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CHAPTER 1

Introduction



1.1 INTRODUCTION

Membrane technology has only recently become of great
practical importance to the chemical and pharmaceuﬁcal theories of
membrane processes that are well-developed. This has come from a
proper understanding of relationships between m«;)lecular and ionic flows
and the 'forces! which generate them. This understanding has come
from the theory of irreversible processes created by Onsager and
developed by Prigogine, DeGroot, Mazur, Fitts and many others, as a
branch of thermodynamics concerned with spontaneoﬁs processes.
Onsager showed that, close to equilibrium, there is a linear relationship
between the flows and applied forces. He also showed that these
thermodynamic 'forces' included concentration, pressure and electrical
potential gradients, similar to those developed by the experimental laws
of Fick, Poiseuille and Ohm. Irreversible thermodynamics, however,
besides including all these as part of generalised force on molecules
(the gradient of electrochemical potential) also predicted that coupling
between flows was a natural consequence of the theory and these may
be estimated by_apalysis of results of properly construcfed experiments.
Coupling phenomena are of great importance in membrane processes.
For example, electro-osmotic ﬂows of water, where an electrical force
(proportional to the voltage gradient) causes water to ﬂow? not directly,
since it has no effeét on water molecules, but indirectly, by its effect
upon ions in the pore solutions.

Measurement and interpretation of coupling coefficients in
homo-ionic membrane systems, particularly ion exchange (electro-

dialysis) and reverse osmosis membranes was performed and advanced
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by Katchalsky, Kedem, Spiegler, Scatchard, Meares and Paterson. As
a result of considerable experimental effort on a few selected membranes,
an overall picture of transport of ions and water in such membranes was
obtained.

Such experimental work had to be to the highest possible
standards. For these workers, it required several years to obtain
sufficient experimental data for irrévérsible thermodynamics analysis of
a single membrane. With existing methods such detailed assessment of
new membranes, however useful for practical applications, could not be
contemplated as a routiné matter.

The advancement of membrane applications in industry and
the laboratory requires that such experimental transport measurements
by irreversible thermodynamics (or for other less complete assessments)
should be improved and speeded by new techniques which will facilitate
screening, but without introducing significant (or any) loss of precision.

At the start of this work a major research programme was in
hand in this laboratory to model transport and diffusion processes,
using Network Thermodynamics and also to devise new methods for
characterising membranes, using computer controlled experiments€1—3)

In particular, two methods for determining diffusion coeffici-
ents and selectivity coefficients were under consideration;( 2,3) One of
the major successes of membrane science and technolégy has been the
development of perfluorosulphonic acid membranes, Fig. (1-1) and their

application to the chlor-alkali industry(4_6%

They act as selective
transporters of sodium jon between two halves of the cell, separating

brine saturated with chlorine gas, from 40% sodium hydroxide at 83-90°C-
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The performance of these membranes is remarkable both as
regards their chemical stability and their efficient exclusion of coion
(OH™ and C& ) in various concentrated solutions. These membranes
are now being used for a variety of new processes, but many questions
regarding their transport remain unanswered. To investigate these
membranes furfher, it was decided to investigate the transport behaviour
of mixed ionic forms, in particular, bi-ionic systems. This was partly
to investigate the little understood mechanisms of coupling between two
counterions (in this case, cations) within a charged membrane. It was
hoped that this coupling would be observable and might be compared
with otﬁer data on the more traditional polystyrene sulphonic acid
membranes, on which much wérk had been published from this
laboratory .(7’ 8)

| The current interpretation of single ion transport data on
these Nafion membranes suggested that their unique properties are due
to an 'island' or micelle-type of structure for the charged sites,
counterions and water, separated by regions of hydrophobic uncharged
(or sparsely charged) matrix polymers.(g_ll)

It was of interest to see if such an interpretation was also
compatible with.bi—ionic measurements as a confirmation of these
structural features. The particular choice of bi-ionic systems was,
however, of great general significance as in practical‘ applications most
membranes will contain several counterions. Proposals for applications
of membranes for new processes which involve such conditions might

be inserious error, if no conception of the degree of counterion coupling

is available. Although the methodology for characterising homo-ionic



membranes is more demanding experimentally and less well-defined.

In this research therefore, it was a secondary aim to develop
new methods for determining inter-ionic diffusion coefficients for cation
exchange across bi-ionic membrane systems. Two new me‘thods were
devised for determining diffusion coefficients by Doran and Paterson(2’3)
and had been tested for electrolyte diffusion across uncharged membranes
as a demonstration. | |

It was a major aim in this research to develop and refine
these methods to deal with interionic diffusion across bi-ionic membranes,
which is technically much more difficult. During this research,
computer controlled equipment was designed and constructed to perform
these experiments on mixed ionic forms for the first time (Chapters 7
and 8).

A similar problem arose with the measurements of bi-ionic
membrane potentials. The problem here was to correct the measurement
for the undesired effects of unstirred layers of solution at both membrane
surfaces. These are particularly important in bi-ionic systems, where
there is a rapid exchange of ions between solutions in this work.

Once more, a completely new membrane experiment was designed and
tested (successfully). The experimental data was treated using a
theoretical method devised by Professor J.W. Lorimer (University of
Western Ontario) who spent six months of study leave in this laboratory
during this period and took an active interest in this part of the work.
(A joint paper is now being prepared). The methods were tested in

a number of experiments on several membranes in homo-ionic forms -

as before, being applied to bi-ionic systems.



The main research was on mixed H'/K' forms of Nafion 125
and Nafion 117 perfluorosulphonic acid membranes. The corrected data
were used to calculate the two counterion transport numbers in mixed
forms: 50% in H' and 50% in K* forms. The theoretical equations were
derived using irreversible thermodynamics.

The experimental measurements made on Nafion membranes
included, electrical conductivities and water contents of homo-ionic
membranes. For bi-ionic systems, measurements included exchange
isotherms, water contents, electrical conductivities of mixed ionic forms,
transport numbers of the exchanging ions and interionic diffusion
coefficients, using two new methods.

These data were interpreted using irreversible thermodynamics
developed specifically for bi-ionic systems. The results showed the
value of the new computer controlled experiments and the interpretation
of data, although incomplete, showed that the perfluorosulphonic acid
membranes are unique in their bi-ionic properties. The data on
bi-ionic potentials was quite unlike that polystyrene sulphonic acid or
any other mefnbranes, but Was entirely compatible with the’ .micelle or
'island' structure, now widely accepted from spectral and diffraction

interpretations on single-ion forms.
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CHAPTER 2

Irreversible Thermodynamic Descriptions

of Transport Properties of Charged Membranes



2.1 INTRODUCTION

The transport properties of charged membranes are infinitely
variable since they depend upon the composition and concentration of the
electrolyte solutions with which they are in contact and upon the type,
magnitude and direction of the driving forces selected.

They are used to characterise a particular membrane system
with a series of experiments performed under controlled conditions, which are
suitable for the interested application, whether it is theoretical or practical.

Basic measurements such as electrical conductivity’ membrane
potential, ionic diffusion rates and similar are of obvious practical value
when assessing a membrane for a particular process. A full appreciation
of membrane processes however requires a comprehensive theory.

The most rigorous of the theories available and the most useful
for our purposes is irreversible thermodynamics.

The present chapter summarises the basic application of
irreversible thermodynamics to the transport processes which are selected
in this thesis. The application of these theories, although well-established,
is not universal and following the thermodynamic analysis there is a short
discussion on the correlation of this theory V;lith the more commonly

applied (and less precise) Nernst-Planck treatment.



2,2 The Dissipation Function and Frame of Reference

For spontaneous (irreversible) processes the rate of dissipation
of free energy, ®, can be shown to equal the sum of products of local
flows and 'forces'.(l’z) The dissipation function, ¢, is shown below for
isothermal transport processes, in the absence of chemical reaction, eqn.
(2-1). The thermodynamic 'force' is defined here as the negative gradient

of electrochemical potential, 1_]1

P x* ~
9 =% J., grad (-u;) >0 (2-1)
. i i
i=1
*
where Ji is the flow of species i on an arbitrary frame of reference, see
below.
It is usual to represent the thermodynamic force on species i

as Xi’ eqn. (2-2)
X, = grad (—pi) (2-2)

Eqn. (2-1) therefore becomes

p
® =%

*
Ji Xi >0 : (2-3)
i=1

It is necessary to define practical frames of reference for the
flows Ji of species i.

If the system under study is in a state of mechanical equilibrium,

(1)

eqn. (2-3) will .apply for any frame of reference. In the study of

[38]

oo



membrane transport processes, flows are most conveniently measured
relative to the membrane itself and so this apparatus-fixed frame of
reference is desirable.

In the application of this research, the membrane consists of

a counterion 1, coion 2 (or counterion 2, in bi-ionic systems where coion

is negligible), solvent 3 and matrix 4, so that eqn. (2-3) becomes

'_ * * * * 0 -
¢ = JlX1 + JZX2 + J3X3 + J4X4 ” (2-4)

For one dimensional isothermal isobaric diffusion, the thermo-

dynamic force Xi’ eqn. (2-2) may be written as

di,  dy, dy
Xi i el + ziF (- &) (2-5)

where s is the concentration dependent part of the chemical potential, z,

is the signed wvalency, F is the Faraday constant, { the internal electrical
potential of the membrane phase, and x the distance parameter in cm.
From the Gibbs-Duhem equation, eqn. (2-6) is easily obtained

and so in a system with p forces only p-1 forces are independent.

4
In X =0 (2-6)
i=1 ' !

or equivalently



2-4

where n, is the number of moles of species i or concentration units ¢, may
be used by considering a local volume (e.g. unit of < mole L1 may be
employed) .

Eliminating X4 (the force on the fixed charge), using eqns.

(2-5) and (2-6), eqn. (2-4) becomes

* €1 % * Co % * €3 %
@ = (I J) X+ Uy 3 X, + (U= Ty

) X3 >0 (2-7)
4 4 4

* * *
Since Ji is defined by Civi , where Vi is the velocity of species
. . . ¥ o % % %
i relative to any arbitrary frame of reference, then (Ji -iJ 4) = ci(Vi -V 4)
c
(where i = 1,2,3). 4
* %
Since (Vi -V 4) is the velocity of species i relative to 4, eqn.
(2-7) may be simplified to
p=atx edix, s0tx, = 3 atK 30 (2-8)
171 92%2 ""3%3 .0 i 7

where Ji4 are the flows of species i(=1,2,3), relative to the charge 4

fixed on the polymer.

2.3 Linear Phenomenological Equations

(3,9 that, for systems close to thermodynamic

Onsager showed
equilibrium and in a steady state, flows and forces (as defined by the
dissipation function, eqn. (2-8)), are linearly related by phenomenological

equations, which may be written as eqn. (2-9). Membrane fixed flows, Ji4’

will be used exclusively for the remainder of this thesis, and so the



superscript 4 will be omitted for convenience, in eqn. (2-9) and
subsequently: for J? we will now simply write Ji

p-1
Ji =~k>.;1 Lik Xk (i=1,2,......p-1) (2-9)
where the mobility coefficients, L-ik are generalised as 'conductance’ or
'permeability' coefficients. Eqgn. (2-9) may be represented in matrix

form (eqn. (2-10))

1 L Ly, Lys Ligp-1) Xy
o La L2z Las Lotp-1) X,
I3 L3p L3z L33 L3(p-1) X3

Jo-n| Mp-n1 p-12 Te-n3 Fe-ve-n | Xke-

(2-10)

There are two sorts of mobility coefficients, direct coefficients
' Lii which, via the contribution Liixi’ of eqns. (2-9) or (2-10), define the
contribution of the force Xi or its (own) conjugate flow Ji'

The other coefficients Lik (i#k) are the coupling or cross-
coefficients which show that a non-conjugate force Xk will contribute to a
flow Ji through terms of the sort Lika (i¢k), egn. (2-10).

It is clear that the flow Ji is no longer solely a function of its

conjugate force Xi as in the laws of Fick and Ohm, for example.



¥
o

(3)

Applying the principle of microscopic reversibility, Onsager
showed that L-coefficient matrices are symmetrical for conditions 'close to
equilibrium', and so,

L, =L (i #k) (2-11)

ki
This is formally known as the Onsager Reciprocal Relations (O.R.R.).
These relationships reduce the number of coefficients required to charact-
erise a system which contains p independent forces from p2 to &(Péil—)
Application of condition for overall positive entropy production
the eqns. (2-1) and (2-10) causes the cross-coefficients to be limited by

the inequalities

L.L., »L

i Dk (2-12)

ik M
or using O.R.R.

2
)

L Lyge > (e

The direct coefficients must be positive but cross-coefficients

Lik can be either positive or negative, as shown by eqn. (2-12).



2.4 Mobility Coefficients

The mobility coefficient approach has been used, Miller( 5) , to

describe transport processes in binary solutions (solvent-fixed frame of

(6)

reference) and Paterson for membranes. It is very useful when
applied to membranes since it produces relatively simple equations for
observed transport properties (e.g. electrical conductivity and transport
number). For a system with three mobile components, p=3, it can be
seen that six phenomenological coefficients are required to characterise
the system, (p(p+1/2), as defined above. The L.lk

therefore be solved from the results of six independent experiments. A

coefficient matrix may

full solution was not attempted here for any membrane.

When isobaric and isothermal conditions are observed, only
electrical and chemical potential forces may be used. A theoretical
treatment of experiments available using these two forces under steady
state conditions will now be considered. The phenomenological equations

for this system are eqn. (2-13)

L,. X, + L., X, + L..X

[
1]

1 1171 1272 1373
J2 = L21X1 + LZZXZ + L23X3 (2-13)
J, = L,. X, + L,X, + L, X

3 311 3272 3373

Here the flows Jl’ JZ and J3 on the membrane or 4-fixed flows as defined

previously in eqn. (2-8).
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Since we now consider only membrane fixed flows, these

superscripts will be omitted for convenience, as previously stated.

2.5 Measured Transport Properties of Membranes in Terms of

Mobility Coefficients

2.5.1 Electrical conductivity and .transport number

If an electrical force is applied to an isothermal isobaric system
containing ions, species 1 and 2, and water, species 3, in the absence of
chemical potential gradients, Xl and X2 are determined solely by electrical

potential gradients and X3 (for water) is zero. Therefore from eqn. (2-5)

- _dv = -
Xi = ZiF( dx) i=1,2 (2-14)

X3 = 0 (2-15)

It is under these conditions that electrical conductivity and transport
number experiments are carried out.

The current density I (A cm-z) is defined by eqn. (2-16),
I= (23] +2,J)F (2-16)

From eqns. (2-14) and (2-15) the phenomenological eqgns. (2-13)

now become,

2-8



2-9

[
1]
=
b
+
=

o
™
"
=
b

21 X3 22 %2 (2-17)

Using eqns. (2-14) and (2-17), eqn. (2-16) becomes

_ 2 2 2, dy _
I = (zl L11 + 2zlz2 le + z, LZZ) F~ ( d—x) (2-18)
Since the mobility coefficients are constants independent of the

force, eqn. (2-18) shows that the membrane will obey Ohm's law, usually

written in the form

I = (- d_x) (2-19)

or ' K = aF
where

01.=(.22L +9z.2. L +zZL )

1711 172 712 2722

The transport number of an ion is defined for a membrane in
the same manner as electrolyte solution. The transport number of an ion,
i, in the membrane t—i’ is defined as the fraction of total current carried by
that ion, eqn. (2-20)

z. B J.
i i

t, = —5— i=1,2 (2-20)
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For an exchanger membrane containing two ions, 1 and 2, it
is easily shown that transport numbers Fl and E-Z may be obtained, eqns.

(2-21) and (2-22) using eqns. (2-17), (2-18) and (2-14) in eqn. (2-20).

£, = (zz1 Ly * 292, L)) /0 (2-21)
- _ 2 ' -
1:2 = (z2 L22 * o2z, L12) /o (2-22)

The water transference number, t_3, is defined by

I F
T, = — (2-23)

w

From eqns. (2-17), (2-18) and (2-14), we obtain

t, =

3 (z1 L13 L,.)/a (2-24)

T2y b3

The same equations apply equally to homoionic membranes in
which 1 is counterion, 2, coion, or to bi-ionic membranes (with negligible
coion uptake) in which both ions 1 and 2 are counterions. Both conditions

are encountered in later experiments in Chapter 6 of this thesis.

2.5.2 The diffusion potential across a membrane exposed to ionic

concentration gradients

When a chemical potential gradient is set up across the membrane,
due to concentration differences, it causes diffusion of ions, osmotic flow
and creates membrane potential. In the steady state situation there is no

electric current.



I = (zlJ * oz, JZ)F = 0 (2-25)

1

In this case the forces acting on the species are again given by negative

gradients of their electrochemical potentials, eqn. (2-5)

dii. du.

Substituting in eqn. (2-13), eqn. (2-25) becomes

(21007 *25L,0) Xy + (9L, +25L00) X + (2qLy5 +2,L55) X0

(2-26)
Comparison of the bracketed terms with eqns. (2-21), (2-22) and (2-24)

shows that eqn. (2-26) may be rewritten, if the O.R.R. are obeyed

F1 F2 -—
q Xl + % X2 + 1;3X3 =0 (2-27)

This relationship may be used to define the electrical potential

gradient in the membrane since

- (- du _d
Xi = ( d}i’) + ziF( X) then

-F dy = - d{l + = dﬁz +F3dﬁ3

2-11

which is the 'Henderson' equation for the membrane phase. It is to be used

in order that the osmotic gradient contributes to the electrical potential

explicitly.
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Derivation of equivalent expressions for diffusion coefficients
in terms of Lik coefficients are well-known but since they do not enter

later discussions, they are omitted here.

2.6 Nernst-Planck Equations

Commonly, the Nernst-Planck equations are used in the analysis
of membrane transport. It will be shown here how this application is
related to the more rigorous irreversible thermodynamic analysis (using
Lik coefficients (given above).

In a situation where a system deviates only slightly from
equilibrium, linear phenomenological equations may be written relating to
the flow of species, i, to all other forces so that for a p-1 component
system

p-l _
Ji = kZ=1 Lik Xk (i=1,2,3....p-1) (2-9)

The terms P‘ik are the phenomenological coefficients and are
independent of the forces. The Lik coefficients measure the degree to
which a flow of species i, affected by a forces on species k, if i#tk.

If there is no coupling all Lik=0 (i#k) and each flow may be
written as proportional and its conjugate force as in Ohm's law and Fick's

law.

o
1]
>

(2-28)
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For an ionic system, the electrochemical force, Xi’ is given by

eqn. (2-5)

da.
- RT . 77i . _dy
Xi‘ai(dx')+le(dx)

(2-5)
Substituting in eqn. (2-28) and if activity a, may be approxi-

mated by concentration Cq gwe obtain éqn. (2-29) for the flow of an ion

under electrochemical force, if no coupling exists with other species

dce

_ RT (. i _dv -
J. = L, == d—x—) +LiiziF( dx) (2-29)

i il c,
i
We may compare this expression with the equivalent Nernst-
Planck equation, eqn. (2-30)

dc.
J = D, (-z2) + dy, (2-30)

i €1 Ui VT ax
This describes the total flow as the sum of the diffusional flow (the first
term on the right hand side of eqn. (2-30))and electrical ﬂow, (the
second term), where Di and U; are respectively the ionic diffusion
coefficients and the electrical mobility.
If we compare coefficients in eqns. (2-29) and (2-30) we may

express Di and U; in terms of Lii’ the direct mobility coefficient, eqns.

(2-31) and (2-32)

D, = L, — (2-31)

and

(2-33)
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It is clear therefore that the Nernst-Planck equations and the
Nernst-Einstein relationship are simple examples of reduced irreversible
thermodynamic treatment in which coupling is omitted.

Failure to understand that the Nernst-Planck equations are
simple approximations to a more complex coupled system, often causes
incorrect interpretation. This is particularly so for ion exchange
membranes where interionic coupiing is large and counterion-solvent
causes large electro-osmotic flows, under a simple applied electrical field,
with no concentration gradients. The Nernst-Planck needs the arbitrary
assumption of convection effects. The irreversible thermodynamic
treatment however recognises coupling between ions and water measured
by the coupling coefficients, L13 and L23 (above), so that for electrical
forces only a flow of water, J3, is defined

- - d
J3 = (21 L3 + 2, La) F (- 5)

if the coupling coefficients are zero.
This phenomena, electro-osmosis, is measured by the trans-

ference numbers, t—3, defined by egn. (2-24).
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CHAPTER 3

Physical Properties of Nafion 125 and 117 Membranes

in Different Ionic Forms



3.1 INTRODUCTION

It is important to characterize the ion exchange membranes
before use. Nafion 125 and 117 membranes (1200 and 1100 EW respect-
ively were used in different ionic (H+, Li+, Na+, k* and Ca2+) forms.
Their physical parameters, such as water content, internal molalities,
thicknesses and diameters have been determined for salt chloride
solutions at 0.05 and 0.1M.

An interesting and important practical property of Nafion
perfluorosulphonic acid membranes is their ability to sorb relatively
large amounts of water and other solvents. The polymers typicall?
sorb water to 10-50% of their dry weight, depending upon polymer
equivalent weight, counterion form and temperature of equilibration.
Counterions with large hydration energies increase water uptake, as
does low equivalent weight.

For exchange diffusion (Chapters 7 and 8) and bi-ionic
potential (Chapter 6) measurements, the two ions chosen were H' and
K.+, due to their large differences in mobility.

Consequently, a detailed study of mixed K*/HY forms were
made over a complete range of ionic compositions. In Chapter 4 the

selectivity coefficients for their exchange are reported.
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3.2 Solutions

The salts were of analytical grade, obtained from Koch-Light
Laboratories or Hopkin and Williams.  Solutions were prepared using
conductivity water without recrystallisation or further purification.

Sodium hydroxide solutions were prepared using standard
volumetric concentrated solutions (vial) supplied by May and Baker.

The solutions were prepared under carbon dioxide free conditions.
The vial was diluted in carbon dioxide free distilled water contained in
the glass reservoir of an automatic burette.

The solution was made while nitrogen was being bubbled
through the water in the reservoir. The burette itself was flushed with
nitrogen during the process and was protected from subsequent carbon
dioxide uptake by "Sofnolite" guard tubes. Solutions of sodium hydroxide
‘prepared in this way were standardised by titration against weighed
samples of potassium hydrogen phthalate.

The solution was prepared by dissolving a weighed quantity of
Analar potassium hydrogen phthalate (BDH grade). The indicator used

was phenolphthalein.

3.3 Membrane Conditioning Process

Discs approximately 4.2 cm in diameter were cut from sheets of
ion exchange membrane, using a machined brass dye. These discs were
conditioned (1) by a cycle of equilibrations with, in turn, methanol; 1M
HC%; distilled water; 1M NaOH and finally, distilled water. Each treat-

ment lasted several hours.



This cycle of treatment was repeated a number of times. The
methanol was used to remove residual monomer or other alcohol-soluble
materials remaining in the membranes. The treatments with HC& and
NaOH removed any base or acid-soluble impurities, such as iron or other
heavy metal ions accumulated in the course of preparation.

The cycling process was continued for several treatments.

