
J =1 P12 K (3.29)
£ 22(""""‘dx ) + 123(. dx)
and

-qP . 2 -d
Ty = Lo () [t =% ) ('5}2) (3.40)

therefore in the salt model czalculation

122 - Lss

123 = 13,2 ust and

(133 - t,° ) =L

wiv



20,

3¢3 Comparison of the Phenonr nological Coefficients

Calculated with those Observed

The frictional coefficients for the binary (sodium chloride)

model electrolyte were obtained frem Miller's tabulated data (12 )

and isotopic diffusion coefficients, for chloride co-ion, taken
from Mills (6 ).. Since molarity C, of the species relative to
unit volume of aqueous pore solution is not defined unequivocally,

this concentration was estimated by assuming the ratio of molarity
to mplality to be the same in- the membrane as in an equimelar aqueous
sodium chloride solution at 25°C.

Frictional coefficients obtainad from experimental data
and from the salt model calculation for O.1M (externzl)-are
given in Table(3.3) The correction factors accounting for

the tortuous 'pores' of the matrix;e/v were estimated using the

ratio D22/5 as suggested by the model and those of lieares
22 .
and Prager as discussed in section (5.2.1. )e These three

methods designzted (E) ( IE) (E)res;aectively are used in all
tabulated data.

- Before making a detailed comparison be‘tween this simple
model calculaticn and the observed properties of membranes, it is

of interest to note that the model predicts that a value of H22

the direct frictional coefficient of co-ion in the membrane may be .
directly determined from the isotopic diffusion cosfficient of

co-ion in the membrane 1'522 providing the ratio of fixed charge to

co-ion concentration is large, equations (3.14) (3.16) (3.17).

For mcst binary electrolytes the function RT/E p 1is of

2 22
the same order of magnitude as R22.

For example in zqueous scdium chloride at 3 the function is
some 20/ smaller than R,,. | ..

If the co-ion to sulphonate friction in the experimental

membrane/
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membrane is even approximately equal to r, 4 of the S, M,C, then

oy RT
R .. % /""'
22 02D22

]

The overall agreement between calculated and experimental coefficients
is good; the values calculated follow in detail the trends and magnitudes

presented by the data determined from experimental measurements

(1) (2)

There is particularly good agrecment betvween calculated and
experimental values of E22 and ﬁ44 ( for the CéOE; O,1l external ,
the correspondence is almost coincident) which largely justifies
the basic assunptiom of the Salt Model; i.e. that aqueous chloride
and sulphonate-matrix anions have similar kinetic characteristics.
For both normal and expanded membranes, i. O, (externul) the
salt uptake is small and E 44 is given to a good approximation by
the solution coefficient 322/9 Table (3,3) equation (3,18).

v

Equally. the very large values for i22 are explain=d by the domirant

C
.contribution of the concentration ratio: 4/02 in equation (3.17).
The lower value of 522 in the expanded membrane C &0 (0.1% external)
is caused primarily by the greater uptake of co-ion 62, reducing

the 04/02 ratio, since the value of the direct frictional coefficient

R22 in the model solution, is largely uvnaffected by the change in

concentration from 2.87m in € (0.1K externzl) to 2.1lm in

-Ceom (0.1M external). The direct frictional coefficients for sodium

jon and water, Rll and R,,,are over-estimeted to a similar extent

33
by the S.M.C. particularly in the more concentrated normal wembrane

C6ON (0.1M external). lon-to-water coefficients 313 and §34

indicate that ths sodium ion znd sulphonate-ma.trix‘have similax

water interzctions to sodium ion and chloride in the solutien model,

Apart from two striking examples cf disagreement, the co-ion to

vat er/
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water fmctlon R23 and the counter ion to co-ion friction "Rl2

which are diffic.alt to explain, the S. M,C., shows remarkably good
agreement with the experimental data, especially so wken the

simplicity of the basic concept is considered.

Mobility coefficients, lik’ for the systems C6ON 0.1M (externzl)

O0.1M and 1.0l (external) are shown in tables (3,4) ( 3¢5 )

12 = 1os (as t

Once again the agreement between experimental and calculated

anad CGOE

respectively. In the S.M.C. for a 1:l salt 1 = 0).