The weights of leached (potassium, sodium, lithium, calcium and hydrogen)
forms of the membrane were determined, as described below. The discs
were equilibrated in each (potassium, sodium, lithium, calcium and
hydrogen chlorides) for several days with repeated changes of solution

to ensure that they were completely converted to the required ionic form,
i.e. only the chosen counterion would be present "associated" with the
sulphonate fixed sites. The membranes were washed with distilled water
for several hours to leach out any sorbed electrolyte.

For succeeding experiments, the membranes were equilibrated
in chloride solutions of particular concentrations. The equilibration

solutions were frequently changed.

3.4 Wet Weights

A kinetic method of weighing was used to determine the wet
weights of each membrane after equilibration with water or potassium,
sodium, lithium, calcium and hydrogen chloride solutions.

The membrane was removed from the solution with which it had
equilibrated and its surface blotted between two pads of hardened filter

paper. The membrane was taken from the filter pads and the stopwatch
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started. It was quickly placed on a weighed watch glass. The combined
weight of watch glass and membrane was then noted every fifteen seconds
for the next two minutes. The total time taken for this procedure was
approximately two and a half minutes. Weights were plotted against

time and extrapolated back to zero time to estimate the true wet weight
of the membrane. A weight loss of about 1 mg every fifteen seconds
was typical. This procedure was carried out several times for each
membrane in equilibrating solution. The wet weight thus obtained was
reproducible to * 0.1%.

This procedure was carried out for each membrane of the
required (potassium, sodium, lithium, calcium and hydrogen chloride)
concentrations. The complete process was then repeated after cycling in
various ionic forms (potassium, sodium, lithium, calcium and hydrogen)
.to determine if any weight change had occurred during the cycle.

No such changes were observed.

3.5 Dry Weights

The leached membrane in potassium form was placed in a
weighing bottle inside a desiccator containing phosphorous pentaoxide.
The desiccator was then evacuated using a water pump. It was then
placed in an oven at 80°C for several days.

The membranes were then weighed to determine their dry weight.
This process was repeated until a constant weight was obtained. At no
time in the course of subsequent experiments was any Qf the membranes
allowed to dry again. The dry weights obtained were reproducible to %

0.3%.



3.6 Physical Dimensions

3.6.1 Diameter

The membrane was removed from its equilibrating solution and
placed, still wet, between two optically flat glass plates. .It was then
under 10X-A lens of Nikon Profile Projector (Model 6C) and its diameter
measured using the micrometer stage of this microscope. The average of

six determinations was taken as the diameter.
3.6.2 Thickness

The membrane thickness was measured using a micrometer
accurate to * 0.0l mm. The membrane was clamped between two micro-
scope cover plates, the thickness of which was known. The thickness of
élass plates plus membrane was then measured. The average differences
of ten such determinations was taken as a thickness of the membrane and

were reproducible to * 0.1%.

3.6.3 Membrane wvolume

Two methods were used to determine the volume of the membrane:
The direct method, by using specific gravity bottles. The ion exchange
was equilibrated with the solution of interest. The specific gravity bottle
was filled with solution and put in a water bath maintained at 25 * 0.01°C.
After thermal equilibrium was attained the bottle was weighed (after care-
ful drying of its surface). The process was repeated with the test
membrane placed in the bottle and the bottle plus solution plus membrane

weighed as before. The volume of the membrane was found from the



change in weight between the two systems (W2 - Wl) and the previously

determined weight of the wet membrane, Wm

= 1
W2 Wm + Ws + Wb
W _ o]
1 Ws * Wb
where
. (e}
AW = W, - W = W + W - W
2 1 m s s

L
L,.vf‘{"'ftlv'\’
The weight of solution which is equal to the volume of the membrane is

given by

AW - W = W - W
m S S

. Therefore the volume of the membrane is obtained

Lo W
m 4
where

Wn; = wt. of the membrane (gm)
W's = wt. of the solution in.the presence of a membrane (gm)
Wb = wt. of the bottle (gm)
W: = wt. of the solution in the absence of a membrane (gm)
d = density of the solution ( gm/cm3)

In the other method the membrane volume was determined from
the radius and the thickness of the membrane by using m'zz. This

method was not accurate because although the original disc of dry membrane

w



was circular, in swelling the circular shape was distorted towards
elliptical in most cases, indicating some anisotropy in the sheet membrane,

as received, and is no doubt due to the techniques of manufacture.

3.7 Capacity Determination

The ion exchange capacity of membranes was determined by
first converting them completely to the H-form by successive equilibrations
with hydrochloric acid (IM). They were then removed from the acid and
rinsed thoroughly with distilled water to remove the sorbed electrolyte.
After blotting between filter papers, the membrane was equilibrated with

25 ml of 1M sodium chloride for several hours. The following exchange

—

H +Na+F'*Na+ +H+

takes place. The sodium ions in solution are exchanged for hydrogen
ions of the membrane. The H' released was titrated with standard sodium
hydroxide solution. This procedure was repeated until > 99.9% of H' was
removed and so exchange was in effect complete.

The combined equilibration solutions were then titrated with
sodium hydroxide and a glass electrode assembly. An Orion Digital pH/mV
meter, model 801A ‘%/as used. The amount of H' released by the membrane
is stoichiometrically equivalent to the amount of NaOH added at the end
point. The end point of the titration was calculated from pH data using

a linear titration plot method based upon the Gran plot method.



3.8 RESULTS AND DISCUSSION

The ion exchange capacity, water content, internal molalities
and water exchange sites mole ratio for Nafion 125 and 117 (1200 and
1100 EW) are listed in Tables (3-1) and (3-2) at two different external
solution concentrations (0.05 and 0.1M) of K+, Na+, Li+, H+ and Ca2+
chlorides. The physical properﬁes of Nafion 125 membrane in mixed
K+/H+ were given in Table (3-3). These are a major topic of much
discussion in the following chapters.

A striking feature of Tables (3-1) and (3-2) is the massive
drop in water content when the counterion is changed from hydro‘gen to
potassium. This would be expected on the basis of different hydration
ionic size of the counter ions.

With increasing counterion weight, the relative water molecules
number per exchange site (nHZO/nsog) decrease, Tables (3-1) and (3-2)
while the number of sulphonic groups (—SO-§) increases. The water-
fixed charged site mole ratio reflects the dynamic character of ion cluster
morphology compared to cross-linked ion exchange (2) (see Chapter 4,
Table (4-3)). |

As the external solution concentration increased from 0.05 to
0.1M, the wet weight, water content and the thickness decreased, while

co-ion uptake increased as might be expected from general theory.

Nafion 125 membranes equilibrated in comparable concentrations of NaC4%,

the concentration (m) of uptake increase (3) from 1.5 x lO-2 to 3.2 x

1072,



Tables (3-1) and (3-2)

Physical characteristics of Nafion membranes at different

external solutions - concentration in variety of homoionic forms.
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Table (3-1). Nafion 125 membrane disc with ion exchange capacity =

0.2368 mmole/disc used here

a - At 0.05M external solution

k* Nat calt it a*

Dry weight (gm) 0.3063 0.3025 0.3018 0.2987 0.2973
Wet wt. (gm) 0.3475 0.3540 0.3580 0.3611 0.3633
Wt. of H 0.0412 0.0515 0.6562 0.0624 0.0660
disc Amsw
% of ENO content
w.r.t. % 13.87 17.33 18.91 21.00 22.21
Dry matrix
Eq. mol Wmlw 5.7475 4.5980 4.2135 3.7948 '3.5875
of pore water
BENO\Sanw 9. 66 12.07 13.17 14.63 15.47
Diameter (cm) 4.1596 4,2289 4,2249 4,2769 4,2911
Thickness (cm) 0.0137 0.0142 0.0138 0.0143 0.0143

3 *k 0.194 0.1990 0.1989 0.205 0.206
Volume (cm™) ‘ :

Fokok 0.1636 0.1612 0.1639 0.1594 0.1580

*

The Smumrﬁ of polymer sulphonate backbone present in the disc, but excluding the Smumre of counterion
*ok ::. L): *** (Direct)
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Nafion 125 membrane disc with ion exchange capacity = 0.2368 mmole/disc used here

.N,ONN ,
& g, € b - At 0.1M external solution
2, s
%m@.w&v,@.o »
KON K" Na® ca®” Li* H
.NI
s
Wet wt. (gm) 0.3456 0.3510 0.3559 0.3602 0.3625
Wt. of H,O/ 0.0393 0.0485 0.0541 0.0615 0.0652
disc AmBm
% of H,O content .
w.r.t, 13.23 16.32 18.21 20.73 21.94
Dry matrix
Eq. molal kg1 6.0254 4,8824 4.3771 3.8504 3.6319
of pore water
dmNO\slmOM 9.21 11.37 12.68 14.41 15.28
Diameter (cm) 4.1322 4,1734 4,3155 4,2648 4,2791
Thickness (cm) 0.0135 0.0140 0.0136 0.0141 0.0142
3 *ok 0.189 0.1925 0.1989" 0.2014 0.1999
Volume (cm™)
*okk 0.1627 0.1600 0.1635 0.1554 0.1580

*k A,_:.Nf *** (Direct)
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Table (3-2). Nafion 117 membrane disc with ion exchange capacity = 0.3523 mmole/disc

Nob .
2, &, e a - At 0.05M external solution
PRI
m@w&o.w\ + + 2+
o, K Na Ca Li* H
s
Dr. wt. (gm) 0.4161 0.4104 0.4094 0.4047 0.4026
Wet wt. (gm) 0.4868 0.5037 0.5126 0.5164 0.5206
Wt. of H O/ 0.0707 0.0933 0.1032 0.1117 .0.1180
disc AmBW
% of H,O content
w.r.t. 17.57 23.19 25.65 27.76 29.33
Dry matrix
Eq. molal WWIH 4,9830 3.7760 3.4137 3.1539 2.9855
of pore water
SENO\SumOM 11.1378 14.6980 16.2580 17.5972 18.5898
Diameter (cm) 4,2347 4,2612 4,3155 4.3961 4.3918
Thickness (cm) o.oyow 0.0195 0.0138 0.0195 0.0199
3 kk 0.2656 0.2860 0.2019 0.2970 0.306
Volume (cm™)
*okk 0.2156 0.2127. 0.2161 0.2090 0.2077

*k ::.NSH *¥* (Direct)
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Nafion 117 membrane disc with ion exchange capacity = 0.3523 mmole/disc

N.ONN.
@w Avo@&#, b - At 0.1M external solution
bw@mM@.omx s
e K* Na* ca’* it u*
Wet wt. (gm) 0.4853 0.5010 0.5063 0.5107 0.5165
Wt. of H,O/ 0.0692 0.0906 0.0969 0.1060 0.1139
Disc Amb
% of H,0 content ;
w.r.t. 17.20 22.52 24.08 26.34 28.31
Dry matrix ,
Eq. molal WWIH 5.0910 3.8885 3.6357 3.3235 3.0930
of pore water
nH,O0/n-SO% 10.9015 14,2728 15,2652 16.6992 17.9437
2 3 _
Diameter (cm) 4.1346 4,2304 4.3072 4,3641 4,3856
Thickness (cm) 0.0191 0.0194 0.0137 0.0198 0.0197
3 *ok 0.256 0.272 0.1996 0.2961 0.297
Volume (cm™)
Fdk 0.2211 0.2182 0.2204 0.2137 0.2152

*k ::.N_Su **¥% (Direct)




Table (3-3). Physical properties of Nafion 125 membrane in mixed

K*/H" form at complete range of loading.
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Nafion 125 membrane disc with ion-exchange capacity = 0.2364 mmole/disc.

Dry weight = 0,3045

\HV
&u\w &>
b@wﬁ&o& 0 0.10 0.30 0.50 0.70 0.90 1.00
ey
@&;@
Wet wt. of the 0.3369 0.3387 0.3411 0.3429 0.3454 0.3457 0.3548
disc (gm)
Wt. of H,O/disc 0.0323 0.0342 0.0366 0.0384 0.0409 0.0412 0.0503
(gm) 4
d (gm/em>) 1.0014 1.0022 1.0019 1.0016 1.0013 1.0010 0.9987
¥ (cmd) 0.1623 0.1609 0.1605 0.1584 0.1586 0.1564 0.1589
v 0.1991 0.2125 0.2279 0.2423. 0.2577 0.2634 0.3165
m (molal kg ! of 7.3189 6.9122 6.4590 6.1563 5.7799 5.7378 4.6998
pore AENOV
smwo
7.58 8.03 8.59 9.01 9.60 9.67 11.81
n
SO,
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CHAPTER 4

‘Selectivity Coefficients of Perfluorosulphonic Acid

Membranes (Nafion) in Mixed K'/H * Forms



4.1 INTRODUCTION

Ion exchangers can distinguish between different counterions.
When counterions are exchanged, the ion exchanger usually takes up
certain counterions in preference to others. This selectivity arises
from one of several physical causes. It depends upon the counterion
charge which, via the Donnan potential, causes ions of higher charge to
be selected. Within a specific group of ions with equal charge, specific
interaction between counterions and the fixed ionic groups results in
preference.

In these studies K'/H" selectivity is examined. These ions
were chosen partly because they are ions which have vastly differing
swelling tendencies in the exchanger and partly because they are ideally
suited for tests of new diffusion techniques due to their large differences
in ionic mobility. This was particularly useful for tests of the oscilla-
tory method (Chapter 8) where these two ions were exchanged across
the membrane. The degree of exchange was then measurable in terms
of conductivity in the closed collecting vessel, (Chapter 7).

The study of selectivity of perfluorinated ionomer membranes
(Nafion) provided the necessary basic informafion which was necessary
to evaluate diffusion coefficient, flux and electrical conductivity and
depend upon membrane compositién.

It was interesting in this respect to make a comparison
between Nafion and conventional cross-linked Dowex 50 (1) membranes

in terms of selectivity coefficients and water content.



4.2 Membrane Isotherm-Selectivity Coefficient

Ion exchange equilibria are characterized by the ion exchange
' isotherm. This isotherm is a graphical representation which, in principle,
covers all possible experimental conditions at a given temperature. In a
simple ion exchange process involving two counterions, it is a plot of the
ionic fractions of the exchanged ipns in the resin or membrane as a
function of the corresponding solution'composition. Their rates define
the selectivity coefficient.

When a cation exchange membrane is placed in a solution contain-
ing a mixture of electrolyte, in this case, potassium chloride and hydro-
chloric acid, an equilibrium is quickly set up at the solution membrane

interface so that
+ H =m@H + K (4-1)

*
(The exchanger is assumed to exclude coion (chloride) completely.
The position of this equilbrium defines the selectivity of the
exchanger for one cation over the other. The selectivity coefficient Kg

is usually as given in eqn. (4-2)

c -fH

c -fK

st

(4-2)

K _
KH—

| |
oA

>l
N

where cy and ¢ the solution molarities and }_(H, }_(K represent the

K ’
equivalent ionic fraction of these ions in the membrane phase and fH’ fK

the single-ion activity coefficients in solution.. These latter approximat-

%*
-Footnote: With external electrolyte concentrations of HC{ + KC&

0.05Mm, (aé here) the uptake of chloride is << 0.5% of the ionic

composition in the membrane phase.
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ely cancel for univalent ion exchange in dilute solution.

If the membrane phase molar activity coefficients fK and fH

are defined in the same manner as the solution molar activity coefficients,

that is, if the same standard states are used for the membrane and

solution, then the thermodynamic equilibrium constant Kg is
(th)
defined as unity.
= e ¢
= B K 2 =1 -k (4-3)

Thus the selectivity coefficient, KII?I is the inverse of the ratio
of membrane phase activity coefficients, (fK/fH).

Selectivity coefficients, KE are not constant in general, but
' change with membrane or resin composition. This variation of select-
ivity with composition has been the subject of much discussion and the
matter will be raised again at the end of this chapter.

For diffusion studies, however, it is essential to know the
composition of the membrane phase in contact with each solution., In
later studies conditions were chosen (from these measurements) such
that the membrane phase was 50% loaded with each. }—(H = '}—(K = 0.5,
so that the concentration effects on fluxes were, as near as possible,

equal, and the measurements provided information on the relative

mobilities of the two ions.



4.3 EXPERIMENTAL

Each disc in K or H~form was usually equilibrated with 10 ml
of a mixed HCZ + KCQ solution of total composition 0.05M at 25°C.
Previous studies showed that, under such conditions, the uptake of
chloride (coion) was negligible (< 1%). After equilibrium (sometimes
taking several days but at least 24 héurs in the most favourable case
K" exchange on to H-form) the equilibrated disc was removed from
solution. Adherent solution was washed from the disc which was set
aside for analysis if needed. The change in composition of the
equilibrated solution was determined by titration of H' ions. In
selected cases the potassium ion was measured also. In all cases the
total ionic strength of the solution was measured at 0.05M,

The disc or membrane composition was also determined by
conversion to the K-form and titration of the released H' ion. In all
cases mass balance was confirmed.

The ion exchange membrane isotherms can be determined from
a series of equilibrium measurements with solutions of different
compositions.covering the whole range of ionic loading from 0 to 1.
The test of equilibrium was to approach the same equilibrium conditions
from both sides, i.e., by using membranes initially in the H-form and
then repeating with a similar set of experiments, but starting with the
K-form.

Consider that we began with the membrane disc in K-form.
The ionic composition of the membranes and the selectivity coefficients

can be determined as follows:



To determine the ionic composition in the solution, suppose
that the equilibrating (mixed solution of HC® + KC&, total concentration
0.05M) has a volume, V cm3, a concentration Cl_o< and Cﬁ{ (the initial
concentration of KC% and HCZ in mixed solution) mmoles/cm3°

The concentration of HC{ after equilib¥ium is

- MT
°q =
where M = the molarity of sodium hydroxide,M
T = the volume of the titre, cm3
V = the total volume of the solution, cm3.

The concentration of K" ion is given by

" Therefore, the ionic fraction of I—I+ and K+ ions in solution after

equilibrium are:

where CC + C = 0.05M.

The ionic compositions in the exchanger membrane were
determined as follows:

The number of mmoles of potassium, K in the disc is equal to
the capacity of the disc, X mmoles, while in the solution, c°K became
Cx and after equilibrium gain in potassium ion K by the solution is

equal to ( CK - C?() V mmoles which is equivalent to loss of u* by the

solution.



Therefore, the ionic fraction of K and H in the exchanger

are equal to

and

k£ - X, K
H ™% '3
H K

4.4 RESULTS AND DISCUSSION

Potassium-hydrogen exchange on Nafion 125 and Nafion 117
perfluorosulphonic acid membranes (1200 and 1100 EW respectively) are
characterized by the ion exchange isotherms, Figs. (4-1la,b). Alter-
natively the selectivity coefficient, KII?I can be used for describing these
ion exchange equilibria, eqn. (4-1), and defined by eqn. (4-2).
Selectivity coefficients of Nafion 125 and Nafion 117 for potassium-
hydrogen ion exchange are shown as a function of equivalent fraction of
K" ion in solution of (HC2 + KC2) of 0.05M in Fig. (4-2).

The KII?I is greater than unity for all compositions, so that for
all conditions, the K+ jon is selected over the H' ion. This is also
clearly seen in Figs. (4-1la,b), where the isotherms are convex towards

the XK axis, indicating that the membranes are always richer in
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potassium than the equilibrating solution. Examination of selectivity
coefficients, Tables (4-1 and 4-2) and Fig. (4-2) show, however, that

the selectivity coefficient is not constant but varies with loading and

is higher for Nafion 125 (1200 EW) than for Nafion 117 (1100 EW). In
common with almost all other systems in the literature  (1,2) the preferred
ion (here K*) is more selective when the exchanger is largely in the
H-form, i.e., at low loading of K+ inv the membrane phase.

The explanations given for such (common) selectivities in the
literature are many and varied (2,3). A common one is that the resin/
membrane has sulphonic acid groups with a large range of intrinsic
selectivities, dependent upon their locations within the amorphous
polymeric skeleton of the membrane. For this reason it is supposed
that the first sites to be loaded by the K" jon are the most preferred.
The overall selectivity coefficient would then be expected to fall as
these sites were occupied by K" ion and the loading of this ion was
increased.

The concept of sites with variable selectivity may not apply
here. In some ionomer membranes, such as Dupont's Nafion, the
membrane fixed charge is not randomly distributed, but occurs in
clusters (4-9). Thus, the membrane solution is phase-separated, with
ion clusters acting as inverted micelles in a polymer solvent (in which
the acid groups line the water-polymer interface shielding the exterior
fluorocarbons from the interlay aqueous phase (10)).

It is not immediately obvious how such structures might
effect selectivity, but an interesting parallel from work on selectivities

of liquid ion exchangers, (11), suggests that the selectivity patterns
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observed here, Fig. (4-2) (and quite commonly elsewhere (2)) may be
due to micelle formation.

Hggfeldt et al., (11,12,13) using dinonylnaphthalene sulphonic
acid groups which are very similar to those in strong acid polystyrene
cation exchangers like Dowex 50. The study of this liquid membrane
system is of interest because it permits a comparison of solid and liquid
exchangers. In many cases the aggfegation in the latter is supposed
to be extensive enough for micelles to be formed (12).

Such studies of fluid systems with no predetermined structures
show qualitatively the same selectivity variations as here with Nafion
for K;F/H+ exchange. It is therefore reasonable to consider that the
micelle formation in the Nafion membrane is similar to that in large
liquid ion exchangers (12). The causes for these selectivity coeffici-
ent variations for sulphonate ion exchange resins have been investigated
by several workers. As noted above it is generally concluded that
the cause is non-uniformity of exchange site environments. This non-
uniformity is attributed to local exchange site concentration in the resin.

To understand the causes of the selectivity proi)erties of
Nafion, it is useful to compare (2) the isotherms of those conventional
cross-linked ion exchangers containing sulphonate groups (3). There
is a much greater dependence of selectivity coefficient on ionic fraction
of metal ion for these systems compared to Nafion. The selectivity
coefficients (metal ion/hydrogen ion) in Dowex 50 change from 1.61
for Na© to 3.06 for K™ and 3.17 for Cs'. In comparison with Nafion
(2), these coefficients are spread over a much wider range (Na™ 1.22,

K* 3.97 and Cs" 9.11) . This is the most interesting feature about



the selectivity coefficients for the alkali metal ions in Nafion compared to
conventional sulphonate resins. In particular, the relative change in
selectivity from potassium ion to caesium ion is much greater than for
Dowex 50 resins of 4, 8 or 16% cross-linking (3). The water content
(mol HZO/mol SO3_) as a function of counterion form is listed in

Table (4-3) for Nafion and Dowex 50. These values indicate that there
are significantly larger changes in wé.ter content for exchange of alkali
metal ions in Nafion (decreasing from 14.3 for Li+ to 6.6 for Cs+) than
for Dowex 50 (decreasing from 11.1 for Li" to 8.8 for Cs+). These
differences between the conventional resins and Nafion are due to the
lesser hydration for K" and Cs” in Nafion which causes a stronger
interaction of the cation with the sulphonic group. From infra-red
measurements made on Nafion by Lowry and Mauritz (14) it may be

. deduced that in the case of Cs' or even Rb+, outer or even inner sphere
complexes are formed with sulphonic group even in the hydrated
membrane, while in the case of Na® or K+, completely dissociated
hydrated ion pairs are formed (due to their much larger hydration

shell) .
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Tables (4-1) and (4-2)

The selectivity coefficient (Kg) and ionic fraction of the two
competing ions of H' and K in the solution and membrane are given
for Nafion 125 (Table (4-1)) and Nafion 117 (Table (4-2)) over a

complete range of loadings.



Table (4-1)

Ionic Fraction in Ionic Fraction in Selectivity
Solution Membrane Coefficient
Xy Xg Xy Xg Ky
0 1.0 0 1.0 -
0.085 0.915 .032 0.968 2.810
0.166 0.834 0.073 0.927 2.528
0.245 0.755 0.117 0.883 2.449
0.414 0.586 .182 0.818 3.175
0.566 0.434 .283 0.717 3.302
0.642 0.358 .334 0.666 3.576
0.698 0.302 0.427 0.573 3.102
0.758 0.242 .454 0.546 3.767
0.864 0.136 .652 0,348 3.391
0.921 0.079 .745 0.255 3.990
0.973 0.027 . 846 0.154 6,560
1.0 0 1.0 0 -

Barred Symbols in the membrane phase

H = hydrogen :

K = potassium

4-11



Table (4-2)

Ionic Fraction in Ionic Fraction in Selectivity
Solution Membrane Coefficient
Xy X Xy X | Kp.

0 1.0 0 1.0 -
0.800 0.920 0.029 0.971 2.912
0.158 0.842 0.060 0.940 2.946
0.241 0.759 0.084 0.916 3.463
0.390 0.610 0.157 0.843 3.433
0.537 0.463 0.232 0,768 3.839
0.597 0.403 0.289 0.711 3.639
0.656 0.344 0.347 0.653 3.588
0.719 0.281 0.400 0.600 3.838
0.798 0.202 0.575 0.425 2.920
0.895 0.105 0.722 0.278 3.282
0.934 0.066 0.809 0.191 3.341
0.976 0.024 0.892 0.108 3.918

1.0 0 1.0 0 -
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Table (4-3). Water content of Nafion and Dowex 50 (mol HZO/mol SO

3)
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Ion Nafion Dowex 50 (3)
117 125 12009 43 DVB 83 DVB 163 DVB

g 17.94 15.28 16.7 - - -
Lit 16.70 14.41 14.3 23.2 11.7 7.2
Na* 14.27 11.37 11.9 20.6 10.2 6.5
K" 10.90 9.21 8.8 18.9 9.0 5.9
Rb™ - - 7.7 19.0 8.8 5.9
cs” - - 6.6 19.0 8.8 5.7
ca’? 15.27 _  12.68 12.9 - - -
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Figure (4-1)

K /u* exchange isotherms for Nafion membranes equilibrated
with mixed potassium chloride and hydrochloric acid solutions of
total molarity 0.05M.

(a) V‘For Nafion 125 : EW 1200

(b) For Nafion 117 : EW 100
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4-15



NAFION 117
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Figure (4-2)

Selectivity coefficients, Kg (eqn. 4-2) for Nafion membranes;
as: a function of the equivalent fraction of K in solution of
(HCZ% + KC1%) of total concentration 0.05M.

| X - Nafion 117 (EW 1100)

® - Nafion 125 (EW 1200)
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CHAPTER 5

Electrical Conductivity



5.1 INTRODUCTION

Perfluorinated ionomer membranes are widely used as separators
in electrolytic and fuel cells. A primary consideration in such applicat-
ions is the membrane conductivity, because ohmic losses due to membrane
resistance can significantly increase energy consumption of electrolytic
cells and energy loss of the fuel cell. Extensive studies of the
conductivities of conventional (sulphonic acid) Nafion membranes in
various industrially important electrolytes have been carried out in
several laboratories in recent years. The conductivity of perfluorinated
carboxylated membranes .has been studied only in alkaline electrolytes
because of its primary application in chlor-alkali industry.

These carboxylated polymers in the acid form are not desirable
for other electrochemical applications because they have very high
" resistances (1) compared with Nafion membranes in SPE cells (solid
polymer electrolyte) water electrolyser (2). This is primarily due to
small membrane swelling and slight dissociation of the carboxylic acid
group in water. The conductivity of Nafion membranes has been found
to be strongly affected by the history of treatment of the membrane
(3,4) and it is apparent that electrolyte uptake is an important factor in
determining membrane conductivity and the voltaic efficiency of many
membrane cells. The electrical conductivity of electrodialysis membranes
is a fundamental property which is not constant but depends on the
nature of the lesser counterion and to a lesser degree on the concentrat-
jon of the solution with which the membrane is in equilibrium. To
investigate this, Nafion 125 membrane (which has sulphonic acid groups)

was studied in a variety of homoionic (H+, K+, Na+, Li+ and Ca2+) forms



and in mixed H /K" forms over a complete range of loading. Charged
membranes can include in their structure many ions or ionizable groups;
one essential ionic component is chemically bound or otherwise retained
by the polymeric matrix v(the so-called fixed ion). The other essential
ionic component is a mobile, replaceable ion (so-called counterion) which
is electrostatically associated with the component. These membranes
are in effect permeable only to the counterions, while resisting the
direct flow of liquids and ions of opposite charge (co-ion).

Co-ion (in this case, chloride) uptake was effectively
eliminated by examining the test membranes in sufficiently dilute
electrolyte.

The internal ionic molalities of counterion per fixed sulphonic

acid group in these Nafion 125 membranes were in the range of 4.6-7.3

" mol kg-1 of solvent in the exchanger. They may therefore be considered

to be very concentrated binary electrolytes. It should be noted that

in this concentration range the average number of water molecules

per ion pair of counterion and sulphonate fixed charge will be less than
12 molecules of water or less. It would be expected that the
interactions between ions would be large since the membrane molalities
for all but Li" and H' exceed saturation values to those of all common

salts. It was expected, therefore, that water content would play an

5-2

important part in determining the variation of conductivity of ion exchange

membranes.



5.2 EXPERIMENTAL

The electrical conductivity of membranes may be measured in
several ways; these fall in two broad categories.

The first is the direct method in which a constant voltage is
applied to a strip of membrane and the current measured together with
potential difference Ay between two identical probe electrodes placed in
a region of uniform current density, I (i/A). The electrical
conductivity K is calculated from the potential difference, AV, the
exposure area of the membrane, A, the currént i, and the distance

between .electrodes , ,QSS)

- _ g | _
K = WA (51)

There are several technical disadvantages to this method.

These are the difficulty of overcoming the effect of interfacial resistances

and the fact that the measurement is made along the length of the
membrane strip, whereas most other transport measurements are made in
the direction normal to the membrane surface. If the membrane is
anisotropic then the results obtained by the direct method may be in
error if they are used in conjunction with other properties which have
been measured along different paths.

In this work an indirect method has been used for the
conductance of a cell containing electrolyte, measured with and without
a membrane as separator. The actual cell used in this work and in

(6)

many previous studies in this laboratory

(M

in the US manual for testing permselectivity membranes

5-3

was constructed as described
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The cell, Fig. (5-1) is designed for use with membrane in
dilute electrolyte. As long as the electrolyte is rather dilute (C<<X
the membrane capacity), the conductivity of the membrane which has
higher ionic concentration (and is an excellent electrolytic conductor)
is greater than the dilute electrolyte, there is difficulty in obtaining
a precise value for the membrane conductivity. In order to increase
the accuracy of the results, the cell design that the electrodes area
and the electrolyte volumes have been made as large as is practicable
and the exposed area of the membrane reduced to as small an area as
is practicable (without measuring significant edge effect). The membrane
area exposed was very small (0.0907 cmz) compared to the whole disc
area (13.85 cmz).

When the cell had been assembled it was filled with pre-
‘degassed solution, carefully ensuring that no air bubbles remained inside.
The cell was placed in a polyethenebag, then the assembly was positioned
in a thermostat water bath maintained at 25 % 0.01°C; the bag collapsed
around the cell, allowing good thermal contact, while preventing the
conductivity cell from being contaminated by thermostat liquid.

The all-Perspex conductivity cell is a poor heat conductor and
so although immersed in the thermostat bath as described, it would not
allow efficient thermostat control of the cell solution. To overcome this
difficulty and to ensure good temperature control of membrane and
solution within the measurement all, the cell was connected to a
thermostatted reservoir of electrolyte, Fig. (5-2), which could be
trickled through the cell. The flow of the solution was stopped during
measurements, which were taken at regular intervals over 90 min.
Equilibrium thermal and chemical was indicated by constancy of measure-

ment to +0.1% otherwise the whole procedure was repeated.
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To determine the electrical conductivity of a membrane in
equilibrium with a particular electrolyte, the conductivity cell must be
firstly used filled with electrolyte only and then the measurement of Rs'

The cell is then removed from the thermostat bath, dismantled
and the test membrane, whose surface has been dried by plotting with
fibre-free filter paper, placed in position. The cell is then returned
to the thermostat bath and the thermél equilibrium process repeated as
before. The conductivity and hence the resistance of the membrane

is found by subtraction as follows:
R = R - R (5-2)
Conductivity Kk of the membrane is then obtained

1 |
R_ (5-3)

>l

where 2 is the membrane thickness and A the exposed area.
In the measurement of K described above correction for edge

(

effects 8) for an &/A ratio of 0.2 or less is within the limits of
experimental error., In this respeét, membrane 2/A ratios smaller than
0.2 may be considered ideal in that the edge effect is negligible.

In this work Nafion 125 membrane with an £/A ratio = 0.16,
the edge effect may be neglected.

All measurements were made using a Wayne Kerr B33l

conductivity bridge (Section 5-3) capable of accuracy of 0.01%.



5.2.] Conductivity Bridge

Membrane conductance measurements were made using a Wayne
Kerr Autobalance Precision Bridge, type B331 MKII. This instrument
displayed capacitance and conductance simultaneously on two meters and
six digital decades, three for capacitance and three for conductance,
and allowed an accuracy of % 0.01% to be attained. A "lead eliminator"
circuit was incorporated to eliminate completely any error caused by the
finite resistance of connecting leads. Measurements were made at an

AC frequency of 1591.55 Hz, at which w= 104 rad/sec.

5.2.2 Tortuosity

A mobile species diffusing from ingoing face to outgoing face

of the membrane is forced to take a path longer than the free solution

path due to obstruction of the polymer segments. Attempts have been
made to estimate this factor "tortuosity, ©". There are
different expressions which estimate tortuosity, ©. Mackay and

Meares,(g) on the basis of a lattice model, have calculatéd © to be

© , where
m
o = (& -1t (5-4)

which has been widely tested. It has been found in this work, as in
previous studies(é’ 10) that a better correspondence between diffusion
coefficients of exchanger and analogous electrolyte solutions is obtained

when the tortuosity factor developed by Meares is reduced to

(2}



0 = (T - 1) (5-5)
o Vaw
where
* —
0 = /0 » V = volume fraction of water
m m .

in membrane

(11)

The other expression of Prager provides the least

arbitrary estimate of O, @p in

, 0.5(1V_)°
S = = - — — - (5-6)
P Vo (1-V_ +7V_InV )
w W w
_ Vo1
- If V is close to unity only the first term (— ) of the
Vw+1

expansion of the series for ln-\—/'W need to be used. The equation now

becomes

(5-7)

which is a form similar to eqn. (5-5) since, as VW - 1, Qp leads to
* )
(—{72- - 1) which is designated @m in eqn. (5-5). Fig. (5-5) shows a

w —
plot of eqn. (5-5) and (5-6) over the range 0 Ve 1.



. 5.3 RESULTS AND DISCUSSION

5.3.1 Conductivity of Homoionic Forms

Electrical conductance k of Nafion 125 perfluorosulphonic acid
membrane (its main physical properties are given in Table (5-3)) at
25 * 0.01°C in homoionic forms H+, Na+, K_+, Li+ and Ca2+ are shown in
Figs. (5-3a) and (5-3b) as a function of the concentration of the external
solutions in which the membrane had been equilibrated. The equilibrium
- chloride solutions were ranged from 0.05-0.2M. Conductivity data are
tabulated in Table (5-1). The overall impression is one of extreme
complexity - there are no general trends. For example, in Fig. (5-3a)
the H-form and K-form may be compared. The hydrogen form which
has, as expected, the largest conductance after an initial drop in
A conductivity, shows a pronounced minimum in 0.1M HCR. Thereafter, an
increase in the conductivity of the membrane is observed. The K-form
on the other hand, has a conductance ten times smaller, but which
decreases relatively little with change in equilibrating KC4& concentration
over the same range.

This overall impression of complexity is measured by observing
the corresponding variations in the conductivity of other ionic forms:
Na+, Li* and Ca2+ forms are shown together with K" data of Fig. (5-3a)
in Fig. (5-3b). Again we see that while the conductivity of Na® and
Li* forms rise steeply with increased external solutions, conductivity of
the calcium form increases also, but linearly.

On increasing the external electrolyte concentration, the

Donnan uptake of electrolyte will increase which, accompanied with an



increase in the ionic concentration within the membrane, would be
expected to increase the conductance. In some cases, however, the
effect is reduced or even reversed by the (osmotic) shrinkage of the
membrane phase in more concentrated electrolytes. Both effects are
seen here in this membrane system.

One possible explanation which can be given for the observed
trends in the conductivity is that the‘ membrane swelling may have a
particularly important effect in these perfluorosulphonic acid membranes,
since they are known to have an island structure of sulphonic micelles
in their less swollen forms.

The behaviour has already been observed( 12) for Nafion 125
in homoionic forms in alkali (LiOH, KOH and NaOH). Those results
are consistent with the above interpretation of results obtained with
. chloride salts in this work.

In other studies the conductivities of Nafion 125 were measured(
in NiC%;and NaCJZsolutions at different electrolyte concentrations.  The
conductivities of the membrane changed with electrolyte concentration
but were higher in NiC{; solutions than in NaC{% solutions of comparable
concentration. This is due to the smaller affinity of nickel ion for the
charged sulphonic acid of the polyelectrolyte skeleton. Also the
conductivity of Nafion 120 (1200 EW) was measured(M‘) at different NaC%
concentrations and it was found to increase rather steeply with increasing
molalities of external solution as a result of increasing Donnan uptake of

the salt.

13)
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The conductivities of Nafion 125 membrane in mixed H' /K
forms were measured over a complete range of concentrations, Table
(5-2). Conductivity, K, is shown as a function of ionic loading

)‘(K (=1—XH) in Fig. (5-4).

5.3.2 Conductivity of mixed H'/K" forms

The conductivity falls from 42.04 x 10-3 ohm-l crn—1 for pure

3 ohl'n—l cm_'1 for pure potassium form.

hydrogen form to 5.47 x 10~

The ratio of these two conductivities is 8/1, which is somewhat
larger than the similarity to ‘the ratio of their mobilities in free solution.
The conductivity of the mixed H+/K+ forms decreases és HY is replaced
by K" and shows pronounced minimum with a slight rise in conductivity
in the last few percent loading to pure K~form.

The linear curve, Fig. (5-4a) is that predicted by a simple

mixture rule
+ X_K : (5-8)

and, by comparison, illustrates the very large negative deviations of
the experimental data. .

Such deviations have been observed before for CaZ/Na+
exchange on AMF C 60 polystyrene sulphonic acid mernbranes.( 6) They
are observed also, but only to a much lesser degree, in concentrated
salt mixtures in free solution in water.(ls)

For Cazi"/Na+ exchange and for free salt solutions the effect

is explained by the contribution of cation-to-cation coupling.(é) Miller
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gave a number of precise measurements of these coupling coefficients,
and showed that they could be predicted from the binary solution data
(for coupling coefficients) with reasonable accuracy, using his own

empirical relationships. Paterson reshaped these methods and applied

them with success to the AMF C 6 membrane(ﬁ)and successfully predicted

0
the large negative deviations in the Ca2+/Na+ exchange data on that
membrane.

The application to the membranes involved the basic assumption
that the mixture rule, eqn (5-8) applies to the direct mobility coefficients
and that cation-to-cation coupling coefficients follow Miller's rules,
transposed to a membrane-fixed (that is, an ion-fixed) frame of
reference for flows.

A similar analysis was applied to these measurements.

- Insufficient data were available to make a complete analysis. Within
the terms of the above method, the analysis was applied, butf only to
assess the deviations, due to coupling between H® and K* when their
coupling coefficient in the membrane was at its maximum value at each
composition. Any coupling coefficient Lik may be positive or negative
but is restricted in its magnitude by the laws of thermodynamics, such
that

2

(L) € Ly Lo

The square of the coupling coefficient must be lesser than

or equal to the product of the direct mobility coefficients.



This requirement follows from the fact that the rate of
production of entropy must be positive for a spontaneous (irreversible)
process.

With this assumption of maximum coupling and application of
the mixture rule to predict the direct coefficients, the conductivity of
mixed ionic forms was predictable. Used with H' /K~ data, it gave a
very reasonable prediction of the obsérved trends in the conductivity
including a minimum in the curve, Fig. (5-4b). These predictions show
deviations from the 'mixture rule’ which are somewhat larger than
observed as might be expected, since this is an estimate based upon a
maximum coupling model. These calculations also made allowance for
the very large changes in water content, and so included the changes
in the tortuosity of the membrane phase as it was converted from H- to
K-forms. This analysis therefore appeared both plausible and successful.

Transport numbers for H' and K~ were obtained from bi-ionic
potential measurements in Chapter 6. Direct experimental evidence was
obtained there which showed that the H' and K* when each at 50%

loading, had equal transport numbers:

LN

This remarkable and well substantiated result is discussed in detail in
Chapter 6. It shows, however, that the basic assumption of the
modified 'mixture rule' can not apply to Nafion membranes since the two
jons H' and K+, which have mobilities separated by almost one order

of magnitude in solution, have equal mobilities in the membrane (at least
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at 50/50 loading of HY/k"). Using irreversible thermodynamics, the
transport numbers for H” and K in the mixed forms are given by

eqns. (2-21,22)

v Lyg * Lgxk
B ~ o

and
o Lg * bux
K o

where o = K/FZ, éqn. (2-19) and LHK = LKH by the Onsager reciprocal
relationship. It is obvious therefore that the direct mobilities of '

and K" ions in the 50/50 mixed form are equal:

This precludes any possibility that we used the mixture to calculate

L and L as in the model outlined above.

KK
In that model the mobilities LHH and LKK are presumed to

HH

be proportional to their mole fractions, such that

. T o _ s 2
Lyg = Xy lpg = Xy <g/F
L = %1% = Xk, [F°
KK K “KK - K “k

where L;IH and L;K are the mobilities of H® and K in the pure homo-

ionic membranes.
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Although this calculation was further refined to include the
scaling effects of changing tortuosity, it nevertheless remains obvious
that LHH and LKK can never be equal. If a mixture rule applied,
even approximately to the Nafion membrane.

The fact that it holds for AMF C()O membranes (for which a
complete set of data was available) but not for Nafion membranes,
suggests that they are very different in ionic transport mechanisms.
Their water content is much lower in Nafion membranes which would
make them less like ionic solutions. More important, however, is the
'island' structure or micelle structure which has been proposed by many
Workers(]'?’ 18,19) The membrane may therefore consist of a dispersion
of highly concentrated electrolyte confined to island micelles in the
polymer, with, largely or completely uncharged and unhydrated regions
between. The conversion from H-form to K-form expels water from
possibly increasing the effect.  The current controlling step would
therefore be transport of ions through largely uncharged, unhydrated
regions, for which little information is available. Further work to
resolve this mechanism is being considered.

The exercise was, however, a useful one, showing that a
'good-fit' does not necessarily signify a good explanation, especially

if the test is based on a limited set of experimental measurements.

This is particularly true of membrane studies.



Table (5-1)

Electrical conductivity Kk x 103 (ohm"l cm—l) of homoionic forms
of Nafion 125 membrane at 25 * 0.01°C in solutions of the corresponding

chloride electrolyte at the concentrations given.
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Tonic
Forms] g* Lit Nat K* ca’t
C(mol/L)
0.025 - - - - 1.251
0.05 59. 88 2.048 4.371 5.588 1.491
0.10 42.04 3.818 7.160 5. 466 2.027
0.20 46.77 4.799 7.304 5.356 -




Table (5-2)

Conductivities of mixed K+/ H+ forms of Nafion

at 0.1M ionic strength.

125 membrane

Ionic compositions Electrical
solution membrane conductnglty
——— _ —_—_ Kk x 10

XH XK XH XK ohm-1,cm™1
0 1 0 1 5.47
0.08477 0.91522 0.0322 0,9678 1.72
0.2449 » 0.7551 0.1166 0.8834 2.34
0.4140 0.5860 0.1818 0.8182 3.70
0.5660 0.4340 0.2834 0.7166 5.25
0.6982 0.3018 0.4268 0.5732 17.69
1 0 1 0 42.04

X: ionic fraction in solution

i

ionic fraction in membrane
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Table (5-3)

5- 17

Physical characteristics of Nafion 125 membrane at different loading

of H'/K" form.

Capacity = 0.2364 mmol/disc

Equilibrating in 0.1M total concentration.

Dry weight = 0.3045gm
] ] I | ] ] |

LN X
X H 0 0.10 0.30 0.50 0.70 0.90 1.00
QJ.. ‘IC‘
NI
1-&.9\
Wet wt. of 0.3369 0.3387 0.3411 0.3429 0.3454 0.3457 0.3548
the disc
(gm)
Wt. of H,O/ 0.0323 0.0342 0.0366 0.0384 0.0409 0.0412 0.0503
disc(gm%
d(gm/cm) 1.0014 1.0022. 1.0019. 1.0016 1.0013 1.0010. 0.9987
V(cm3) 0.1623 0.1609 0.1605 0.1584 0.1586 0.1564 0.1589
Vw 0.1991 0.2125 0.2279 0.2423 0.2577. 0.2634 0.3165
m(molal /kg 7.3189  6.9122 6.4590 6.1563 5.7799 5.7378  4.6998
of pore HZO)
*
6m=(%—/: -1) 9.045 8.4118 7.7750 7.2522 6.7595 @ 6.5930 5.3191

w
6m=(V‘;_1)2 81.8157 70.7578 60.4510 52.5944 45.6903 43.4678 28.2930

w
*
ep*= 8.8847 8.3376 7.7892 7.3400 6.9176 6.7751 5.6874

reference (9).

*k
reference (11)
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Figure (5-3a)

Electrical conductance K ohm"l ‘cm"1 of Nafion 125 membrane
in hydrogen and potassium forms at 25 + 0.01°C as a function of
concentration of equilibrating solution of HCZ or KC4 respectively in
mole/L.

o - H+ form and @ - K+ form
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b= 44

Figure (5-3b)

Electrical conductance K ohm_l cm-1 of Nafion 125 at
25 + 0.01°C as functions of the concentrations of equilibrating

chloride solutions in mole/L:-

o- K+ form, X - Na+ form, A - Li+ form and & - Caz* form
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Figure (5-44a)

Conductance K ohm_1 cm—1 of Nafion 125 in mixed H'i'/K+
forms at 25 £ 0.01°C as a function of equivalent fraction of K*

.~ in the membrane, )_(K.
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Figure (5-4b)

Electrical conductivity ohm-1 cm—l
o experimental data
- in the absence of coupling
X estimate for maximum coupling made with omitting
tortuosity
- ] estimate for maximum coupling made by inclusion of

tortuosity
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Figure (5-5)

Tortuosity factor, ©, plotted against the volume fraction

of water 'VW' in the Nafion 125 membrane.