2

coefficients is very good and the tortuosity corrections (S)and (L)
are superior to the Preger value (P) foriall coefficients except 123

and l both of which are under estimated by the S5.M.C, The

33
experimental value of 112 1s small and cannot be determined with

confidence for the membranes equilibrated in 0.1M (external) as tbe
co-ion uptake is very low. The good agreement between the S.M.C.
and observed coefficients ?1..22 indicates (from equaticn (2,28 )) that
in the membrane the cross coupling coefficient 1-12 rust be small.
However in the éxpa.nded membrane C 60E (1.0M externzl) the salt
uptake is some. 14?5 (of the total capacity) and cannot be neglected.
For thic membrane the S.M,C., especizlly (-S-), is in good sgreement

with the measured experimental values., As mentioned previously

the S, M.C. under-estimates the direct mobility coefficient of water,

- |

33" In the C 60N(0’m externzl) the disagreement is very smz21ll,

less than 2.0% (considering (P)). However in the exp.nded merbrane,
0603(0'1M external) and (1.0M externzl), the degree of under-estimztion
is close to 50%. This has serious consequences when using the

S.M.C. to predict water flow, especizlly in tke desalinztion predictions

of section (6.1.4. ) which depend pximarily on the megnitude of -I'l-
1) (2)

3°

In earlier work on the C £0 membrane in order to evaluate

the/
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the full 1.

certain thermodynamic coefficients [further discussed in section

123

matrix,approximations were made which involved the neglect of

(6,142 ) « In particular neglect of co-ion to water coupling

was found to be valid (1'234: 1,,). The S.M.C. justifies this

assumption for the CGOH and C6OE- (O .1M externzl) since, by calculation,

l.. is less than.I% of the value of 113 and appears only in the

23

expression (2.26a) for electro-osmotic transference number’t3,which

can normally be measured only to an accurary of 1-1.0%'
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TABLE (3.2)

A Comparison of L Coefficients for Sodium Sulghonate
Membrane and Aqueous Sodium Chloride §25°C)

The referencs frame for each is stationary solvent
C C

. Data for Na€l taken from reference

(12

)

§i§£.9_".1 60N 60t Na€l Na€l NaCl
,,éZiEi?ii 2,87 * 2,13 2,09 2,64 3,20
1002 x Ly, 1,27 2,37 - - _
1012 X Ly 1.45 .2.95 - - _
1q?? XLy 0.63 1.64 - i} )
g o 4,61 3.45 1.0 1,0 1.0
10i2 x;i11 o/, 2,14 3.84 3,75 3,18 3,16
10;’é X{de B/M 2,64 4,77 5.79 5.10 5.06
' A
10?2 g;L14 8/ 1,05 2,60 0.873 0.6813 0.805
1012 | D.441 0.363 0,362 0.359 0.356
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Table (3.4)

A

Mobility cocfficients, sy for C60N and C60E membranes in sodium

-

chloridc soluticns. (C.1M) at . 25°C.

Method Iil EiZ Iéz 113 Ié3 153

mole? I ts tem™t x 10

C60N
1,47 - 6.0029 16.0 - 0.159 547
g.M.C. (s) 1.65 0.0034 0.0034 20.7 0.065 475

(m) 1.49 0.0031 0.0031 18.6 0.05S 427
(p) 1.84 0.0039 0.0039 23.6 0.075 540

S.M.C. 19.9 0.0405 0.0405 247.6 0.784 5673
(Uncorrected) - ,
—___________.__———-——-————___—-————_-_—-——_—_-——_——_.__
C6OE | | |

) 2.05 - 0.0103 33.6 1.07 1230

S.M.C. (s) 2.25 0.0099 0.0099 33.3 0.257 1152
(m) 2.24 0.0099 0.0099 33.2 0.256 1149
(p) 2.78 0.0122 0.0122 46.4 0.328 1425
U
_S.M.C. 16.14 0.0722 0.0722 274.3 1.88 8423
" (Uncorrected) |
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TABLE (3.5)

Membrane=fixed Mobility Coefficients for cﬁDE in 1,0

C © -
molar Sodium Chloride (25 C) (cz/cTotal D.144)

1 12 14 1,0 1,5 1.,

X 101? (m0192 37! em™d 3-1)

Method
Exptal
{a) - 2,09 0,210 - -32,0 0,372 12,3 1010
(b) - 2,09 0,199 30.0 0,361 10,0 1076
S.M.Co,
(s) 2,40 0,29 28,6 0,29 Sel 570
(m) 2,48 0,30 20,6 0.30 5¢3 591
{p) 3.33 . 0,41 39,6 0.41 7.1 792

Assumptions made in the evaluation of parameters from experimental data

1
c.C = - C.C
23 3 1°3
(b) R22 = 0
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4.1 EXPERTMENTAL

4.1.1. Reagents

' Unless stated to the contrary, all reagents used in this

study were AnalzR grade.