©® - Meares G*m eqn. (5-5)

% - Prager @p eqn. (5-6)
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CHAPTER 6

Single and Bi-ionic Membrane Potentials



6.1 INTRODUCTION

An electrical potential is developed when a membrane separates
two ionic solutions which differ in composition and/or concentration.

The resulting membrane potential may be used to determine the transport
numbers of the ions in the membrane phase.

In this work the primary requirement was to study the bi-ionic
membrane potentials developed when the membrane separated solutions of
H'/K" of differing composition.

Sollner(l’z) first showed that the bi-ionic potential (B.I.P.)
was a function of the composition of exchanger and hence depended upon
its selectivity as well as (more obviously) on the differing mobilities of
" the component ions. This now appears an obvious conclusion since the
condition for steady state diffusion of ions across a membrane requires
that there will be no electrical current, ecin° (6-1)

n
I = 3 ziJiF = 0 for all ions, i (6-1)
1=

1

where 245 Ji are the signed valencies and flows, respectively. Since mem-

brane flows may be expressed as a product of local concentration and
ionic wvelocity, Ji = Eivi’ it is obvious that composition must play a major
role, as Sollner observed.

Since our interests lay in comparing mobilities of the ions K"
and H' in mixed forms of Nafion and other membranes, the B.I.P.s were
measured for systems in which the membrane was 50/50 in each ion
(X, =X,, =0.5. The selectivity data of Chapter 4 showed that this

K H
composition would be obtained for a solution 0.01215M KC&, 0.03785M

6~



HC 4 with total ionic strength 0.05M.

As before, this ionic strength was used as a working
compromise to allow minimal co-ion (chloride) uptake and yet did not
involve any other major side effects, such as in the measurement of
conductivity, where membrane resistances in very dilute solutions posed
problems or in diffusion where film diffusion effects might become
significant and troublesome. |

The interdiffusion of ions across charged membranes is usually
much faster than salt or electrolyte diffusion and so such film effects
would be expected to pose problems in this work unless dealt with by
careful design of experiments (see Chapter 7).

Unstirred films at solid/liquid interfaces are unavoidable(s)
and to minimise their effects it is usual to stir the solution phases
. vigorously. If this stirring is well defined hydrodynamically, even
small residual effects of unstirred layers on transport and electrical
potential measurements may be corrected by calculation.

Professor J.W. Lorimer has developed a new theoretical
treatment based upon 'flowing junction' cells in which a jet of solution
impinges on each side of the test membrane. Professor Lorimer's

(4)

experimental verification of these theories was incomplete when he
visited the laboratory on Sabbatical leave. During this research, while
he was in Glasgow, a new cell was designed and tested (most success-
fully) using single electrolytes and was later used for bi-ionic potential
studies.

The value of these B.I.P. studies in understanding the

behaviour and performance of Nafion membranes lay in the analysis of



the resulting transport numbers (and mobilities) of the hydrogen and
potassium ions, 50/50 in membrane (}_{K = XH = 0.5). Time did not
allow analysis of the correlation of composition and transport number for
the HY /K" system over the complete range of loadings but the results of
the 50/50 system are strikingly unusual and suggest that such studies
would be profitable.

The new membrane cell was used to study the Ho/K® system
of B.I.P. centered on measurements in which one of the two solutions
used was always that which created a 50/50 composition in the membrane
surface in contact with it.  The other solutions, which need to be
different from this reference, in order to obtain measured potentials,
~ were those which generated membrane (surface) compositions, 100/0,
80/20, 60/40, 40/60, 20/80 and 06/100.

The membrane compositions are expressed as percent H' to
percent K' in the membrane and later from the selectivity data of
Chapter 4.

In all cases solutions with total ionic strength of 0.05M were

used at 25 * 0.01°C.

6.2 Theory

In some studies the 'membrane potential' is measured using
two calomel (or similar) reference electrodes placed in the electrolytes
diffusing across the membrane. The EMF of such a cell is sometimes
defined by experimentalists as the 'membrane potential' since it is assumed
that there is negligible differences in liquid junction potentials created

at the reference electrodes in each half-cell.
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There are fundamental objections to this, since by arbitrary
assumption, membrane potentials are no more experimentally measurable
than single electrode potentials are. It is, however, often a practical
and seemingly reasonable (if arbitrary) definition of measurable membrane
potentials.

In this work however, H'/K" solutions of widely differing
compositions were used in the B.I.P. studies and the assumption that the
liquid jJunction potentials of calomel reference electrodes (with KCQ salt
bridges) are negligible would certainly cause large errors.

(5.0) 11 EMF

To avoid such problems, as in earlier studies
of the silver/silver chloride concentration cell was measured and used for
a test of the diffusion film correction technique and to estimate transport

numbers. This same set-up was used to determine the transport

+ + . . .
‘numbers of H and K in mixed ionic forms.

'Ag/AgC% |solution' |'membrane" |solution" |[AgC&/Ag"

6.2.1 Single ion potentials

In the absence of unstirred layers in the solution phase the
EMF of this cell, which is the difference in electrode potential, E, between

electrode' and electrode” is wlﬁ.g— Ag (V) and is directly measurable.

E = (Y oV ) =Wy g~V +(UL =0 ) + (U ) (Y -00) +(WI-y )
(6-2)



6-5

It may be identical, e.g. the algebraic of five electrical potentials.

(U)}_\g—w's) and (‘”Kg‘wg) are the single electrode potentials of

the silver/silver chloride electrodes where

* _y¥) = EO© - * -
where K = RT/F and the symbol * = ! or ",
(wr'n—lp's) and (“’&"”2) are the Donnan potentials between the
membrane and its contact solutions at side ' and side " respectively.
It is then easily shown that

a.
(V*-y¥) = - K fa ()
1

l/zi

(6-4)

. where Ei and a, are the activities of ions involved in the equilibria,
in this case, chloride and the single counterion. For B.I.P.s the two
counterions, H® and K (and C&") are represented. The remaining
potential (lp;n—w;;]) is the diffusion potential across the membrane and it

(6)

is easily shown that the potential is given by extended Henderson
equation, quite analogous to that used to describe liquid Junction

potentials, eqn. (6-5), (see Chapter 2 for method of derivation).

NI |
[y

URUNIEND) {" 1K d(an ) + j'" T, K d(in ) (6-5)

all ions ' i
where K = RT/F.
The activities with barred superscripts refer to the membrane

phase and the integration is taken across the membrane from one side
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(side ') to the other (side "). El are ionic transport numbers, while

t 3 represents the transference number for water species 3.
In common with normal electrochemical procedures it is usual
to define integral transport numbers Ti across the membrane, such that

eqn. (6-5) becomes

"a.ll . a 1

T.
(pr-ym) = ¥ 2k an (L) +T, K tn (=) (6-6)
m ‘m . z, - 3 -
all ions “i a,' a,'
i 3
where T3 is the corresponding water transference number. 'i/\\p /
.

For a simple electrolyte MCAL_ (x'=le| ), the total EMF, E,
as defined in equation (6-2) becomes eqn. (6-7) using eqgns. (6-3),

(6-4) and (6-6) after some rearrangement).

MCg " Y" a_n

) Ty Kin [ x17%, T, K (=) (6-7)
1 1

M (MC2!L T v, a,

1]
—~~

= (i =y
E (wAg Ag) Z

where [MC ’Q’x] and Y, are the molar concentration and mean molar

activity coefficients of the electrolyte MC 'Qx'

6.2.2 Bi-ionic potentials

For B.I.P. the EMF, E, is once more defined as in eqn.
(6-2) with each component potential defined as previously. This
includes the diffusion potential, which has identical form to eqns. (6-5)
and4(6—6), but now the two ions are both counterions. A third ionic
term in eqns. (6-5) and (6-6) would be added if chloride was present

in significant amounts in the membrane phase.



The final equation, corresponding to eqn. (6-7) for a single

jon or at least single potentials is, however, of a somewhat different

form. For a B.I.P. in which only two counterions are involved

eqn. (6-8) becomes

) _a—' T an 'rf on
E=-K fnal, ~K fn (;22) % 2K #n (57) + = K fn X,
c H H Zg ale
;u al
+ T.K tn (=) +K tn (%) + K 2n a" (6-8)
3 = ‘a ce
a3 Cc

(The Donnan potentials, eqn. (6-8) are expressed in terms of chloride

here). Simplifying eqn. (6-8) becomes

gn ;n z T 5._" al. z
B =, Vi) =5 Kt (=25 + 2K dn (22
1 [} [} [}
H ay 202y K agan o ZK
a3
+ T3 K &n (—_T‘) (6-9)
as

The Donnan equilibrium condition, eqn. (6-10), allows ion

activity products in the membrane to be expressed in terms of solution

activities,

- - A
(ai‘aCR,)

(ai . aCR,) (6-10)

6-7



It is also easily shown that the activities of water in the

membrane and solution are equal, if defined relative to the same

standard state (pure water, at 1 atm pressure, 298.15K), so that

a§=

5’3'5 (* ="' or ") at each membrane surface (side ' and side ").

The B.I.P. E, is therefore easily expressed in terms of solution

activities, eqn. (6-11), expressed here for the ut/xk* B.I.P.

all a" T
E=_HOK Q,n(;H—a,c—Q')+Z—I-<K,Qn(
Zy H %Ce K
since a,. a = [H+] [C%] Y2
H 2Ct HCY
and  ag ag, = [K'HCLTT v,
WheretYHcg,

and similarly for KCQ.

n 1"
3k 2Ce
o

Ak 2cs

)

+ T

3

a"
K n (a—,3) (6-11)
3

is the mean molar activity coefficient of HCZ in the solution,

For the particular case considered here of a constant total

ionic strength 0.05M and so a constant chloride concentration of same

value, eqn. (6-11) becomes

T +_ 0 v
B = _Hg g (B IO
1
3
+ T3 K &n (87)

3

"
Yikce

i

YikCy

(6-12)



6.3 EXPERIMENTAL

6.3.1 Membrane cell

The cell was made of Perspex (pexiglass) and consisted of
two symmetrical mains halves (A) basically similar to that described

(7)

by Lorimer et al. but completely different in design and operation,
with many features which are absent in the original cell. @ Each half
consisted of three parts, Fig. (6-1).

The main part (A) was fitted with 'Quickfit' tapered B10
glass cones mounted, using Araldite adhesive. The upper (B) held the
flow meter (G), and the other below (C) was connected to the electrode
chamber (H), Fig. (6-1). The screw seals (D and E) were designed
to give the freedom to mcve the flowing tube (I). This carried a
scale to record positions as they were moved forwards or backwards
from the membrane surface during tests. Both seals were threaded
and would move relative to each other and the main cell unit. Each

was furnished with an O-ring to prevent leakage between the cell

solution and the water bath.

6.3.2 Membrane holder

The membrane holder (F), Fig. (6-2) consisted of two discs
turned and threaded to fit the main parts (A) of the cell. On one side
a circular disc was milled out to hold the membrane, Fig. (6-2). The
second disc correspondingly protruding to fit the milled depression in

its partner. They were also equipped with O-rings designed to hold
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the membrane and also to prevent leakage between the two halves of the
cell and the water bath also. A number of membrane holders were made
with different holes; these were made at diameters of 0.1, 0.2 and 0.3 cm.
After testing measurements were taken with a hole 0.3 cm in diameter with
bevelled edge to permit excess of flowing solution to flow freely from the

membrane surface.

6.3.3 Solution reservoir

Solutions were kept in two reservoirs (J), each of ten litres
capacity and fitted with thermometer (K). The reservoirs were placed
94 cm above the cell, and both were fitted with constant head devices
(L) which gave a uniform flow through the cell, (Fig. 6-1). By
circulating water at 30°C through double condenser jackets (P), the
. test solutions were maintained at a temperature of 25 + 0.01°C. The

solutions were stirred continuously, as shown in Fig. (6-1).

6.3.4 Electrode chamber

The electrode chamber (H), Fig. (6-1) consisted of two
similar glass test tubes, one on each side of the connection to the
joined main cell. These were interconnected by glass tubes and fitted
with valves (V) to permit change of electrodes if necessary.

The electrode chamber was connected to the cell by a B10

cone (C) to fit its partner at the bottom of the cell, Fig. (6-1).



6.4 Silver/Silver Chloride Electrode

Silver/silver chloride electrodes (N) were prepared with bias
potentials ranging between 0.02-0.065 mV. Four such electrodes giving

the lowest bias potential were used, Fig. (6-1) in each experiment.

6.4.1 Silver/silver chloride electrode preparation

The electrodes were reversible silver/silver chloride electrodes
prepared by the thermal-electrolytic method.(g) The electrodes
consisted of a spiral (0.3 cm diameter) of 2-3 turns of platinum wire.
This was sealed into a B10 standard taper joint with an extension.

The platinum spirals were cleaned by boiling briefly in concentrated
nitric acid followed by repeated rinsings with distilled water. The
platinum spiral was then covered with a paste of silver oxide using a
small spatula. The inside of the spiral was completely filled and the
spiral totally covered with paste to form a ball of suitable dimension
(0.4 or 0.5 cm in diameter). It was then heated, at first slowly, to
100°C to drive off water and preclude the possibility of sputtering by
rapid formation of steam and to permit superficial drying.

The temperature was then raised at a uniform rate to 450°C .
The electrodes were permitted to cool within the furnace to avoid thermal
shock. For the second coat, a paste of much thinner consistency was
used. The reduction of the second coat of silver oxide was performed

in the same way.

6-11
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6.4.2 Chloridization

The silver/silver electrodes prepared as above were then
chloridized as anodes in 1M hydrochloric acid. A platinum spiral similar
to those used for the preparation of silver electrodes, served as a
cathode. A current of 10 mA was passed through an assembly
consisting of six electrodes in series. The freshly prepared electrodes
were white or light grey in colour. A batch of electrodes prepared in
this way were short circuited and stored in a dilute KC& solution.

After two weeks bias potentials were measured between pairs of electrodes.
Pairs with a bias potential of greater than 0.1 mV were discarded.

Several pairs of electrodes reproducibly gave bias potentials between
0.05-0.065 mV. Before each EMF measurement, the bias potentials were
measured and the positive electrodes were placed in the dilute solution

.s0 that the corrections were always in the same direction.

6.5 Membranes and Reagents

Four types of membrane were used in these experiments.
Nafion (125 and 117) perfluorinated sulphonic acid membrane (E.I. Du
Pont de Nemours Co.) and AMF C60 graft copolymer membrane
(American Machine and Foundry Co., Springdale, Connecticut, U.S.A.).
This ion exchange membrane was prepared from low-density polyethylene
and contained 35% styrene and up to 2% divinylbenzene. To complete
the set of four membranes (uncharged) Visking dialysis membranes were
included for comparison. Analytical grade KC& or NaC% was used,

as previously.
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6.5.1 Resistance measurement of membrane emf cell

The resistance of the cell was measured by inserting a piece
of polythene . sheef in place of the membrane. The two halves of the
cell could be lined up reproducibly by means of six bolts and nuts.
Very slight pressure on the polythene sheet was sufficient to prevent
leakage.

The cell, with polythene membrane in place, was filled with
potassium chloride solution. Electrodes were inserted and the whole
assembly was supported horizontally by means of two clamps in the
water bath at 25 + 0.01°C. Its resistance was found to be 6.4 MQ,

measured by a Solartron 7075 digital voltmeter.

6.5.2 Test of the membrane cell

The membrane (M) was clamped between the two halves of the
cell, Fig. (6-1) in such a way that six coupling nuts and bolts separated
two solutions of the same concentration. The inflowing solutions
impinged directly on the membrane surface and the outflowing solution
passed through flow meters filled in the outlets of the cell (B). The
flows, ranging from 0-1000 mL min_1 were measured by two calibrated
Gilmont flowmeters F-1500, size 5, with 0.5 float diameter (G) and flow
capacity ranging from 30-1900 mL mir!

The silver/silver chloride electrodes (N) were put in place and
the whole assembly replaced in the water bath, maintained at 25%0.01°C.

The electrodes were connected to the Solartron 7075 digital voltmeter to

measure the potentials, Fig. (6-3).
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6.6 RESULTS AND DISCUSSION

Two series of measurements were made on the new experimental
flow cell. In the first, the EMF of simple concentration cells was

measured,
Ag'/AgC2|MCY' |'membrane" [MC2" |AgCL/Ag"

Sodium and potassium chloride solutions were used with two
perfluorosulphonic acid membranes (Nafion 125 and Nafion 117), a poly-
styrene sulphonic acid membrane (AMF 060) and with an uncharged
dialysis membrane (Visking). Bias potentials between pairs of electrodes
in each half cell were never greater than 0.065 mV. In preliminary
tests of the flow cell, it was assembled with a membrane in place and
" identical 0.1M KC% on either side. Membrane potentials under such
circumstances should be zero since the cell is entirely symmetrical. At
zero flow the measured potential was never greater than 0.03 mV. The
system was tested with constant flows, equal on each side at the
standardized flow rates used in the measurement of the experimental
work; 100, 200, 300, 500, 700 and 1000 mL min_l. These flows were
read directly from Gilmont flow meters which had been independently
calibrated and were shown to be reproducible to * 1%.

These null potentials were measured at all flow rates and were
zero within the limits * 0.1 mV and were stable with time over a period

of at least one hour, Fig. (6-3).



6-15

6.6.1 Single ion potential

For single salt measurements, all solutions were of Analar
quality. They were prepared and analysed for chloride using potentio-
metric silver nitrate titration and Gran plot analysis, which was accurate
to 0.2%. All measurements were made at 25 + 0.01°C using temperature
control units in the two solution reservoirs and the main water thermo-
stat in which the membrane cell, Fig. (6-1) was placed.

EMF measurements were made at each of the standard flow
rates in the range 0-1000 mL min_l. The flow rates were adjusted and
kept steady using fine control values on the solution outflow from each
half cell.

(4)

Lorimer in his test of this hydrodynamics theory was unable
to observe all of the theoretical features of a plot of the EMF of a

" concentration cell and the flow rate (Q). In particular, although his
experimental plots of EMF were in fact linear against 1//Q, the slopes
were of the wrong sign, positive and negative, rather than negative all
the time.

In a discussion with him, it was clear that the membrane cells
used in his tests were of restricted value. Their major defect was
firstly that the flow tube could not be adjusted so that the gap between
its outlet and the membrane surface could be varied. The second
limitation was that the effect of varying membrane area (exposed) was
not measurable. In his cell, both were “arbitraryly” fixed.

In the present cell, Fig. (6-1) the flow tube (0.7 cm internal

diameter, i.d.) could be adjusted to allow measurement at differing gaps
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Also by fitting a range of three interchangeable membrane holders, the
cell could be used with exposed membrane diameters 0.1, 0.2 and 0.3 cm.
Preliminary tests showed that there were significant differences between
the 0.1 and the 0.2 and 0.3 cm membrane diameter results. The two
larger holders showed no significant differences in measurements made
under otherwise identical conditions, lbut differed significantly from the
0.1 cm diameter holder. The holder with 0.3 cm diameter exposed
membrane was used in all other work. The smallest area was obviously
too small to allow the flow patterns expected by theory. A comparison
of Table (6-1d) and (6-1f) shows the major effect of using the smallest
membrane area of 0.1 cm diameter. 7

The impinging jet' of the cell solution will be affected by the
distance between this end of the outflow tube and the membrane surface.
This too was tested and it was shown that if placed at a distance of
0.5 to 1 cm from the membrane surface, the system gave indistinguishable
results. The effect of moving the outflow tube back from 0.5 cm to 1
cm (from 0.3 cm diameter menibrane holder) is shown in a comparison of
Table (6-2b) with (6-2d) .

A typical plot of cell EMF versus flow, Q, (for Nafion 125
between 0.01 and 0.02M KC4%) is shown in Fig. (6-4). As predicted
by theory, a plot of EMF against the reciprocal of the square root flow
rate (1/1/Q) was now found to be linear (in all cases studied here) with
a well-defined intercept at infinite flow (1//Q, = 0), Fig. (6-5). The
data of Tables (6-1) to (6-4) were analysed in this way.

A linear least square curve fit was used to obtain the EMF

extrapolated to infinite flow. Since in most cases these data were
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obtained in several separate experiments, it was possible to show that
for each concentration cell, slopes were reproducible to * 0.3% and
negative slopes (unlike the first tests by Lorimer) were of expected
magnitude. The analysis of these data are summarised in Tables (6-5)
to (6-8).

The EMF of a concentration cell is given by, eqn. (6-7)

1 n

n

Z MC4 Y a

E=(g, -yt )=y F g ogn [— 23 Z+T.K tn (=) (67
Ag "Ag z M 3
: M MC2® Y4 a
x + 3
where. K = RT/F

For all systems studied here, z'M, the valency of the cation of

the electrolyte is uﬁity. The mean molar activity coefficient may be

(9

calculated by Debye-Hiuckel equations. The final osmotic term in
eqn. (6-7) can only be evaluated if the transference number for water
is available. This was not measured in these studies, but may be
estimated by previous theéry, which firmly predicts its maximum value
and allows further refinement based on reasonable assumptions.(lo)

Using this method the maximum value of T3 is the ratio of moles
water ng to the moles of counterion Ny n,),/nM if a univalent counterion
M or equivalently 55.51/m where m is the internal molality of the
exchanger phase.

We may evaluate the water activities .3'3 and a% in eqn. (6-7) .
This may be done using the osmotic coefficient, ¢ (11). Such that

,Qnaw = -2m ¢/55.51 where m is the molality of solution and for 0.01009M

KCR, ¢ = 0.9187 and for 0.0201IM KCZ%, ¢ = 0.8913. Therefore the final
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n
terms of eqn. (6-7) TS K n ;3 has a maximum value of 0.04 mV.
The osmotic terms amount to less than 0.1 mV and may in any case be
ignored.

The transport numbers for the counterions are given in
Tables (6-5) to (6-8), calculated using eqn. (6-7).

It is seen that the counterion transport numbers are all
between 0.9 and 1.0, except for Visking dialysis membrane, which has
no (significant) charge on the polymer. The uptake of ions in this

membrane will be (almost) equal for cations and anions and this is

reflected in the transport numbers.

6.6.2 Bi-ionic potential

Bi-ionic potentials were measured in the flow cell, Fig. (6-1)

for the cell system.

Ag/AgCf | HCR' + KC&' | Nafion 125 | HCA" + KC&" | AgCe/Ag"

0.05M membrane 0.05 M
variable constant
composition reference

The solution on the right hand side (RHS) of the cell, as shown
above, was a constant, reference for all measurements. Its composition
was 0.01215M KC4%, 0.03785M HCQ, and produced an equal loading of gt
and K'l~ on the equilibrium membrane surface (see Chapter 4). This

will be referred to as the 50/50 membrane or, in terms of ionic fractions,

X-K = 0.5 = }_(H. This reference was chosen so that when the transport

numbers of potassium and hydrogen ions in equilibrium membranes were
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determined, their values would reflect only the relative mobilities of the

two ions since the contribution of ionic concentration would be equal in

both for
- “aYH
ty = == —
“aYm * &Yk
- but
— [_JH - =
ty = ——— (for the 50/50 membrane)
UH + UK
B.I.P.s were measured for six solutions, each against this
50/50 reference. These solutions were also chosen to give rounded

concentrations in the membrane 100/0 (the pure potassium form in 0.05M
KC4®), 80/20, 60/40, 40/60, 20/80 and 0/100 (in pure hydrogen form in
| 0.05M HCQ). The B.I.P.s were measured at flow rates of 100, 200, 300,
500, 700 and 1000 mL min-l, as before. The results are shown in Fig.
(6-6) and Table (6-9). The EMF was taken relative to the reference
electrode, shown on the RHS in the figure. The cell potentials are
shown to be relatively constant with increasing flow rate, Fig. (6-6).
Since the extrapolation method, by Lorimer, used in the single
ion membrane potential studies is not applicable here, the B.I.P. was

taken as the EMF of the cell at the highest flow rate (1000 mL min—1

) at
which unstirred layer effects are known to be small. The configuration

of the cell was unchanged from that used in standard measurements above,

for single salts, as in Fig. (6-1)



A plot of B.I.P. against the variable solution composition of
the LHS solution (expressed as ionic fraction of potassium in solution,
XK) is shown in Fig. (6-7). In section 6.2.2 and eqn. (6-12) the

B.I.P., E, was shown to be

-,]—:, [H+];n [ -']-f‘ [K+]" n
Y Y
E = (Y-y") = z—H K &n _+l_-THC‘_9’+ Z_IS K n — E{C,Q,
H [H] Yyc, H [K']  Ygey
n
+ T, K &n (a_i)
3 a'3

where K = RT/F
In the above equation for B.I.P. the superscripts ' and "

represent the variable (LHS) and reference solutions (RHS), respectively.

~ In dilute solutions the Debye-Hiickel equation or its extended
form (such as Davis equation) would be expécted to give a good
approximation for the activity coefficients (YHCI,Q,/ Ykc 2). In such
estimates activity coefficients defined only on the ionic strength of the
solution. Since in all cases this was 0.05M, these estimates would all
predict that Yacy, and Ygcg 2Fe equal under experimentai conditions.

(

Estimates using Pitzer's semi-empirical method 11) for mixed electrolytes
show that at such low ionic strengths, Yucy = YkCy within the limits
of precision of the method. It is sufficient therefore to know the
concentrations of the solution ions, to evaluate the first two logarithmic
terms in eqn. (6-12).

The third and final osmotic contribution to the B.I.P. depends

upon the integral reference number, T3, and the water activities

al and a! in the opposing solutions. As noted above, although no
3 3 PP g
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measurements have been made of the electro-osmotic transference

number (T3), its value cannot exceed 55.51/m, where m is the internal
molality of the membrane phase. For the Nafion 125 membrane this
predicts a maximum value of T3, 9.66 for the pure potassium form and
15.47 for the pure hydrogen form. Studies on similar Nafion membranes

used in these earlier studies(]‘O)

show that this estimate of the trans-
ference number is further reduced by. a coupling or slip-term, B, such
that ty = B (55.51/m) where typically B is close to unity for Nafion
membranes in the potassium form and ~0.2 for the hydrogen form. For
mixed ionic forms, as used here, in which the internal membrane
molalities are in the range 4-7, we might expect t_3 (and hence T3) to be
in the range 5-8.
The final term of eqn. (6-12) may be estimated therefore if
-the water activities, a'3 amd ag are available. On a first order estimation,
theory would be expected to be equal since the total ionic concentration
and so the 'osmolarity' of the two solutions-in each cell are equal.
Although water activities or equivalently osmoticrcoefficients,
¢, are not available for mixed HJr/KJr solutions at 0.05M, those for 0.05M
KC2 and 0.05M HC{ were estimated using Pitzer's semi-empirical method.(ll)
For 0.05M KC4%, ¢ = 0.940 and for 0.05M HCZ, ¢ = 0.949. From
Q,naw = -2m$/55.51 we may evaluate SLn(a3(Hc2) /aS(KCSL)) at 0.05M, from
these osmotic coefficients. This has a value of -2 x 0.05 x 0.009/55.51.
It is reasonable to assume that this estimate will be larger than any
encountered for H+/K+ mixtures at 0.05M, used in the experimental cells.
A maximum estimate of the osmotic concentration to the B.I.P., eqn. (6-12)

will therefore be 0.003 mV, which is an order of magnitude smaller than

the error of measure. It was therefore neglected.



Eqgn. (6-12) may therefore be used without the final osmotic

terms needed for activity coefficients correlations. Since TK + TH =1,

the integral transport numbers for potassium were calculated from eqn.

(6-13)
E-K fn —[K:],"
_ (K]
T. .= (6-13)
H n :

+ +,!

K o LLIKT

[H][K]

where K = RT/F.

The results are given in Table (6-100. The integral transport
number is the integrated value over the membrane for each cell, under
steady state conditions. It does not apply to any one membrane composition.

To obtain an estimate of the transport numbers of H'and K in
the 50/50 membrane, these integral transport numbers were plotted against
the mole fraction of potassium (}—(K) on the LHS of the membrane. The
other side was always maintained in the reference solution which defined
a surface concentration of 50/50 (}—(K = )_(H = 0.5). The plot, Fig. (6-8)
shows that the integral transport numbers fall from unity in the pure
forms to zero. They cross almost exactly at )—(K = }_(H = 0.5.

This is quite unexpected. It means that in these membranes we
estimate that in the 50/50 membranes with equal concentrations of H and K"
in the polymer matrix, each of these ions migrate with the same velocity.
They have equal mobilities in an electric field. The ratio of the mobilities

of H'/K" in free aqueous solutions is ~6/1.
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Examining other data sources in the literature provides no effect

(12)

of similar magnitude. Meares showed in Cs+/Na+ measurement of
transport numbers (by direct methods), that the caesium ion is less mobile
than the sodium ion, and concluded that the selective binding of caesium

ion over sodium ion is the main cause. Even so this effect is small. The
small previously high mobile proton is reduced to a mobility equal to that

of potassium, which is largely effectively unhydrated and relatively strongly
bound in the membrane.

It is tempting to speculate that this common mobility is due to
particular features of the membrane structure of the Nafion perfluoro-
sulphonic acid membranes.

There is a widely supported view that these membranes consist
of island structures caused by at least partial, micelle formation of sulphonic

(13) . These 'inverted' micelles which contain most

groups in the polymer
of the sulphonic acid groups, counterions and water, can be separated
from other micelles by regions low in water and ions, largely hydrophobic
polymer.

If there is transport of ions across the membrane, as here, then
the ions must migrate across these hydrophobic regic;ns and, since these-
regions would provide paths of high resistance, they would control the
overall mobilities of the ions across the membrane. It is tempting to
suggest that under such conditions and in paths without water (at least
continuous water filled paths) the hydrated proton H3O+ would lose its

enhanced mobility due to the proton jump mechanism and approach that

of simple cation (unhydrated), like potassium.
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If such hydrophobic paths were long, more than a few
Angstroms, then the exchange of counterions H3O+ and K" would require
concurrent flow of chloride, coion.

This, although a minor component in the membrane, would
therefore control the exchange of H'/K" between micelles and make the
mobilities of botth+ and H3O+ equal to that of the exchange rate for
chloride and so equal to one another.

Further investigations to test this tentative explanation of

the phenomenon are now being planned.
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Table (6-1a): EMF for Nafion N-125 Perfluorosulphonic Acid Membrane with (0.01009/0.0201) M

Potassium Chloride Solutions

Flow rate (Q) mL min~1
EMF
mV 0 10 100 200 300 500 700 1000
Expt. 1 30.54 32.45 32.49 32.58 32.60 32.58 32.59 32.59
+0.00 +0.08 +0.,07 +0,01 +0.03 +0.01 +0.00 +0,01
Expt. 2 30.85 32.58 32.62 32.69 32.68 32.68 32.70 32.72
+0.00 +0.03 +0,02 +0.02 +0.03 +0.01 " 40,02 +0,00
Expt. 3 30.87 32.61 32.59 32.62 32.68 32.69 32.71 32.74
+0.00 +0.02 +0.03 +0.02 +0.03 +0.02 +0,02 +0,01
Expt. 4 30,83 32.57 32.66 32.70 32.69 32.70 32.70 32.74
+0.00 +0.05 +0.03 +0.02 +0.03 +0.05 +0.05 +0.,00
Average 30.77 32.56 32.59 32,65 32.66 32.66 32.67 32.69
+0.15 +0.07 +0.07 +0. 06 +0. 04 +0.05 +0.06 +0. 00

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-1b): EMF for Nafion N-125 Perfluorosulphonic Acid Membrane with (0.01995/0.0503) M

Potassium Chloride Solutions

Flow rate (Q) mL Bwsnw

EMF
mV 0 10 100 200 300 500 700 1000
Expt. 1 39.05 39,26 39.36 39.47 39,48 39.50 39.53 39,56
+0.00 - %0.01 +0.02 +0.01 +0.00 +0.00 +0.00 +0,00
Expt. 2 39.06 39.40 39.39 39.42 39.45 39.47 . 39.51 39.54
+0.01 +0.01 +0.03 +0.04 30,00 +0.01 +0.00 +0.00
Expt. 3 39.09 39.34 39.37 39.42 39.44 39,45 39.46 39.48
+0.00 +0.01 +0.01 +0.00 +0.01 +0.00 +0, 00 +0.02
Average 39.07 39.33 39.37 39.44 39.46 39.47 39.50 39.52
+0.02 +0.07 +0.01 +0.03 +0.01 +0,02 +0.03 40,03

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-1c):

Potassium Chloride Solutions

EMF for Nafion-125 Perfluorosulphonic Acid Membrane with (0.0496/0.0102) M

Flow rate (Q) mL SF..H
EMF
mV 0 100 200 300 500 700 1000
Expt. 1 31.53 32.00 31.98 32.00 32.00 32.08 32.07
+0,03 +0.09 +0.01 +0,02 +0.01 +0.00 +0,02
Expt. 2 31.59 32.03 31.98 31.98 32.00 ,32.03 32.08
+0.01 +0,02 +0.01 +0.01 +0.01 +0.03 +0.01
Expt. 3 31.55 32.06 31.98 31.98 32.00 32.05 32.06
+0,02 +0,00 +0.01 +0.06. - +0.06. +0.02 +0,07
Average 31.56 32.03 31.98 32.00 32,00 32.05 32.07
+0.03 +0,03 +0.00. +0.01 +0.00 +0.02 +0.04

Membrane diameter exposed, 0.3 cm

Flow tube, i.

d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-1d):

Potassium Chloride Solutions

EMF for Nafion-125 Perfluorosulphonic Acid Membrane with (0.05/0.1) M

Flow rate (Q) mL min~!

EMF .
mV 0 100 200 300 500 700 1000
Expt. 1 30,72 31.65 31.71 31.83 31.65 31.88 31.81
+0,04 +0,02 +0.09 +0.05 +0,22 +0,07 +0.04
Expt. 2 30,76 31.65 31.67 31.65 31.74 31.82 31.83
+0.01 10,06 +0.01 +0,07 +0.06 +0.03 +0.03
Average 30.74 31.65 31.69 31.74 31.70 31.85 31.82
+0,03 +0.00 +0,.03 0,13 +0.06 +0,04 +0.01

Membrane diameter exposed, 0.3 cm
d., 0.7 cm

Flow tube, i.

Distance from flow tube to membrane surface, 1.0 cm
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Table (6-1le): EMF for Nafion N-125 Perfluorosulphonic Acid Membrane with (0.01002/0.0503) M

Potassium Chloride Solutions

Flow rate (Q) mL min 1
EMF
mV 0 100 200 300 500 700 1000
Expt. 1 71.45 72.53 72.74 72.94 72.94 73.12 73.16
+0.02 +0,04 +0. 14 0. 06 +0.06 +0.01 +0.02
Expt. 2 71.32 72.54 72,70 72.83 72.89 73.00 73.64
+0.03. +0, 06 +0.07 +0.07 +0.03 +0,05 10,05
Expt. 3 71.37 72,54 72,91 72.96 72.97 73,21 73,18
+0.01 +0.08 +0.14 0,06 +0,02 +0,02 +0.03
Average 71.39 72.54 72.79 72,91 72.93 73.11 73.12
+0,08 +0,00 +0.11 +0,07 +0.04 0,10 +0, 00
Additivity test: - £(0.01009/0.0201 + 0,01995/0.0503) See Tables (6~la) and (6-1b)
69.84 71.96 72.09 72.12 72.14 72,18 72.22

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, .0.5 cm
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Table (6-1f):

EMF for Nafion-125 Perfluorosulphonic Acid Membrane with (0.05/0.1) M

Potassium Chloride Solutions using 0.lcm diameter of the Membrane Area

Flow rate (Q) mL Bwbup
EMF —

mV 0 200 300 500 700 1000
Expti 1 16.17 16.30 16,47 18.62 25,42 30.08
Expt. 2 16.97 17.37 17.59 19.62 25,87 29.98
Expt. 3 16.89 19.55 19.73 20.17 24.60 27,94
Expt. 4 16.51 17.23 18.47 19,17 - 30.32
Expt. 5 16.38 17.36 - 20.05 - 29.87
Expt. 6 - 18.53 19.35 20.50 . -
Average 16.58 17.72 18.32 19.69 25.30 29.64

Membrane diameter exposed, 0.1 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-2a):

EMF for AMF C

Chloride Solutions

60 Membrane with (0.00994/0,0495) M Potassium

1
EMF Flow rate (Q) mL min
mV 0 100 200 300 500 700 1000
Expt. 1 67.56 70. 55 70.67 70.77 70.57 71.01 71.04
+0.02 +0,01 +0.08 +0.05 +0. 05 +0.04 +0.01
Expt. 2 67.91 70.62 70.86 70.91 70.96 71.03 71.18
+0.03 +0,05 +0,02 +0,04 +0,09 +0.02 +0.03
Expt. 3 67.57 70.63 70.79 70.90 70.99 70.99 71.00
+0.01 +0. 04 +0.03 +0.07 +0.05 +0.01 +0.01
Expt. 4 67.52 70.54 70. 74 70.79 70.68 70.77 71.05
+0.09 +0.05 +0.05 +0. 05 +0.10 +0.08 +0.01
Average 67.69 70. 58 70.77 70.84 70. 80 70.95 71.07
+0.15 +0.05 +0.08 +0.07 +0.20 +0.12 +0.02

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm




6-32

Table (6-2b): EMF for AMF Ooo Membrane with (0.0495/0.1012) M Potassium Chloride

Solutions
Flow rate (Q) mL BE..H

EMF :
mV 0 100 200 300 500 700 1000
Expt, 1 29.08 30,77 . 30.92 30.97 . 30.97 31.01 31.04
+0.00 +0, 04 +0.01 +0.04 +0.06 +0.02 +0.01
Expt. 2 29.35 30.69 30.91 31.03 31.01 31.02 31.06
+0.00 +0.10 +0.07 +0.01 30.01 ' 40,01 0,02
Expt. 3 29.42 30.82 31.06 31.09 31.11 31.14 31.20
0,00 0,02 +0.01 +0.05 +0.02 +0.01: 10.01
Average 29.28 30.76 30.96 31.03 31.03 31.06 31.10
+0.18 +0.07 +0.08 30,06 +0.07 +0.07 +0.01

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-2c): EMF for AMF C,, Membrane with (0.00986/0.1002) M Potassium Chloride

60
Solutions
Flow rate (Q) mL min~!
EMF
mV 0 100 200 300 500 700 1000
Expt. 1 95.78 101.52 102.31 102.37 - 102,72 102,38
10.01 +0.10 0. 08. 10.02 +0.05 +0.07
Expt. 2 95.75 101.46 102.11 102,37 102.31 102.55 102.79
+0.01 0,03 +0.12 +0.06. +0.05 +0.12 +0.03
Expt. 3 95.64 101.45 102.30 102.58 102.43 102,60 102.89
+0.00 +0.01 +0.01 +0.01 0,04 10.05 0.06
Expt. 4 95.78 101.55 102.30 102,58 102.60 102. 82 103,02
10.02 10.03 +0.03 +0.04 30.11 0,09 0,01
Average 95.74 101.50 102.25 102.46 102.45 102.68 102.78
10,07 10,04 30,10 +0.10 *0.15 +0.12 +0.28
Additivity test: - 2(0.00994/0.0495 + 0,0495/0,1012) See Tables (6-2a) and (6-2b)
96.97 101.34 101.73 101,87 101.83 102,01 102,17

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-2d): EMF for AMF C,. Membrane with (0.0495/0.1012) M Potassium Chloride

60
Solutions .
Flow rate (Q) mL min~1
EMF :
mV
0 100 200 300 500 700 1000
Expt. 1 29.48 30.99 31.23 31.28 31.69 31.25 31.32
+0, 00 0, 07 +0.10 +0.07 +0.09 10,04 +0.01
Expt. 2 29.44 30.96 31.12 31.16 31.15 . 31.18 31.21
+0.02 +0.04 10.02 +0,02 0,01 +0,02 +0,04
Average 29.46 30.98 31.18 31.22 31.42 31.22 31.27
+0,03 +0.02 +0.08 +0.08 +0.38 +0,05 +0,08.

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 1.0 cm
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Table (6-3a): EMF for Nafion-117 Perfluorosulphonic Acid Membrane with (0.02986/0.05995) M

Sodium Chloride Solutions

Flow rate AD.V mL BFIH
EMF
mV
0 10 100 200 300 500 700 1000
Expt. 1 31.47 32.69 33.07 33.12 33.17 33.23 33.46 | -
30,06 +0.06 +0.01 +0.00 +0.00 +0.00 +0.00
Expt. 2 31,54 32.87 33.08 33.21 33.22 33.35 33.33 33.47
+0.09 +0.10 +0.00 +0.00 0,02 +0.01 +0.04 +0.00
Expt. 3 31.48 32.66 33.20 33.33 33.35 33.35 33.40 33.42
+0.03 +0.01 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01
Expt. 4 31.60 32.70 33.18 33.46 33.46 33.45 33.49 33.51
+0.05 +0.62 +0.01 +0.02 +0,02 +0.00 +0.00 +0.00
Average 31.52 32.73 33.13 33.28 33.30 33.34 33.42 33.146
40,06 +0.10 +0,07 +0.15 +0.+2 +0.09 +0.08 +0.00

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-3b):

EMF for Nafion 117 Perfluorosulphonic Acid Membrane with (0.05995/0.10007) M

Sodium Chloride Solutions

Flow rate (Q) mL Bwnnp

EMF
mV 0 10 100 200 300 500 700 1000
Expt. 1 - 23.77 23.89 23.93 23.90 23.85 24.28 24.27
10.02 +0,00 +0.00 +0.01 +0.02 +0.09 +0.07
“Expt. 2 22.83 23.60 23.87 23.94 23,97 24.00 24.13 24.14
+0.00 +0.03 +0.02 +0.00 #0.00 +0.05 +0.00 +0.03
Expt. 3 22.86 23.64 23.88 23.92 23.94 23.91 24.07 23.98
+0.04 +0.04 +0.01 +0.00 +0.00 +0.01 +0.04 +0.00
Expt. 4 22.80 23.69 23.78 23.78 23.86 23.90 23.84 24.00
+0.00 +0.00 +0.01 0,01 +0.01 +0.00 +0.05 +0.00
Average 22.83 23.67 23.86 23.89 23.92 23.92 24.08 24.10
+0.03 +0.07 +0.05 +0.08 +0.05 +0.06 +0.18 +0.13

Membrane diameter exposed, 0.3 cm

Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-3c): EMF for Nafion-117 Perfluorosulphonic Acid Membrane with Ao.cwomm\o.ouocmv M

Sodium Chloride Solutions

Flow rate (Q) mL BEIH
EMF
mV 0 10 100 200 300 500 700 1000
Expt. 1 54,65 56.09 56.31 56,44 56.47 56.48 56.50 56.53
+0.01 . 0,01 +0.00 +0. 00 +0.00 +0.01 +0.00 10,00
Expt. 2 54,74 56.10 56,28 56.34 56.37 56.36 56.40 56.48
+0,03 +0.02 +0.00 +0.01 +0.01 +0,.00 +0.01 +0,01
Expt. 3 54,77 56.12 56.33 56.45 56.47 56.46 56.48 56.50
+0.01 +0.01 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
Average 54,72 56,10 56,27 56.41 56,44 56.44 56,46 56.50
+0.06 +0.02 +0.07 +0,06 +0.05 +0.06 0,05 +0.06
Additivity test: 2(0.02986/0.05995 + 0.05995/0.10007) See Tables (6-3a) and (6-3b)

54.36 56.41 56.99 57.17 57.22 57.26 57.50 57.56

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-4a): EMF for Visking Dialysis Membrane with (0.05995/0.10007) M Sodium Chloride

Solutions
Flow rate (Q) mL Bwpl—

EMF .
mV 0 10 100 200 300 500 700 1000
Expt. 1 10,07 10.22 10.25 10.27 10.27 10.27 10.27 10.28
+0.00 +0,00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00
Expt. 2 10.09 . 10.20 10.24 10,27 10.27 10,27 10.28 10.29
+0.02 +0,00 +0.00 +0.00 +0.00 +0,.00 +0.00 +0,00
Expt. 3 10.08 10,22 10.25 10.28 10.29 10.28 10.29 10.30
+0.02 +0.00 +0.00 +0.00 +0,00 +0.00 +0.00 +0.00
Expt. 4 10.09 10.22 10. 25 10,28 10.29 10.28 10.29 10.29
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01
Average 10.08 10,22 10.25 10,27 10.28 10.28 10.28 10.29
+0,00 +0.00 . +0.00 +0.00 +0,00 10,00 +0.01

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-4b): EMF for Visking Dialysis Membrane with (0.02986/0.05995) M Sodium Chloride

Solutions
Flow rate (Q) mL min~—1
EMF )
0 10 100 200 300 500 700 1000
mV
Expt. 1 13.93 14.66 14.65 14.70 14,72 14.76 14.77 -
+0.01 - *0.01 +0,.00 +0,00 +0,01 +0,02 +0,01
Expt. 2 - 14,57 14.65 14,72 14,74 14.75 14.75 14,75
+0.00 +0.01 +0.01 " +0.00 +0,01 +0,02 +0. 00
Expt. 3 13.94 14.44 14,52 14.58 - 14.63 14.64 14. 64
+0.00 +0.01 +0,02 +0.02 +0,00 +0,00 +0,01
Expt. 4 13.87 14.38 14.47 14.66 14.66 14.68 14.68 14.70
+0.01 +0.01 +0.00 +0,00 +0,01 +0.00 +0,01 +0,02
Average 13.91 14.51 14,57 14.67 14.71 14.71 14,71 14.70
+0.04 +0,12 +0,09 +0.06 +0.04 +0.06 +0.06 +0,06

Membrane diameter exposed, 0.3 cm
Flow tube, i.d., 0.7 cm

Distance from flow tube to membrane surface, 0.5 cm
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Table (6-4c): EMF for Visking Dialysis Membrane with (0.02986/0.10002) M Sodium Chloride