Soluticns were made up with distilléd water from an all-glass

8till in re-calibrated Grade 'A' volumetric glass-ware at 20°C.

4.1.2. Radio Isotopes and Counting Method

The radio isotopes used, Sodium-22, Chlorine-36 were
obtained from the Radio Chemical Centre, Amersham as aqueous

solutions of sodium chloride.

The radio activity measurements were made,utilising a dioxan
based phosphor suitable for agqueous samples(ll on a Packard Tricarb
Liquid Scintillation Spectrometer Model 3003, This instrument
- had an eutomatic sample chenger and print-out device.

Radio-active samples of between (0,10 - 0,50 ml ) were
added using a Hamilton micro-litre syringe to 10 ml. aliquots

of the phosphor solution contained in polythene phials supplied

for that purpose (More Scintillation Service, Interexchange Ltd.)
The Hamilten micro-litre syringes used throughout the work
were each fitted with Chaney adaptors which zllowed accurate

volumes repgroducible to Z 0.1% to be delivered each time.



delos3e THE ION-EXCHANGE MZUBRANES

- The AJM.F, Crna Sulphonated Polystyrene Membranes
AMF, 060 graft copolymer, polyethylene/bolystyrene sulphonic-

acid caztion exchingers vere provided and manufactured by the
American Machine and Foundry Ccmpany, Springdale, Comnecticut.
The basic membrane is prepared from low-density polyethylene and
35% styrene, the styrene copolymer chains are cross-linked with
approximztely 2% divinyl benzene.

Chemical free radical initiators are used to polymerise the

styrene and the fixed sulphonate groups added by reacting with

6leum(2)'

This process gives a mechanically strong light brown exchanger
consisting of microscopic regions of alternzte crystalline

polyetkylene and polystyrene sulphoﬁate. -

(3)

3 - | Electron micrographs of the thorium form show inhomogeneties
consisting of high density fixed cherge200 - 4000..& in dizmeter
distributed in an even fashion acrcss the membrane. Thus providing

for macroscoric considerwtions a homogeneous membrane,

(4
In 1966 Arnold & Xoch® ) reported that this membrane would

expand irreversibly on heating. This was confirmed by later work

(5) (6) (7)

in this laboratory

" ' ' The heat treatment alters the physical geometry of the membrane
and affects the degree to which it will tz2ke up both szlt andﬁater
' Eonéequently altering its properties.
In previous wgrk'only two types of this membrzne were considered,
a normzl form designzted CGC;I which had undergone no keat treatment
ahd a single expanded forhcéoé obtained by heating at one

temperature (95°C) for a specific time (% bour). Howevery in this

presentation the effects of hezt treatment upon membrone structure

and/
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and transport were investigated more systematically. A number

of membranes were heat treated for varying lengths of time thus

giving a range of membranes with approximately the same ion exchonge
capacity per unit weight of dry polymer matrix but possessing
different degrees of expansion and consequently different rhysical

properties. From this series of membranes the relative effects

of expansion on various membrane parameters and properties were

examined and trends and relationships between degrece of expansion

and membrane transport, especially under an applied pressure gradient,

det ermined.

XRJ-IIO Perflé&o Sulnhonic Acid lembranes

The other membrane used in this study was the Nafion

Perfld}o Sulphonic Acid cation exchanger. This is a new membrane
produced by Du Pont, the compositioﬁ.is currently called XR
(8)

and consists of a perflé}o carbon sulphonyl flucoride resin

produced by polymerising tevira fluorethylene with & polysulphonyl

fluoride vinyl ether.

This resin can be ccmpletely saponified with hot caustic and

treated witk strong acid (nitric) to give the hydrogen form of the
exchanger. This membrane thus consists of a' homogeneous'

polymer not a copoljyzer &s daes the CSO' Unlike the C., these
. membranes are not cross linked, the polymer ckains, however, are
intertwined at various points and the sulphonate groups are clustered witkh
. associated counterions in the int%%titial volune, i,e. between the
polymer chains. The membrazne matrix possesses good mecﬂbical properties

ani the polymer is chemically, oxidatively and tkermally very stuble.

In visible ligkt it bas a water-clear trunsparency.

By adjusting the proportions and distributions of the comonomers

- and varying the length, molecular weight, anrd molecular weight

distribution of the rrecurser ckzins the properties of the resin

' can/
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can be altered. Using this procedure Du pont have prepared three
'‘Nafion' membranes in the XRI]0 series each having different fixed

charge capacity, with respect to dry matrix. These membranes were

investigated in this research.
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Cellulose Acetate liembranes.,

The cellulose acetate membranes used in this research were
supplied by the Atomic Energs Research Istablishment, Harwell.