Solutions
Flow rate (Q) mL Embnu.
EMF
mV 0 10 100 200 300 500 700 1000
Expt. 1 23.81 24.18 24,32 24.45 24.48 24.49 24.51 24.55
+0.00 . +0.00 +0.02 +0.00 +0.01 +0.00 +0.00 +0.01
Expt. 2 23,81 24.19 24.35 24.48 24,52 24.5 24,56 24.59
+0.00 +0.00 +0.00 +0.00 +0.00 +0.00 +0.01 +0.01
Expt. 3 - - 24.40 24.53 24.56 24.56 24.58 24.63
+0.00 +0.00 +0.00 +0.01 30.01 +0.00
Expt. 4 23.82 24.25 24.41 - 24,57 24,57 24.59 24.64
+0.02 +0.00 +0.00 +0.00 +0.00 +0.01 +0.00
Average 23.81 24.21 24.37 24.49 24.53 24.54 24.54 Na,mc.
+0.00 +0.04 +0.04 +0.04 +0.04 +0.04 +0.03 +0.04
Additivity test: - 2(0.02986/0.05995 + 0.05995/0.10007) See Tables (6-4a) and (6-4b)
23.99 24.72 24.82 24.94 24.99 24.98 24.99 24.95

Membrane diameter exposed, 0.3 cm

Flow tube, i.d., 0.7 cm



Table (6-5):

Potassium Ion Integral Transport Numbers in Nafion-125

Membranes in Potassium Chloride Solutions at 298. 15K

Potassium chloride  Least square slope sodium Max flow
concentrations fit transport
.3 number %
-1 EMF x10 ty _ EMF
mol L mV V min’ mol F mvV
0.01009/0.0201 32.65 -1.320 0.975 32.59+0.01
32.76 -1.225 0.978 32.72%0.00
32.79 -2.165 0.979 32.74%0.00
32.74 -7.766 0.978 32.74%0. 06
0.01995/0.0503 39.63 -2.572 0.912 39.56%0.00
39.58 -2.071 0.911 39.54+0.00
39.63 -2.572 0.912 39.48+0.02
0.0496/0.1012 32.09 -1.188 0.962 32.07+0.02
32.05 ~-5.188 0.961 32.08+0.01
32.03 -1.076 0.961 ©32.06%0.07
0.01002/0.0503 73.42 -9.040 0. 946 73.16%0.02
| 73.24 -7.189 0.944 73.04£0.05
73.32 -5.392 0.944 73.18%0.03

* . -1
At 1000 mL min
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Table (6-6):

Potassium Ion Integral Transport Numbers in AMF C 60

Membranes in Potassium Chloride Solutions at 298. 15K

Potassium chloride Least square slope sodium Max flow
concentrations fit transport
3 number *
-1 EMF x10 1 T, EMF
mol L mV 'V min mol F mV
0.00994/0.0495 71.12 -6.207 0.920 71.04+0.01
71.34 -7.214 0.923 71.18%0.03
71.07 -5.331 0.919 71.00%0.01
71.07 -5.331 0.919 71.05+0.01
0.0495/0.1012 31.15 -3.621 0.934 31.04+0.01
31.09 -5.357 0.935 31.06£0.02
31.35 -4.949 0.940 31.20+£0. 01
0.00986/0,1002 103.11 -14.0 0.937 102.38+0.07
103.26 -17.4 0.938 102.79+0.03
103.62 -18.0 0.941 102.89+0. 06
103.62 -20.0 0.941 103.02%0.01

*
At 1000 mL min

1




Table (6-7): Sodium Ion Integral Transport Number in Nafion-117

Membranes in Sodium Chloride Solutions at 298. 15K

Sodium chloride Least square slope sodium Max flow
concentrations fit transport
7 3 number *
1 EMF x10 t, EMF
mol L mV V mir!  mol F mV
0.02986/0.05995 33,53 -5.128 1.046 -
33.56 -5,015 1.047 33.47+0.00
33.51 -2.907 1.045 33.42%0.00
33.67 -4,347 1.046 33.51+0.00
0.05995/0.10007 24.30 -4.933 0.740 24,.27%0.07
24.23 -3.840 0.738 24.14+0.03
24,06 -1.914 0.733 23.98%0.00
24.08 -3.161 0.744 24.00+0. 00
0.02986/0.1002 56.63 -3.015 1.005 56.53+0.,00
56.57 -2.228 1.004 56.50£0.00
56.57 -3.633 1.004 56.48+0.00

* -1
at 1000 mL. min
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Table (6-8): Sodium Ion Integral Transport Numbers in Visking Dialysis

Membranes in Sodium Chloride Solutions at 298. 15K

Sodium chloride Least square slope sodium Max flow
concentrations fit transport
_ number *
-1 EMF xlO. 1 t EMF
mol L mV V min mol F mV
0.02986/0.05995 14.84 -1.864 0462 -
14,81 -1.395 0.461 14.750.00
14.71 -1.853 0.458 14.64+0.01
14.82 -3.103 0.461 14,700, 02
0.05995/0.10007 10,29 -0.3983 0.311 10.28+0.00
10.30 -0.5961 0.312 10.29£0.00
10.32 -0.6027 0.312 10.30+0.00
10.31 -0.5169 0.312 10.29£0.00
0.02986/0.1002 24.65 -3.146 0.378 24.55%0.01
24.70 -3.301 0.378 $24.59%0.01
24,72 -3.657 0.378 24.63%0.00
24,73 -3.141 0.379 24.64%0,00

* |
At 1000 mL min
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Table (6-9). Bi-ionic Potential Across Nafion-125 Membrane in m+:ﬂ+ Form at Different Flow Rates
Equivalent ionic Fl R L mi -1
fraction in solutions ow Rate (Q) mL min
Xy Xk 100 200 300 500 700 1000
0 1 -31.19 -32.19 -32.20 -32.30 -32.71 -32.96
+ 0.09 + 0.03 + 0.02 + 0.02 + 0.05 + 0.03
0.48 0.52 - 8.04 - 8.13 - 8.15 - 8.14 - 8.15 - 8.24
+ 0.05 + 0.07 + 0.00 + 0.02 + 0.04 + 0,02
0.70 0.30 - 1.77 - 1.78 - 1.79 - 1.76 - 1.78 - 1.79
+ 0.06 + 0.07 + 0.05 + 0.09 + 0.07 + 0.05
0.757 0.242 0 0 0 0 0 0
0.835 0.165 3.04 3.07 3.07 3.08 3.09 3.11
: + 0,04 + 0,02 +0.02 + 0.02 + 0.02 + 0.02
0.951 0.049 4,48 4.50 4.52 4.55 4.55 4.56
+ 0,03 + 0.02 + 0.02 + 0.03 + 0.02 + 0,01
1 0 4.86 . 4.86 4,88 4,88 4.88 4,89
+ 0.02 + 0,01 + 0.01 + 0.01 + 0,00 + 0,03
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Table (6-10). Integral Transport Numbers of Potassium and Hydrogen of Nafion-125 Membrane

in E+\W+ Form at Different Potassium Equivalent ionic fractions in Membrane.

— .k - —_
°K(=0.05-cy; waLmev xwhﬂwxmv E Tx Ty
mol L™} mV vr! v !
0.05000 1.0 1.0 -32.96 1 0
+ 0,03
0.02600 0.8 52 - 8.25 0.639 0.361
+0.02 _
0.01500 0.6 30 - 1.79 0.513 0.487
+0.05 .
0.01215 0.5 0.5 0 - ‘ -
0.00825 0.4 0.165 3.11. 0.453 0.547
+ 0.02
0.00245 0.2 0.049 4,56 0.222 0.778
+ 0.01
0 0 0 4,89 0 1
+0.03
-1
* -
E at 1000 mL min RT [K]"
E —( .Nﬂv log——
_ [K]'
Ty =
RT [H]".[K]"
~%) log ~—=——=
z [H]' .[K]"

7~0
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Figures (6-1) and (6-2)

Legend
A _ Main part of cell (half cell shown here)
B B10 to fit flowmeter
C B10 to fit electrode chamber
G Flowmeter
H Electrode chamber
D and E Two units designed to give freedom to move the

flow tube

-~

Flow tube

ry

Membrane holder
Solution reservoir
Thermometer
Constant head device

Ag/AgCQ electrode

W o2 R

Glass coil to heat up or cool the solution
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Figure (6-2)




Figure (6-3)

Zero voltage test for the cell
Ag/AgC2|0.1M KC% |membrane |0.1M KC%|AgCL/Ag
The membrane was Nafion 125 perfluorosulphonic acid membrane

-and a constant flow rate, Q, 500 mL m:in—1 was maintained.
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Figure (6-4)

EMF as a function of flow rate of the solution mL min

Figure (6-5)

EMF as a function of reciprocal of the flow rate, vQ.
Membrane: Nafion 125 in K-form
Solutions: 0.01/0.02M KC2

Membrane diameter exposed 0.3 cm.

-1
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EMF (mV)
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Figure (6-6)

A plot of the measured B.I.P. for a g K* system with Nafion 125
membrane in which the total ionic strength in solution was maintained
constant, 0.05M.

The solution on the RHS was held constant at XK = 0.245

(}_(K = 0.50) while in a series of measurements in which the LHS

solution was changed progressively, as shown.

o Xg =1.00 (XK = 1.00)
T Xp =.520 (Xg =0.80)
4 Xp =.300 (X = 0.60)
®  Xp =0.165 (}'{K = 0.40)
¢ Xp =0.049 ()"(K = .20)
¢ X, =0.00 (X, = .00)

K

The corresponding ionic fractions of potassium ion in the equilibrium

" surface of the membrane are shown (}—(K) in brackets. Data of

-

Chapter 8.
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Figure (6-7)

B.1.P. for H+/K+ system, with Nafion 125 membrane, as shown
in Table (6~ 9), for maximum flow rate 1000 mL min—l. The abscissa
is the ionic fraction of K' in the mixed H /K™ solution on the LHS of
the cell (as shown in the text), measured against the standard

reference solution.
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Figure (6-8)

Integral trahsport numbers, Ti in Nafion 125 perfluorosulphonic

acid membrane in H' /K" mixed form (}_(H = XK = 0.5) against

equivalent fraction of K’ in the membrane )—(K
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CHAPTER 7

Diffusion and Permeability by

the Time-Lag Method



7.1 INTRODUCTION

In gas diffusion studies the time-lag method is commonly used
to determine both the diffusion coefficient and the permeability of gases
in polymer membranes. It was first used by Daynes (1). Typically a
test membrane is mounted between two halves of an evacuated cell.
To begin the experiment, gas is admitted to one side of the cell.
Constant pressure is established almost immediately, defining t=0. The
quantity of gas permeating Q(t) into the other half of the cell may then
be measured by monitoring the pressure increase in that half with time.
The steady state flow Q(t) is obtained after a sufficient length of time.
From this the permeability, P, is obtained, eqn. (7-3) and the
corresponding diffusion coefficient, from time-lag T, eqn. (7-2), see
Fig. (7-3).

The method is convenient, rapid and relatively accurate.
Till recently (2) it has not been possible to use it for membrane
diffusion processes in condensed systems in which the permeant was
dissolved in a liquid. This was because it is a technique which depends
upon producing well-defined boundary conditions and, in particular,
creating a sharp concentration step at time zero.

In this laboratory, th;ase problems were overcome using a new
technique employing solution sprays (3). A membrane cell was designed
in which one side of a test membrane was in contact with a small volume
of solvent or test solution. As a preliminary to the diffusion experiment,
the other side of the membrane (which was open to the air) was sprayed

with the same solvent or test solution and equilibrium conditions were



established. To begin the experiment the first spray was switched off
and 'simultaneously' a second spray containing diffusant switched on.

In this way a well-defined concentration step was applied to the outer
membrane surface and the diffusion experiment began with precise initial
conditions. Independent tests showed that the concentration step could
be made in less than a tenth of a second (3). For electrolyte diffusion
studies a pair of conductivity electrocies were used to monitor ionic
concentrations in the so}ution—filled half of the cell as diffusion proceeds.

Because the electrical conductivity of electrolyte solutions are
strongly temperature dependent, careful temperature control of sprays
and test solutions is required.

Since the major topic of this thesis is the transport properties
of bi-ionic forms of charged membranes, it was decided to apply this
method to such problems (and the related oscillatory wave method (3),
next chapter) to obtain interionic exchange diffusion coefficients during
the ion exchange process. To evaluate the technique, salt diffusion
experiments were repeated using Visking dialysis membranes, Nafion 125
perfluorosulphonic acid membranes and AMF C60 sulphonié.acid ion
exchange membranes, for which a considerable amount of transport data
was known from previous studies in this laboratory (4-12). The last
two membranes were used in mixed potassium-hydrogen forms in which
potassium /hydrogen concentration is 3/1.

The basic design of the experiments with Nafion 125 was to
determine the interdiffusion coefficient for hydrogen/potassium ion, in a

membrane in which these ions were at equal concentration, 50% in each.



Previous studies to determine the selectivity coefficient for this
exchange over the complete range of loadings (Table (4-1)) defined the
composition of the equilibrium solution required. To obtain loading of
50% for each ion the equilibrating solution was richer in hydrogen ion than
potassium since this Nafion 125 perfluorosulphonic acid membrane selects
potassium ion over hydrogen. 'I'he sprayed solutions were either HCg
or KC2 or mixed H' /K" solutions (0. OSM) which provided well-defined
compositions on the outer membrane surface. When these were made to
be different from the inner solution, which maintained a 50:50 loading in
hydrogen and potassium, on the inner membrane surface, an ion exchange

diffusion process was initiated:

H' + RSO, K &= k" + RSO, H’
Previous analysis had shown that the exclusion of chloride (coion) was
virtually complete for the test solutions used here, in which the total
ionic strength was always 0.05M. Since chloride is not involved in the
exchange process under these conditions, it was possible to follow by
measuring the electrical conductivity of the cell solution as a function of
time. Calibration tests showed’ that the method was sufficiently sensitive
for this work due to the large difference in the mobilities of hydrogen and
potassium ions. (This, to a large degree, was the reason for their
choice). In a typical experiment, conductivity changes were 5%,
Since the conductivity of the electrolyte is itself temperature dependent
(~1% per degree), very careful temperature control was required,

particularly with the sprays.
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7.2 Theory of the Time-Lag Method

The time-lag method is standard for gaseous diffusion and so
its application to a liquid system posed only technical problems. By
spray techniques the solution in contact with the outer surface may be
stepped up or down sharply from the equilibrium value to a new level,
which if maintained creates a concentration step. If we assume that
there are no significant unstirred layers of solution on the side being
sprayed and that efficient stirring will remove them effectively in the
collecting volume, the problem of implementation reduces to a decision on
the optimum exposed area for the membrane and the size of the collecting
volume itself.

Most applications of the time-lag method use a mathematical
solution valid for an infinite collecting volume. In practical applications
changes in pressure or concentration in the collecting volume are used
to determine the quantity of permeant diffused and these are most easily
and accurately measured if the collecting volume is small. This strictly
irrational situation is normally resolved by choosing a collectin g volume
which, although finite and small enough to allow accurate pressure/
concentration measurement, also remains large enough in relation to the
system parameters to ensure that the errors due to the application of
the infinite volume analysis to a limited volume system remain acceptably
small.

If a planar membrane, area A, thickness {, is exposed to a
concentration step Ac, the quantity of that solute which will have
permeated at time t, Q(t) is approximated by eqn. (7-1) (for an infinite

collecting volume) at large times



) = ABLS(t - %25) (7-1)
where D is the diffusion coefficient and A¢, the difference in permeant
concentration in the membrane phase from outer to inner surface. In
the simplest experiments, diffusion is against solvent on the inner side
and Ac becomes simply ¢ the value at the outer surface. The ratio

¢/c = a, the distribution coefficient, defined as the ratio of membrane to
solution concentrations at equilibrium (in this paper barred symbols
represent quantities in the membrane phase). From eqn. (7-1) it is
obvious that a plot of Q(t) against time, t, will be linear at large times
(when the system is in a steady state) and have slope ADAc/% and

intercept on the time axis, T, according to eqn. (7-2)
- 2 ,
T = £7/6D (7-2)

The linear portion of the plot, see Fig. (7-3) is obtained from the slope
at times ) 2.5 1 (13-15). Egns.(7-1) and (7-2) were obtained for
infinite bath conditions. For most measurements Q(t) is determined by
measurement of concentration (or pressure for gaseous studies) in a
collecting volume of finite volume, V, since ¢ = Q(t)/V (and pressure =
Q(t)RT/V).

From the slope (.2(1:), the steady state flow, J = é(t) [A, defines

the permeability, P (Eqn. (7-3))

J = DAc/% = PAc (7-3)

where
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P = (DAc/Ac)/R (7-4)

(If permeant diffuses against solvent, eqn. (7-4) becomes P = Da/%) .

It is necessary to determine the system parameters which will
allow confident application of these equations for systems with finite
collecting volumes, V. The parameters of free choice are time t,
membrane area under test A, and coll.ecting volume V. Those over which
the experimenter has little or no control are such factors as membrane
thickness £, and the parameters to be measured, diffusion coefficient D,
distribution coefficient o, or permeability, P.

The limited volume problem may be solved analytically either by
use of Laplace transforms or non-orthogonal sine series, as shown in the
Appendix A.7.6. This analysis becomes indistinguishable from the
infinite volume case, if eqns. (7-6,7) are satisfied. In egn. (7-7), te
is the upper time limit for agreement, which should exceed 3T, as discussed

below.

AUV <K 1 B (7-6)
and

t, << 2V/(0AD) (7-7)

f
Jenkins et al., (15) have given different conditions which stress only
requirements for linearity in Q(t) vs. t. In designing experiments aimed
at a precision of ®1% in diffusion coefficient and permeability, the
adjustable parameters, A and V, need to be chosen to reduce 0A%/V to

< 0.01 and to increase t; to 3y 6T. The first limitation, eqn. (7-6), is
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the more stringent. For the experimental dialysis membrane cAY/V is
typically 0.005, while te ”\"3.104 s. For salt diffusion from dilute
solutions through ion exchange membranes eqn. (7-6) proves even less

limiting since the distribution coefficient a, is very small due to Donnan

exclusion.

7.3 EXPERIMENTAL

7:3.1 Diffusion cell

The diffusion cell was made from a rectangular block of Perspex
of dimensions 3.3 x 4 x 8 cm3. This was drilled horizontally and
vertically to provide two intersecting cylinders, Fig. (7-1). The
vertical one was plugged at the bottom to hold a "Spin fin" stirrer
(Bel Art) which was driven magnetically from outside the cell. The
upper portion of the vertical tube was threaded é.nd sealed with a Teflon
screw top which held a pair of platinised platinum wires which served as
conductance electrodes. The bottom of this screw top was a hemi-
spherical hollow to improve mixing in the cell. It also contained a
capillary to aid the removal of entrapped bubbles. The horizontal hole
passed through the block. OI'; one side, Fig. (7-1b) it defined the
exposed membrane area, 0.771 cmz, on the other it too was threaded and
sealed with a Teflon screw, which held two thermistors, one used as
temperature probe and the second as a heater.

The cell, which held a solution volume 2 ml, was bolted to a
large Perspex (spray) box. The membrane aperture was defined by

the coincident holes in the cell and a flanged template, Fig. (7-1).



7.3.2 Spray assemblies and their use

The sprays used were two plastic nozzles manufactured
by Shandon Southern Products Ltd., which were not subject to corrosion
by the acid. These were operated by a 30 psi compressed air supply
which was laid on as a service to the laboratory. A coarse spray of
solution was produced immediately when this air supply was connected
to the spray heads. The air jet was directed across the mouth of the
tube containing the solution at right angles to it. To ensure minimum
delay in generating the spray, a small but steady trickle of solution
was allowed to flow from the solution filled tube, when not in use.
The jet spray was then formed immediately when the compressed air
was switched on.

Switching from one spray to another was performed by a
small computer which opened and closed solenoid valves. The computer
system also provided the time base and was programmed to read the
electrical conductivity of the cell solution at preset intervals. The
sprays were mounted on rods which could be wound back and forward
to move the sprays nearer or further from the face of the membrane.

This was required for temperature control.

7.3.3 Solenoids

The solenoids were manufactured by R.S. Supplies. They
were opened or shut by signals sent from a microcomputer by means of
soft switches. The algorithm for switching is given in Fig. (7-10) and

the program derived therefrom is given in Appendix A.7.1. The



The computer had an inbuilt clock which was used as a timer to switch

the solenoids on and off at predetermined times as required.

7.3.4 Temperature Control

As noted in the Introduction, accurate temperature control
of the sprays and the diffusion cell was particularly important. The
requirement was not so much due to the basic sensitivity of the membrane
diffusion coefficients to varying temperature, but to the method of
detection. Here electrical conductivity was used, and during a typical
exchange diffusion experiment it might change no more than 5%, due
to diffusion, but would vary also by *1%/°C for a change in temper-
ature. Since temperature fluctuations of several degrees could easily
occur on switching sprays, special attention was needed.

Considerable adiabatic cooling occurred when solutions were
sprayed. To counter this, 2 litre flasks of stock solutions were
maintained at a suitably high temperature, ®40°C, in a water thermo-
stat placed ®1m from the spray jets. The solution-filled tubes leading
from the stock flasks and the air line to each spray were also thermo-
statted with hot water. In thi§ way, by carefully controlling the
temperature of the thermostat, the distance of the jets from the
membrane surface (18 cm) and the circulation of water, it was possible
to maintain the jets at 25 * 1°C and eliminate any significant temper-
ature fluctuation when the sprays were switched to create the
concentration step. The spray temperatures were measured on a

digital thermometer placed close to the exposed membrane surface.
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Temperatures inside the cell were measured by a thermistor and logged
on the computer. A test in which the two sprays were identical proved

the efficiency of these methods, (Fig. 7-2a,b).

7.3.5 Operation of the Diffusion Cell

The diffusion cell was assembled with the (blotted) membrane
in position and quickly filled with degassed solution. In all cases the
membi’ane had been pre-equilibrated with this solution. The conducti-
vity electrodes mounted in a Teflon screw plug were fitted. The excess
solution was displaced through a fine capillary in the plug itself. In
this way the cell was filled completely and contained no air bubbles.
The electrodes were platinised platinum wires which were passed through
the plug and cementéd in place. The membrane surface was sprayed by
the same solution as that in the cell at 25°C. Since the diffusion cell
was made from a single block of Perspex, some difficulty was found in
adjusting the cell solution to 25°C initially. For this purpose a second
thermistor was fitted. This was used as a small electrical heater.

Using an external source, small currents were passed and the solution
temperature raised as required. An initial condition of equilibrium was
established. To ensure this, tl:le solution temperature and conductivity
within the cell were monitored and shown to be constant for at least

20 minutes before switching to the second spray and starting the

experiment.



7.3.6 Data Acquisition and Handling

The experiment was performed under computer control. During
the experiment a PET microcomputer monitored both the conductivity of
the cell solution and its temperature at regular intervals, usually 15s,
but chosen freely as needed. The cell conductivity was measured on
a Wayne-Kerr conductivity bridge (type B905A) to a precision of 0.05%.
The conductance bridge was linked to the computer via a IEEE 488
interface. The controlling program is listed in Appendix A.7.2. The
conductivity measurements were converted to solution compositions
using data from separate calibration experiments (Table (7-6)). In
most experiments several hundred compositions and times were collected.
These were transferred from the PET computer, where they were stored
on magnetic tape, to Apple II+ computer where they were transferred
to disk storage. In this form they were suitable for plotting on a
digital plotter (Watanabe Digiplot), printing, and processing. In this
case least-square linear curve fitting. The standard programs used

for these processes are given in Appendices A.7.3, A.7.4 and A.7.5.

7.4 Test of the System

A membrane was clamped into the diffusion cell (Fig. (7-1)).
The conductivity and temperature of the solution within the diffusion
cell was monitored. The membrane was first sprayed with a solution
at a concentration equal to that in the filled cell, until the system was
shown to be at thermal and chemical equilibrium. It was then consecu-

tively sprayed at equal times with solution A and solution B. The
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cell solution and the sprayed solutions A and B were identical.

Typical results are shown in Figs. (7-2a) and (7-2b).

7.5 RESULTS AND DISCUSSION

Data were Collected by Computer

Computers are capable of rapid calculations and can store
large amounts of data. Probably one of the most important features is
their ability to communicate with the outside world by accepting codified
electrical signals from measuring devices or sensors.

In the‘ diffusion cell, the conductance, G needed to be measured
at time intervals, which the computer can do by monitoring the
conductance through an interfaced conductivity bridge. Time was
generated by a real-time clock in the computer and the results can be
stored and recalled for further cglculation or for plotting purposes, as
required. These data were required to transfer from the PET computer
where they were collected and stored on magnetic tape to'Apple II+
computer where they were transferred to disk storage. In this form
they were suitable for plotting on a digital plotter (Watanabe Digiplot).

A sample of raw results is shown in Table (7-1).

7.5.1 Salt Diffusion

The time-lag method was tested by determining salt diffusion
through uncharged Visking dialysis membrane, using a concentration
step wave (i.e. spray with distilled water and then spray with salt

solution). To measure the salt flow of sodium chloride solution, the
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membrane was placed in distilled water which frequently changed for
several days prior to being used in the experiment. The membrane was
placed in the cell and sprayed with distilled water and the conductance
in the collecting volume was continuously monitored, only when it had
stayed constant for a period of the same order as the time for which
the membrane was sprayed with salt solution. The ruI; was started by
spraying the membrane with salt solution (0.05M NaCQ). After a
sufficient period of time a pseudo-steady state condition was obtained
and conductance increased linearly with time.  This linear portion cut
the time axis at T = 2,2/6D (eqn. (7-2)), and from this cut-off (knowing
the membrane thickness, % cm), the diffusion coefficient, D, can be
found. Results from these runs are given in Table (7-3). The
resultant diffusion coefficients were reproducible to £ 10%. A computer
" simulation of actual experimental results was run using data for a
Visking dialysis membrane obtained from an experimental run (Table
(7-2)). This simulation was compared with the experimental run itself
and the result shown in Fig. (7-3).

Earlier work done on the same Visking dialysis membrane (2)

at 0.13M potassium chloride gave diffusion coefficient, Dch, 2.75 x 10-6

cmz. s-l, compared with work which used 0.05M NaC% and gives DNaC,Q,

2.95 x 10°% em?.s7L.



7.5.2 Interionic Diffusion

Interionic diffusion of H /K" in commercial electro-dialysis
ion-exchange membranes. Two membranes were used, the first being
AMF C60 graft copolymer membrane, manufactured by American Machine
and Foundery Company, Springdale, Connecticut, U.S.A. This
membrane is prepared from low-density polyethylene, containing 35%
styrene (sulphonated) and up to 2% divinylbenzene. The second
membrane was the perfluorosulphonic acid membrane (E.I. du Pont de
Nemours and Co.), where the co-ion uptake in 0.05M mixed HCZ + KC2&
solution is < 1%. The ionic exchange process therefore is solely for
cations, eqn. (7-8)

+ + +

- 1 _
H' + ROSO, k' ? ROSO, H™ +K (7-8)

When the membrane, contacting on the inner side with a mixture
(0.025M HC& + 0.025M KCQ) is sprayed from the outer side with either
0.05M HC® or 0.05M KC&, the conductivity in the collecting volume will
either rise or fall, depending on whether the exchange is in direction
1 (gave DHK) or 2 (gave DKI—I,) as defined by egn. (7-8) and Figs.
(7-4), (7-5).

From the time-lag runs, graphs of conductance G against
time were obtained, Figs. (7-6) and (7-7), which by using eqn. (7-2)
immediately gave the diffusion coefficient, D. The slope g—? could
be converted from conductance per second to rates of change of

concentration, % To achieve this we required to calibrate the cell
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over the complete range of concentrations used.

A series of standard mixtures of HC + KC4& solutions at a
total concentration of 0.05M were prepared using precise conductivity
measurements (Table (7-6)). A linear relationship of conductance, G
to the composition of XH in the solution was obtained (Fig. (7-9)) from
the slope and the intercept. We can use these data in the actual cell

to determine the quantity of ions exchanged, as follows:
G = mc + cC (7-9)

where G is the conductance in mmho, m the slope, cy the HCQ
concentration in the mixed solution and ¢ a constant.

Equation (7-9) may be rearranged,

G - G° = m(c,, - c°

H H) (7-10)

where Go and c% are the conductance and concentration of HC% in the

standard solution. Dividing eqn. (7-10) by G°, we obtain,

G - G° . m ,. _ .0 _
o o mcw (7-11)
Differentiating eqn. (7-11) with respect to t, we obtain,
dc
dag/G° _ . °°H _
= m* (7-12)

dt



where m* = which should be independent of the cell used.

QOIB

Egn. (7-12) now becomes,

dc
dG _ . ~0 H _
3 - m G T (7-13)

Since all experiments were conducted at 0.05M total ionic strength,

CH + CK = 0.05 (7-14)
dcH dc
@ * @ (7-15)

Therefore the flux of ions in the steady state for each ion is equal in

magnitude but opposite in sign (direction)

. dCH de

- . S = K v
QH- VandQK-

dt dt

where V is the cell volume, since the steady state flux through the

membrane is
f = Qq ’ (7-16)
The flux density, J can be obtained (knowing the cell volume, V

and the membrane exposed area., A), eqn. (7-17).

dCH

T

>l

(7-17)
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dc
We may solve for—d,f—I from eqn. (7-13) and substituting eqn. (7-17)

we obtained

_ 1 dG |V _
J = —< ' T " (7-18)
m G
where G° is the conductance of the reference solution 50/50 and %%

the experimental slope of Figs. (7-6) and (7-7). From the flux in the

steady state, J, we can obtain the permeability and diffusion coefficient

as follows:

P = J/Ac (7-19)
D = LT (7-20)
AT

where 2 is the membrane thickness in cm.

Typical experimental résults are shown in Figs. (7-6) and
(7-7), respectively. These graphs show a constant linear steady initial
conductance. The switching on of the second spray solﬁ;:ion to start
the diffusion run is indicated by a line stroke on the time axis (t=0).
To determine T, eqn. (7-2), the intercept of the two linear portions of
the graphs was required.

A short computer program was written which included a
linear least square fitting routine, (Appendix A.7.5). By inspection
of the plotted data, suitable portions were chosen to represent the best
linear regions and from the mark of switching of the second spray

(t=0) and the intercept gives 1. The resultant was used directly to
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obtain the diffusion coefficient, eqn. (7-2), and the slope c_g was
proportional to the change in the relative concentration of H' and K'
in the cell, which is required to convert from mmho per second to
mole per second.

A wealth of experimental results has been collected for these
membrane systems and is given in Tables (7-4) and (7-5). The average
of these are reproducible to * 3-8%.

Earlier interionic diffusion runs done on Nafion 125, when the
membrane, sprayed with 0.05M KC%, eqn. (7-8), and its inner surface
in contact with a mixed solution of 0.025M HC& + 0.025M KC& (which
gave unequal loading of H' and K ions in the membrane, i.e.,

}_(H = 0.25 and )_(K = 0.75). .The resulting interionic diffusion coeffici-
ent, DKH’ was 5.42 x 10_7 cm2 s_1 (£0.20 x 10_7) while, when sprayed with
0.05M HCQ and its inner surface in contact with the same solution

7

(as above) the diffusion coefficient, D cm2 s_:L (£0.11 x

7

g Was 6.51 x 10
10 '), (Table (7-5)). The two diffusion coefficients were not expected
to be equal in these two experiments since the membrane was studied
with quite different loadings of H' and K" ions.

For the main experiment we chose to equilibrate the Nafion
membrane with 0.012M KC% + 0.038M HCY&, at a total concentration of
0.05M, which gave equal loading of H' and K" ions in the membrane
phase (XH = XK = 0.5). This composition was obtained from corresp-
onding equilibrium data for HC2 + KC% exchange on Nafion membrane
previously obtained (Chapter 4, Table (4-1), Fig. (4-1)).

At equilibrium the cell and spray solution were of this

standard composition. To perform a diffusion experiment, the first



spray was switched off and the second spray immediately turned on.
The switching over at the membrane surface was ’X-O.lé. Several such
spray solutions were employed since the diffusion flux is, as observed
above, dependent on the membrane composition. These spray solutions
were such as would give a H+IK+ loading on the outer membrane
surface in the run, Fig. (7-11).. )‘(H/XK = 80/20; 60740; 50/50;
40/60; 20/80; 0/100.

Since all solutions were mixtures of HCZ + KC% at total
concentrations of 0.05M, the membrane contained only K+ and H+ ions

(co-ion uptake of chloride was negligible).

For convenience and clarity, further reference to a particular

7-19

~ solution will be given solely as XH or XH’ the ionic fractions of hydrogen

ion in the solution and membrane respectively.

Typical results of this experiment were shown in Table (7-7);
average data of 4-6 runs for each solution used gave T, together with
standard deviation reported.

The striking feature of this experiment is that although there
is a considerable swelling on converting from the K" to H' forms, the
interionic diffusion coefficients D

HK
constant, 2.70 x 10/ em® s © (£ 0.04 x 10° 1), Fig. (7-8). It is

and DKH are equal and relatively

notable also from earlier experiments on Nafion 125 membrane at unequal

loading of H+ and K" ions (X.. = 0.25 and XH = XK (solution)), that

H
the interionic diffusion coefficients DHK and DKH are not equal then,
Table (7-5), and that their values are almost double the interdiffusion

coefficients obtained here from the time-lag when the inner membrane

surface was equally loaded with HY and K" ions. The permeability, P,
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eqn. (7-19) is also relatively constant, while calculated interdiffusion
coefficients, eqn. (7-20), were in very poor agreement with that
obtained directly from the time-lag, eqn. (7-2), apart from that at
XH = 0 which agreed very well, Table (7-7).

These data obtained from the time-lag method will be compared
with the oscillatory method in Chapter 8.

There is little or no compafable data in the litereature on these
membranes. Will (16) has studied bromine (Br,) diffusion in Nafion
membranes for varying polymer equivalent weight membrane pretreatment
and solute concentration. The electrolytes used in these experiments

were 2M ZnBr, and 4M NaBr solutions, the Br. being the predominant

2 3
bromine species in such media, although molecular bromine (Brz) would
appear to be responsible for transport across the membrane. The
. measured diffusion coefficients of Br3_ for Nafion 125 membrane are
1.78 x 10—7 cm2 s_1 and 6.2 x 10_8 cm2 s_l, at room temperature.

The values of D increased with decreasing equivalent weight
of the polymer and with decreasing solution concentration._ This would
support the view that membrane water content is an important factor in
determining membrane diffusion coefficients.

The diffusion coefficients and solubilities of hydrogen, oxygen
and nitrogen were examined using time-lag method (17) in dried Nafion
125 membrane. It was found that the acid form which contained more
water than potassium form, had lower gas solubilities and greater gas
diffusitivities than K-form.

The diffusion coefficient value for K-form Nafion was smaller

than that for acid form. These comparisons show that the data obtained
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by the time-lag method may be used for membrane characterization in
liquid environments in much the same way as it has been applied

traditionally for gas diffusion and permeability studies.



Table (7-1)
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Sample of raw data collected by computer during a time-lag experiment

Time Conductance Time Conductance
(s) (ohm 1cm 1) (s) (ohmtlcm_l)
30 7.,06E~-03 758 7,044E-03
4% 7.038E-03 773 7+044E-03
60 7057E-03 788 7.045E-03
7% 7.037E-03 803 7+043E~03
90 7.098E-03 819 7 .043E-03
105 7+.057E-03 834 7 045E~03
121 7.039E-03 849 7044E-03
136 7 056E-03 864 - 7.043E-03
151 7+036E~03 879 7+.042E-03
166 7.088E-03 895 7+043E-03
181 7+0857E-03 910 7.043E-03
196 7+056E-03 925 7.043E-03
211 7.057E-03 940 7+.042E-03
226 7+054E~03 955 7.039E-03
242 7 055E-03 970 7.036E-03
57 7. 094E-03 986 7,034E~03
272 7.052E-03 1001 7.028E-03
287 7.053E-03 1016 7.022E-03
302 7oQ52E-03 1031 7+018E~-03
318 7052E~03 1047 7.014E-03
333 7.054E-03 1062 7+ O007E~03
348 7.08E~-03 1077 6.999E-03
363 7 051E-03 1092 64 994E-03
378 7+081E-03 11907 b6.987E~-03
394 7.051E-03 1123 6+977E-03
409 7.049(E-03 1138 6+97 1E-Q3
424 7 0SE-03 1153 6.962E-03
439 7.04%E~03 11468 6+ 953E-03
454 7.047E-03 1184 b4 94LE~D3
470 7 05E-03 1199 b6+ 939E-03
48% 7 049E 03 1214 G+ 931E-03
=200 7.048F-03 1229 b6,+923E~03
515 70503 1245 6+918E-03R
530 7 047E-03 1260 6+705E-03
545 7.047E-03 1a7%s 6.899E-03
561 7 Q04703 1290 6+893F 03
576 7 0A8E~03 1308 6.885E-03
591 7 O047TE-D3 1321 6.877E~-03
6064 7 046FE-03 1336 64866E-03
621 7 O4EE-OF 13351 6.861E-03
637 7 048E-03 1346 6.854E~03
65 7L 04TE 1381 6.847E-03
G L N4% 1397 b BIFE-03
GHHD A T 1412 G 33E-03
S i () 1427 G BR2AE 03
Foy Gl ) 1442 G ELPE-03
hegs G4 AR -] 1497 6e811E~O3
747 7 OATE -0 1472 6803603
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Table (7-2)

Typical experimental parameters for the diffusion cell and Visking

dialysis membrane, with sodium chloride as diffusant.

Diffusion coefficient D 2.95 x 10—6 cn:l2 s-l
for sodium chloride

Membrane thickness 2 0.0195 cm

Cell output volume v 2.064 cm3
Area of membrane A 0.771 cm2
exposed

Distribution coefficient ") 0.75

for sodium chloride




Table (7-3)

Diffusion coefficient and steady state fluxes obtained from the time-lag

method using Visking dialysis membrane.

NaC2 against

water in the cell.

The diffusant was 0.05M

Two experiments were carried out.

Time-Lag Salt Diffusion Steady State Distribution
Coefficient Flux of Salt Coefficient
_ ¢
T Dyacy, INaC a= "le
(s) cm2 s-1 b4 106 mol cm-2 s—1 X -
21.5 2.93 5.63 0.75
21.5 2.93 5.30 0.70




Table (7-4)

Experimental results obtained from the time-lag method by using 060

sulphonic acid membrane;

2

thickness = 0.031 cm and area = 0.771 cm ;

the diffusants were 0.05M KC% and 0.05M HC% against 0.025M HC{ +

0.025M KCZ in the cell;

total concentration is equal to 0.05M

Diffusant 0.05M KC 4%
No. of Exp. Time-Lag Diffusion Coefficient
T DKH
(s) c:m2 s_l X 106
62 2.58
64 2.50
3 62 2.58
average 2.55 * 0.05 3%
Diffusant 0.05M HC &
No. of Exp. Time-Lag Diffusion Coefficient
T DHK
(s) cm2 s-1 X 106
1 51 3.14
2 48 3.34
3 49 3.27
4 50 3.20
average 3.24 = 0.09 6%

7-2¢



Table (7-5)

Experimental results obtained from the time-lag method on Nafion 125
membrane; thickness = 0.0141 cm and area = 0.771 cmz; the diffusants
were 0.05M KC® and 0.05M HCY against HC2 + KC% (HCZ =KC4® = 0.025M)

in the cell ()—(H = 0.25); total concentration is equal to 0.05M

Diffusant 0.05M KC2&

No. of Exp. ’ Time-Lag Diffusion Coefficient
T DKH
(s) cm2 s—l x 107
1 60 5.52
2 62 5.34
3 64 5.18
4 59 5.62

_ average 5.42 £+ 0.20 8%
Diffusant 0.05M HCY%

No. of Exp. Time-Lag Diffusion Coefficient
T DHK
(s) em® s x 107
50 6.63
7 51 6.50
3 52 6.41

average = 6.51 +0.11 3%




Table (7-6)

Electrical conductivity measurements at different HC% + KC% composition

(total concentration 0.05M)

Concentration of Conductance

HC2 (M) (mmho)
0.05 0.5548
0.045 0.5163
0.040 0.47891

~0.035 0.44125
0.030 0.40360
0.025 0.36742
0.020 0.33094
0.015 0.29346
0.005 0.21727
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Table (7-7). Exchange diffusion of H'/K* across Nafion 125 perfluorosulphonic acid membranes in mixed 0.0124 KCt « 0.038M

ionic strength 0.05M Auz : nﬂ £ 0.5)

HC 2 solution ot 1wita:

* oqn. (7-20)

spray membrane time-lag conductance | expt. composition flux permeablility oxvn.. cale *
composition outer surface of reference slope diffusion diffusion
solution ac . . noon:n._aw: no&:n.—oq_.:
Xy ac,, %, s,y * 104 . G° x 107 mm- 107 . 1N 0% I x 10 Px 10 Dx10' | Dx10
mol nsow mol nluu (s) mmho mmho .n— mol alaunL mol nm~.-~ cm --— nBN --- nBN -L
0.0 -0.03785 0.0 -7.42 123.85 6.631 -5.04 4.7 -1.414 3.736 2.74 2.17)
t 22 .79 20.44
0.47 -0.01385 0.20 -4.4¢6 126.30 . 1.78 1.66 -0.498 3.596 2.66 1.61
1 3 +0.18 20.21
0.76 0.00285 0.40 -1.48 123.60 am -0.34 0.32 «0.09%- 3.368 2.7 0.92
£2.0 o 0.1 20.04
0.7 0 0.50 0 ° N 0 0 0 - - -
: 123.62 Y 0.38 0.35 0.1 2.733 2.72 1.05
0.833 0.0039 0.60 1.49 *+ 0.6 m 20.20 0.1
3
0.95 0.0097 0.80 4.52 127.20 s 1.19 .11 0.334 3.443 2.64 1.05
t 21 10.04 20.4
1.0 0.01215 1.0 7.65 126.30 1.81 1.69 0.509 4.189 2.66 0.94
3
.
oqn. (7-2)
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Figure (7-1)

Diagram of spray diffusion cell

Legend
M Membrane
Sb Sides of the spray box
E Conductivity Electrodes
St Magnetic stirrer
Th Thermisfor (temperature probe)
EF Thermistor (heating probe)
Mg Magnet
Te Flanged template defining membrane area exposed

to spray input
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Figure (7-2) a and b

Test to show that no temperature or conductivity fluctuations
occurred on switching between spray A and spray B. The cell
solution and the sprayed solutions A and B were identical (HCZ% + KCY%).
(a) and (b) show the corresponding plots of temperature and electrical

conductance, respectively.
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Figure (7-3)

A plot of conductivity within the collecting volume as a function
of time, following the establishment of a concentration step (A4).
These data were obtained with a Visking dialysis membrane, thickness

0.0195 cm, cell collecting volume 2.0638 cm3, and exposed membrane

2

area 0.771 cm“. The concentration step was 0.05M NaC{ against

water. From the time-lag, T, eqn. (7-2) and slope, D =2.95x

NaC2
-6 2 -1

10 "cm™ s " and o = 0.75 were obtained. The complete experiment

was simulated by network method ( 2 ) using these data as input (~)
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Figures (7-4) and (7-5)

Typical experimental results obtained by the time-lag method,
using sprayed external solutions, 0.05M HCZ and 0.05 KC4,
respectively. The membrane was Nafion 125. The membrane
composition on the inner surface, facing the collecting volume was

< - + +
XH/ XK = .25 /.75 (H =K =0.025M)
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Figures (7-6) and (7-7)

Typical experimental results obtained by the time-lag method,
using 0.955 and 0.47 mole fraction of HCZ in the sprayed external
solution which had at total concentration 0.05M, made up with KC4.
The membrane was Nafion 125 perfluorosulphonic acid membrane.
The membrane composition on the inner surface, facing the collecting
" volume was }—(H = }_(K = 0.5 (H+/ K’ = 50/50). The thickness =

0.0141 cm and membrane exposed area = .771 cmz.
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o 2.32 cm”.
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Figure (7-8)

A plot of coupled diffusion coefficient, (D and flux, J,

HK ) *

against mole fraction of HC{ in the sprayed solution. Total
concentration, 0.05M using Nafion 125 perfluorosulphonic acid

membrane. With equal loading ()_(H =X, = 0.5). The thickness =

K
0.0142 cm, membrane exposed area = 0.771 cm2 and volume =
3
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Figure (7-9)

A linear relationship observed between electrical conductivity
and composition for HC&% + KC2 solutions, with total concentration

0.05M, at 25°C.
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Figure (7-10)
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Figure (7-11)

Sketch of exchange diffusion of H' /K" across Nafion 125 membrane in

mixed HC% + KC{ solution of total ionic strength 0.05M (X, =X

0/100 —

20/80 ——

40/60 —

50/50

60/40 ——

80/20 —

100/0 - —

membrane
N-125

50/50

H

=0.5).

7-46



7-47

REFERENCES

1. H.A. Daynes, Proc. Roy. Soc. Series A, 97, 286, (1920).

2. R. Paterson and P. Doran, J. Membrane Science, 26, 289, (1986).

3. P. Doran, Ph.D. Thesis, Glasgovs} University, (1985).

4. R. Paterson and C.R. Gardner, J. Chem. Soc. A, 2254, (1971).

5. H. Ferguson, C.R. Gardner and R. Paterson, J. Chem. Soc. Faraday
I, 68, 2021, (1972).

6. C.R. Gardner and R. Paterson, J. Chem. Soc. Faraday I, 68, 2030,
(1972).

7. C.R. Gardner, Ph.D. Thesis, Glasgow University, (1970).

8. C. McCallum, Ph.D. Thesis, Glasgow University, (1971).

9. R.G. Cameron, Ph.D. Thesis, Glasgow University, (1976).

"10. I. Noureldin, Ph.D. Thesis, Glasgow University, (1983).