The membranes were obtained in a final cast form, but
had undergone no heat treatment. As these cellulose acetate
membrzanes were involved in a research project at Harwell, no
definite data on the casting process were available. However,
a, typical casting process is as follows:-

The éasting solution is a mixture of cellulose acetate powder,
formzamide and an inorgenic salt, usually magnesium perchlorate,

in the proportions 22:67:10:l.

The solution is cast at 0° to 10°C on to a cold glass plate.
A uniform film thickness is obtained by passing an inclined knife

over the surface.

The casting solvents are allowed to evaporzte at low temperztures

after vhich the membrane is immersed in cold water. The product is

normally a thin film membrane 100 p thick.

The casting powder is normally cellulose triacetate, however,
in a number of effective monomer units (taken as 06H70 (OH)3)
acetylation is incomplete, hence all celluloss acetate membranes
contaiﬁ some residual carboxyl groups. Thece carboxyl groups and
the carbonyl groups of the 'acetyl' are thought to be important in
the rejection mechcnism of these membrenes.

The cellulose acetate membrane consists of two layers, a backing
layer (vhich mekes up almost the whole membrane thickness) of spongy
cellulose acetate. This layer has pores O.1 pin diameter On top

of this spongy layer is a very dense layer czlled the active layer

gome 0.25ip.th10k. It is this dense layer which desalinates.

ir/
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1f solution is passed first through the active layer into the backing layer,
the membréne rejects, JIf, however, the concentrated solution is passed

in the other direction, i.e. first through the backing layer, the

membrone does not apparently reject.

The two cellulose acetate membranes used were each heated in
a water bath for thirty minutes, onc at 80°C, the other at 85°C.

They were then equilibrated in solutions of 0,10l Na€l. The

mﬂmbranes'were stored in O0.10L Na@l solution and were tzken

from these for use.
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4el.4 HEAT TREATLENT AND CUTTING

boledele AT C60 Membranes,

The membranes, as obtained from the manufacturers were stored in
distilled water to which some sodium benzoate was added to prevent
fungal and bacterial growth and the storage vessel was kept séaled.
For all scientific purposes discs of membrane were used. The

060 normal membranes were cut from sheets of wet membrane sandwiched
between layers of hard filter paper.

The cutting tool was manufactured ffom brasé tubing approximately
3.8 cm. in diameter to which a very keen cutting edge was machined.
By careful rotation of the cutting tool uniformly circular discs were
obtained which had cleznly cut edges and hence were suitaple for
dimensional measurements.

Six inch square sheets of the normal membrane were heat-treated
by immersing in a stirred water bath at 95°C forvarious periocds of
up to three hours. After which the membranes ﬁere cut using the
machined die. After this heat-treatment the membranes changed
colour to a lighter brown and become mechunically softer.
;Expanaion.of the membranes by cutting first followed by heating in
a water bath was trieds This would give the same weight of
polymer matrix for each.membraner However, using this procedure
caused the membrane disc to curl into a cylindrical form wkich could
not be straightened out.

After being cut and e;panded each membrane wzs examined under
e projection microscope (Nikon Project Projector, Model 6C) for any

imperfections, only those which were visibly uniform and unblemished were

kept for study. "

4.1.4.2 XR=170 Membranes. -

'i‘he XR-~170 membranes (like the 060 membranes) s';weil in hot water.
Unlike/
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Unlike the Céozmembranes this expansion may be reversed and the
original form obtained by drying at elevated temperatures (:>100°C).
The degree of solvent water absorbed by this membrane is dependent

on the temperature of pretreatment. Consequently, in order to make
meaningful comparisons of physical and transport properties a

standard pretreatment must be used. Grot & Munn ( 9)

reported that after boiling for 30 minutes in water with the polymer

in the sulphonic acid form little further change in the physical

dimensions of the polymer couldb§ observed.
Several membranes were heated over a period of three hours.
At various times-duringheating they were removed and their wet weights
measured. From this preliminary experimentation an impression of
the variation in the water content of the XRmemﬁraneswithheating

time was obtained, thus allowing a standzrd time of heat-treatment

to be decided upon.

Considerable problems arose when cutting discs of this
membrane due to its extreme physical toughness. Eventually a
tempered steel die with a keen machined cutting edge was implemented
-which gave precisely defined discs witha clean edge of approximately
4 cm., in diameter. ,

A number of discs cut from each of the three sheets of differing
ion exchznge cafacity(w;r.t. dry weight) supplied by Dupont were
heated at 100°C for 60 minutes in a water bath and examined for
jmperfections using the projection microscope, One disc of each

ion exchange capacity was selected for study.

4.1.5. Conditionine vprocesses

The Nafion discs were alterna%ely washed with AnalaR acetone

and AnalzR methanol for 30 minutes and finally with distilled water

in order to remove any organic surface films.

- The/
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The discs of both membrane typeswere then treated in an identical

manner. -bach was equilibrated in sequence in 1M hydrochloric acid,

1M sodium hydroxide and AnalaR methanol for 24 hours.

Between each of the successive equilibrations the discs were

washed for several hours in distilled waters This treatment with
strong acid and base removed any heavy metals (especially iron as

the metal salt) from the polymer while also conﬁitioning the membrane
to function as an ion exchanger in a constant mznner. The methanol
removed any unreactive monomer .or other organic impurity remaining
in the membrane. This cycle was repeated several times. The
physical dimensicns and weight of wet membrane were measured after
each cycle. These conditioning processes were continued until
constant results were obtained.‘ The disés were then equilibrated
in 1 lolar solutions af sodium chloride for severaibdays. The
gsolution was changed each day. [Finally they were equilibrated in
various 0,10 llolar sodium chloride solutions until once more the

_ physical dimensions and wet weight were constgnt, indicating that

the membrane had assumed a finzl equilibrium form in which its physical

parameters determined its individuality.

4.1.5.2. The Individual Membranes

Since there was: a considerable number of A.M.F, C6O tyre

membranes used in this work it is necesszry to specifically define

b

the treatment applied to each,

The 060 membranes willbe designated as PS(n) in the results, | j

-

PS1 - PS3 are the normzl forms of the Céomembrane cut and conditioned

as described in section (4.1.5) . 3

PS, heat treated for % hour at 95°C (Similar to the Crop OF

Gard®r and Paterson)
PS5, P'86 heat trezted for 2 hours at 9500

PS7 - P59 heat treated for 3 hours at 9500

| PS)o/
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PSlO This membrane was one of several which was heat treated
for 2 hours at 9500 (with.PS5, PS6) but which was not used
initially. It was stored for two years in 0,10M Na@1l
before being invectigated.

Psll Once membrane PS6 had been fully investigﬁted, it was
further heat treated for five minutes at 40°C, This
brought about further expansion. Each of the expanded

membranes was conditioned as described in section_(4¢1.5)

4.1.6.1. Dry Weights

The leached membrane in the sodium form was placed in e 100 ml.

beaker in a desiccator over phbsphorlus pentoxide and the desiccztor
evacuated using a water pump. The desiccator was then placed in an oven
at 60°C. for two days. LEach membrane on removzl from the desiccator

was placed in a tightly sealed weighing bottle, of known weight,

and accurately weighed. The dry weight of each membrzne was

determined several times by this method until a constant result

was obtained.

4.602- Wet WeiE:ht

The membrane was removed from its equilibrating solution and
its surface completely dried between two hardened filter parpers.

Using dry forceps, it was then placed on a plastic coated wire

cradle, of known weight, suspended from the balance pan znd weighed.

A stop watch was stzried immediztely the membrane was removed
from between tke filter papers. By measuring the weight of

wire cradle plus membruane at specific time intervals over a tvo-

minute period, a plot of weight of wembrane against time was obtained,

By extrapolating this graph back to time zero the true wet weight
of the membrane was determined. The kinetic method of weighing

gave wet weights reproducible to :0.1% for both membrane types.

it clinibansbblote o tindttan o0 o i by ol iy



4.1.7  PHYSICAL DIMINSIONS

4,1.7.1. Thickness

|

The average thickness over the membrune was obtained using
a micrometer screw gauge. The thickness was measured with
the membrane wet. By using the fine adjustment on the screw
gauge the same pressure was applied for each measurement.
This method is both simple and accurzte, The difference between
readings across the membrenes was found to be smzller then

+ 1.0% indicating. both membranes were cast as very even films and

that expansion by heat treatment caused no surface distortion.

4.7.2. Diameter

The membrane was placed wet between two glass plates of
sufficient weight to keep it planar but not stretched. The
assembly was then placed on the micrometer stzge of a travelling
microacoﬁé, The various 'diazmeters' were traversed and
measured. The average diameter was calculated from a large
number of alignmenté of the membrane. The importance of
cutting the disc neatly was apparent when measuring the diameter;
membranes with ragged edges were rejected at this stage. The
benefit of'cutting the disc affer expansion of a sheet of membrane

was also well illustrated. The C6O:membranes described a very
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