11. R. Paterson, in "Biological and Artificial Membranes and the
Desalination of Water", Ed. R. Passino. Proc. Pontifical Academy of
Sciences Conference, The Vatican (1975), Scripta Varia, 40, 517,
(1976) (reprinted by Elsevier).

12. R. Paterson, I.S. Burke and R.G. Cameron, in "Charged Gels and
Polymers", Ed. E. Selegny; D. Reidel Publishing Company,
Dordrecht-Holland, 1, 157, (1976).

13. J. Crank, The Mathematics of Diffusion, Clarendon Press, Oxford,
England, (1959).

14. D.R. Paul and A.T. Di Benedetto, J. Polymer Science, C10, 17, (1965).

15. R.C. Jenkins, P.M. Nelson and L. Sirer, Trans. Faraday Society,

66, 1391 (1970).



7-48

16. F.G. Will, J. Electrochem. Soc., 126, 36, (1979).

17. T. Sakai, H. Takenaka and E. Torikai, J. Electrochem. Soc., 133,

88, (1986).



CHAPTER 8

Determination of the Diffusion Coefficient by

Concentration Wave Method



8.1 INTRODUCTION

In network thermodynamics, membranes are described in terms
of generalised resistors and capacitors (1). These reflect the ability of a
membrane both to dissipate power and to store chemical energy internally
in each local volume during transport processes. For quantitative
modelling, the membrane is subdivided conceptually and mathematically
into homogeneous "lumps" or slices, each characterized by its own resist-
ance and capacitance. The accuracy of quantitative modelling of diffusion
processes depends upon the degree of reticulation of the lumped model;
since the model approaches ever more closely to a true continuum of states
as the number of lumps (n) is increased.

As an example, to model a membrane which was exposed on one
side to a source of constant effort, SE, (defined by a constant chemical
potential of the permeant) and connected to a closed (homogeneous) volume
of solution (or gas) on the other (defined by a chemical capacitor, C; ), we
may use a bond graph, Fig. (8-1a) or an equivalent circuit, Fig. (8-1b).
These alternative representations show a 3-lump model of the membrane.
(The bond graph notation, although less familiar, is the more powerful for
modelling complex, coupled, transport phenomena (1-3).

For a system which obeys Fick's laws of diffusion it is conven-
ient to use a pseudo-system in which local efforts (properly defined as
chemical potentials) may be replaced by concentrations (4,5). It was
shown that the chemical resistance, R, for each lump of an n-lump model
of a membrane (defined by Fick's law) is given by eqn. (8-1), and the

corresponding capacitance, C, is defined by the lump volume,



~
1]

2/DA on (8-1)

Q
n

0Ad/n (8-2)

In these equations it was assumed that the membrane was
regular, of area, A, and thickness £, and had a diffusion coefficient, D,
defined by Fick's first law. (The distribution coefficient, o, was
introduced (5) to define the concentration of the equilibrium solution as
a common effort in all phases).

These networks may be used algorithmically (2, 4,5) to compute
the system dynamics of a membrane assembly for any experiment or
membrane, in which bond graph parameters and initial conditions are
défined (4-6). For such simple conditions as described here it is only
necessary to know the geometry of the membrane/solution system and the

diffusion coefficient and distribution coefficient of the membrane involved
(unstirred layers of solution may be treated as additional lumps). These
methods are of particular interest for simulation of membrape processes
and are easily expanded to deal with multicomponent, coupled transport,
including energy transduction (6).

The formal analogy between a network thermodynamic bond
graph and an electrical circuit, Fig. (8-1), has led us to re-examine the
inverse problem, that of membrane characterisation. With the circuit
and bond graph representations clearly in mind, it is obvious that all
standard measurements of membrane transport are, in electrical terms,
DC methods and typically involve fixed driving forces (the efforts of

network theory) and steady state measurements. In particular, the
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membrane scientist lacks powerful AC methods used routinely to investigate
electrical circuitry. Note that these "DC" models have been used earlier
in Chapter 7 to simulate the time-lag behaviour of the membranes during
salt diffusion, Fig. (7-3).

Using mathematical models and bond graph simulations, we set
out to examine the system dynamics of a simple membrane assembly
consisting of a (concentration) source, a membrane, and a collecting
vessel, as represented in Fig. (8-1a.),when the source of concentration is
oscillated with a fixed frequency and amplitude. From the properties of
the analogous electrical circuit, Fig. (8-1b), we would expect the membrane
to act as an AC filter, reducing the amplitude and causing phase shifts in
the emergent waves (detected in the terminal capacitor/collecting volume).
In previous work (7), a variety of concentration wave forms, frequencies
- and amplitudes were tested. From the results it became obvious that,
with correct selection of experimental conditions, diffusion coefficients
might be obtained directly (and repetitively) from the phase shift of the
emergent concentration wave. On the basis of these mathematical models,
apparatus was designed and new procedures were devised to perform such
experiments in the laboratory. To assist with the design of membrane
cells and experimental conditions, computer simulations were made, using a
multilumped version of the bond graph, Fig. (8-1a). These predicted
the evolutionary path of experiments to a steady state of oscillation (a
requirement of the mathematical models) and ensured that cell volumes
and other geometric factors in the proposed cell designs would not cause
unacceptable deviations from the mathematical predictions, which were

limited, at least initially, to infinite collecting volumes, V .



In the course of this research we discovered some interesting
precedents for the use of forced oscillations, in studies on thermal
o]
diffusion, by Angstrom (8), Thomson (Lord Kelvin) (9), and more

recently in gas diffusion (10).

8.2 Mathematical Models

The membrane is considered to be exposed on one side to
forced oscillations in the concentration of the contact solution and to be
connected to the other to a closed reservoir or collecting volume, V ,
whose initial concentration, cé, is the mean concentration of the ingoing
wave. It is assumed also that the membrane is in equilibrium with its
contacting solutions at all times, and that (if the membrane is in the
form of a clamped sheet) "edge effects" can be neglected (11,12).
Fick's laws are assumed with constant diffusion coefficient, D. A
further simplification is the assumption that the collecting volume, V ,
is effectively infinite. In practice this is not a severe limitation.
Figure (8-2) shows the concentration in the output volume for the three
wave forms of square wave, cosine wave and triangular wave, respect-
ively on the face of the membrane. There is a significant loss of

amplitude on the emergent concentration wave while the phase shift does

not change.

8.2.1 Cosine Waves

The fundamental responses to a cosine wave were considered
initially, The wave form and boundary conditions for a solution of

Fick's laws were, eqns. (8-3) and (8-4). In eqn. (8-3) the source of
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effort, SE, at any time, t, is defined as the concentration of permeant
at the surface of the membrane (x = 0), defined by the cosine function,
which oscillates about a mean concentration, ®, with a frequency of
wrad-s-l. Interfacial equilibrium is assumed. With the additional
assumption of an infinite homogeneous (stirred) collecting volume, V ,
its concentration, c,, ‘is constant and‘ set equal to the mean, c? , eqn.

(8-4). This is obtained at the opposite membrane face (x = %)

|
o

SE = ¢ = & [1 +cos(wt)] atx = (8-3)
and

c, = & at x = 2 (8-4)

In this model the quantity of permeant, 9, (mol), transferred
- into the (infinite) collecting volume, is obtained as a function of time.
Once initial transients have decayed, this is given by eqn. (8-5).

This was obtained as a solution of Fick's second law of diffusion, by
the standard technique of separation of variables (12), under the

boundary conditions specified by egns. (8-3) and (8-4)
q, = B(w) cos[uwt + ¢(w) - w/2] + q, (8-5)
where B(w) is the amplitude of the emerging wave, defined by eqn.

(8-6)

3/ZA K o @ D{2[cosh(2K2) - cos(2KL)] }-%

W

2

B(w) = (8-6)
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and [¢(w) - T/2] is the phase change between input and output waves,

eqn. (8-7)
dw) = tan = GEEELY L 7 (8-7)

In eqns. (8-6) and (8-7), K = [w/(2D)]%

From eqn. (8-6), it is clear that the phase change of the
emergent wave is defined by only three parameters, the frequency of
the input wave, the membrane thickness and the diffusion coefficient,
eqn. (8-7). The corresponding amplitude, eqn. (8-6) is a more
complicated function and depends additionally upon the distribution
coefficient of the diffusant, o, and the membrane area, A. These
analyses were made under the simplifying assumption that the collecting
" volume was infinite. Solutions were also obtained for finite systems
(7.

Under conditions where the collecting volume, V , is finite
and eqns. (8-5), (8-6) and (8-7) remain valid, it is convenient to
define the displacements and amplitude of the corresponding concentrat-
ion waves by dividing eqns. (8-5) and (8-6) by V .

It is clear from eqn. (8-5) that the quantity of permeant or,
alternatively its concentration, c,. = qt,/V » will oscillate with the same
frequency as the forcing wave, eqn. (8-3), but phase shifted by an
amount which depends upon the diffusion coefficient and might be used
to determine this in test membranes under laboratory conditions.

Bond graph simulations (2,3) were made for a range of common

membranes exposed to cosine concentration waves in cells with various



collecting volumes, V , and exposed membrane areas.

The choice of amplitude and frequency for the input
concentration wave determines both the phase shift and the amplitude
of the emergent wave. For accurate determinations we require that
the phase angle ¢(w), egn. (8-7), be large, favouring the application
of high frequencies. The amplitude of the emergent wave, B(w)/V
(expressed as a concentration), is itself frequency dependent, but in
the opposite sense. It tends to zero rapidly as frequency is increased.
The practical limit to experimental frequency is therefore the senéitivity
of the method used for detection of the wave. Since membrane para-
meters are strongly concentration dependent it is not practical to use
large concentration oscillations; once more the most useful application
of these methods appeared to be direct and repetitive measurements of
- diffusion coefficients from the phase shift. For typical membrane
conditions large phase shifts were predicted for oscillations with periods
in the range 10-1000 sec which were sufficiently long to encourage us
to consider generating concentration waves using microcomputer controlled
equipment. Experience has shown that practical frequencies are of the
order of D/}Z,2 which is, in turn, equal to the reciprocal of the product
RC for a 1-lump bond graph model egn. (8-1) (2). In free response
the relaxation time of the l-lump membrane T = RC/4 =£2/4D (1,5), while
breakthrough times for diffusion equal 22/ 6D. It is therefore clear that
there is an intrinsic time base for a membrane (¥ RC) and that our

choice of frequency should reflect this.
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8.2.2 Square Waves

Although performing sinusoidal oscillations in concentration by
ingenious use of controlled syringes is feasible, by far the most
convenient wave form is the square wave, which may be obtained using

sprays, as described below.

A solution for source oscillations in the form of a square wave
was similar to those given above. The boundary conditions were as
before except that the source, SE, was now a square wave represented
by a Fourier series, eqn. (8-8). The corresponding steady state

oscillations (also as a summation) are given by eqn. (8-8)

© (n-1)/2
SE=¢& {1 +% ) (-1) _ cos(nut) (8-8)
n=1,3,5,...
a =41 B(ou)cosloutrg(n) -2l P D g
n=1,3,5...

The symbols have the same significance as before but now
¢(nw) is the value of ¢(w) for the nth contributory wave of eqn. (8-8),
and similarly for B(nuw). The results are shown in Fig. (8-3). Once
more an infinite collecting volﬁme, V , was assumed. Since it was shown
(7) that the two solutions effectively coincide when v2DAcK/wV << I.
For the test system this function was 0.002 and the change in ¢, even
for a collecting volume of 2 mL, as used in this work, was only 0.09°.

These predictions were verified by bond graph simulations.

The calculations were performed using the methods described earlier



for the SE-C model (3,4), but now using the cosine, square, or other wave
expressions for SE, as above. Lumped models were constructed according
to the membrane and cell parameters of the model to be predicted and
resistances and capacitances defined by eqns. (8-1) and (8-2). The state
space equations were integrated numerically to simulate the experiment and
provide predictions of permeant concentration as a function of time in the
collecting volume. It is worth noting that the whole experiment was
modelled including the initial period in which transients exist. Additional
information as to the outcome of experiments with other wave forms or the
time dependent profiles of permeant concentration across the membrane are

obtained easily from the same bond graph, as a matter of course.

8.3 On Obtaining the Diffusion Coefficient from the Experimental

Phase Shift

The diffusion coefficient cannot be obtained directly from the
concentration wave detected in the collecting volume, Fig. (8-4). This is
because the equation (such as eqn. (8-10)) which gives concentration in
terms of the experimental parameters including D, the diffuéion coefficient
cannot be inverted to give D for a given concentration. We must there-
fore solve for D by an iterative process.

The concentration in the infinite volume for a given frequency and
diffusion coefficient is
'K,R,eiK ,Q.eiwt

+1) e ]
2K # 2iK 4% :
e e +

C = 'Re[(e
©

where the function © is
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V2alDKe 14 _ 1
Vuw

1+ 1/2a'DKe—iTT/4
Vw

For the case of the square wave the concentration will be a summation of

these terms for different values of_ w, given explicitly by eqn. (8-10)

n) +1)eK(n) ,Q,eiK(n) ,Q,ei(n) wt
2K (n) ,Q,eZiK(n) 2

_4v 1l (6
c= —) = Rel ] (8-10)

e + 0(n)

Now the experimental conditions have been chosen so that the
infinite volume model holds to a good approximation. This means that the
phase of the concentration will depend on o only very weakly and the
amplitude will be almost a linear function of a. Thus, though the process
,given here for finding D for a given concentration at a given time uses
the finite volume solution, if o is not known, then it can simply be put
equal to 1 and the volume be assumed large. The computer programme used
will then find the value of D by using in effect the infinite volume solution.
Alternatively, approximate values of o and the real volume may be used
(as in fact was done with the experimental results obtained in this chapter).

Basically the program-obtains the diffusion coefficient by
calculating the concentration for a given value of D at two times: the time
at which the peak was observed texp and a second time slightly greater
than texp' When the concentration for the second time is computed to be
greater than that for the first, we have just passed the peak, and the

value of D which gives this condition is the true value. D is constantly

8- 1



stepped down until this happens. (Note the initial value of D must be
larger than the true value). The flow chart for the program is given
in Fig. (8-5) and full details including the program are given in Appendix
A.8.

A first approximation to D can be found by considering only
the first term in the square wave summation for the infinite volume

analytical solution. We have that

8 = tan”lpoltan(K)

tanh(K Q) ]

which is further simplified to

i.e. w _ _
/%)2, = [(texp/T)ZTr] /4

where wt = ~(® - ﬂ/4).
exp

Fig. (8-4) shows how t is defined.
exp

-
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8.4 EXPERIMENTAL

In this chapter an alternative means to measure the diffusion
coefficient using the same Nafion 125 perfluorosulphonic acid membrane
and C60 sulphonic acid membrane . in heteroionic H+/ K" forms, was tested.

The same equipment and experimental techniques as those
developed in Chapter 7 were used. Three sprays were required instead
of two, and in the preliminary state the membrane was sprayed with
concentrated c° , equal to that in the filled cell. Once this system was
in thermal (and chemical) equilibrium, as indicated by steady temperature
and conductivity readings, the experiment was begun by switching
between the HC2 and KCZ& at 0.05M each while the mean concentration
of HCZ + KCZ& in the collecting volume was kept at 0.05M, (HCZ = KCQ =

0.025M). A flow chart of the switching program is given in Fig. (8-5).

8.5 RESULTS AND DISCUSSION

The oscillatory method was practicable only because it was
possible by using spray techniques to generate square concentration
waves at the outer surface of the membrane. The experiments were run
using the same equipment and éxperimental techniques as in Chapter 7.

Nafion 125 and AMF C 60 membranes were used in heteroionic
H+/ K" forms and the same concentration of HC% + KC solutions.

The total concentration was 0.05M (HC® = KC& = 0.025M) in the collecting
volume, as was used in the first time-lag experiments. The outerside

of the membrane was sprayed with 0.05M HCR and 0.05M KCZ&, alternated

to generate Square waves. Using a simple computer program to switch
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on and off solenoid valves on air-lines, Fig. (8-5), it was possible to
spray alternately with one solution and then another as needed.

In the theoretical section (8.2), both sinusoidal (cosine) waves
and square waves are discussed, the latter although requiring a simpler
mathematical analysis were rejected for practical purposes. It is simply
a matter of the complexity of any system which might be devised and its
probable slowness. With square waves all reasonable frequencies might
be encompassed and changed by simple modification of one line of the
computer instructions.

The method is attractive in that it is repetitive and so in a
single experiment many phase-shift (see section (8.3)) measurements can
be made and for each a diffusion coefficient calculated, Figs.(8-4), (8-6)
and (8-7). The method of calculating the diffusion coefficient from
"experimental results is given in Appendix A.8. These estimates may be
compared with diffusion coefficients obtained from the time-lag method,
Tables (8-2) and (8-3). Alternatively the phase change may be calcul-
ated, Fig. (8-4) by inserting into egn. (8-10) the diffusion coefficient
from the time-lag method, Table (7-2) which can then be compared with
that which may be obtained from the oscillating experiments (7).

Since egn. (8-10) cannot be transformed to an explicit
expression for D, the diffusion coefficient was obtained by method of
successive approximations, (7). An approximate value of the diffusion
coefficient, D*, was obtained from ¢* taken from square wave experiment.

¢* was obtained by measuring the time-shift, texp from the
mid-point of square wave to the next peak of output wave Fig. (8-4),

such that
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(p* -

B

= 27 teXp I g

Since we require only an approximate starting value for D¥*
we may neglect the tanh(K2) term, eqn. (8-7), so that ¢*~ - K& + 7/4,

or rearranging,
D¥ = wedaent_ Iv- i)’
exp

With these approximations, D* is always larger than D, the
true diffusion coefficient.

Choosing a time tax’ when the output wave is at a maximum,
the corresponding concentration, c; =q, |V , was calculated using
eqn. (8-9). Since D* is greater than D, the guessed value of D* was
-stepped down progressively to produce a series of Cye The experimental
diffusion coefficient was taken as the value of D* which reproduced the
maximum in Cy,.

The mathematical analysis (as for the time-lag also) is based on
an 'infinite' collecting volume. In practice the quantities of salt diffused
or ions exchanged are measured by changes in the concentration or
composition of the solution in the collecting volume. For the time-lag
method the collecting volume, although only 2 mL in volume, was to all
intents and purposes an effective 'infinite' volume in terms of theory.
For a square wave oscillator, a steady state of oscillation in the collecting
volume was detected, once more using conductivity electrodes. To test
the method, an experiment was simulated using network thermodynamic

methods, discussed elsewhere (2,4,5) using data available for salt



diffusion through Visking dialysis membrane, Table (7-2), Figs. (8-2)
and (8-3). In Fig. (8-2) concentration waves for cosine, triangular and
square waves with equal amplitudes and frequencies are compared. It
can be seen that there is little shift in the waves and that the square

wave provides the largest amplitude output. Calculations also showed

that there was no significant error due to the infinite bath (7) assumption

used in the mathematical analysis for a 2 mL collecting volume.

The experiments were conducted at different frequencies to
ensure that oscillatory method would work over a range of frequencies,
but it was noted that the amplitude of the output waves, into a cell of
2 ml capacity is approximately 1/500 of the input concentration step.

The amplitude of emergent wave became much reduced as the frequency
was increased and the detection methods had to be very sensitive.

‘Here, as previously discussed, conductivity measurements were used and
particular care was needed to prevent temperature fluctuations. A
temperature change of 1°C will, in general, cause a 1% change in
conductivity for most dilute salt solutions. Techniques to minimise such
effects were devised earlier, Chapter 7.

From eqn. (8-6) it is clear that the peak to peak shift (texp)
between input and output waves is a function of the period, T, of the
input wave. The amplitude of emergent wave becomes much reduced as
the period decreases (i.e. frequency increased). That is the case at
150s period. Experience showed that frequencies of the order of D/JL2
which equals the product of membrane resistance R and capacitance C
for the membrane treated as a Fickian system by bond grﬁph methods

(3,4), and close to the reciprocal of relaxation time, T, of the membrane

RC _ 22

(1,5) for which 1 = —4- = Z—-D.
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Most experiments were carried out with periods of 300s and
450s and also tests were made at higher frequencies (periods of 150s).
Figures (8-6) and (8-7) were obtained at periods 300s and 450s respect-
ively for g x* exchange across Nafion 125 perfluorosulphonic acid
membrane. Raw data as collected is shown in Table (8-1).

From the experimental shifts (texp) a set of diffusion
coefficients Dep and Dy were obtained, Tables (8-2) and (8-3) (DKH

and DHK are respectively the exchange diffusion coefficient in the
membrane where K ion in the spray replaces HY in the cell and DHK
when the H' ion in the spray replaces K" in the cell, as in Chapter 7,
eqn. (7-8)).

It is clear from Figs. (8-6) and (8-7) that it was possible to
obtain extremely regular, reproducible waves. The conductivity rises
"as hydrogen ion enters the collecting volume and potassium ion leaves

and falls when the process is reversed. The exchange was shown to be

stoichiometric, since at these very low concentrations of electrolyte

(0.05M) chloride coions are effectively excluded from the membrane phase.

In these experiments were shown Hhk? exchange across
these membranes. The inner solution was 0.025M HC& + 0.025M KC4
(KH / }_(K = 1/ 3on the inner membrane surface), while the outer
surface was at 0.05M HC2 and 0.05M KC4%. Attempts were made to
determine diffusion coefficients for a system in which the inner solution
was 0.038M HCR + 0.012M KC% (this gave XH / }_(K = 50 | 50 on the
inner membrane surface) while the spray solutions gave a H+IK+ loading
on the outer membrane surface in the run -XH/T(K = 80/20, 20/80, 60/40,

and 40/60,.
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These experiments were performed over several weeks and
although all possible care and precautions were exercised, they proved
insufficiently reproducible for use here. The main cause was that the
concentration of HC® in the inner solution was high (0.038M against
0.012M for KC2) and correspondingly the sensitivity of the conductimetric
method was reduced. Also by 'stepping down' the spray concentrations
to 80/20, 60/40 (as above) the emergent waves were again reduced.

These shortcomings led to the use of the time-lag method,
being the preferred method in this experiment. The time-lag has been
described before the oscillatory method in this thesis for convenience in
presenting concepts and theory. In actual fact the oscillatory method
was used first., The oscillatory method has several shortcomings but
it is quite useful for preliminary explorations of the type reported here.
‘It is however to be recommended for the measurement of diffusion
coefficients with thin membranes where alternative, time-lag T = 2,2/ 6D
would be small, It would be of considerable use also if repetitive
determinations of diffusion were required, especially if it were suspected
or unknown that a larger time-based process such as swelling or
conformational change in the polymer occurred during the diffusion

processes.



Table (8-1).

Sample of Raw Experimental Results

time conductance time conductance

(s) (ohm ! cm™? (s) (ohm™ ! em™1)
& 7 J375E-0Y 183 T IB3E~03
9 7+477E-03 186 7 .377E-03
12 7 A76E~03 ‘190 7+.375E-03
16 7 +4B4E~-03 198 7+ 364E~03
19 7 +487E-03 201 7 .364E-03
22 7 +489E~-03 205 7 357E-0Q3
259 7 49E-03 208 7 3536E-03
28 7 +492E-03 211 7+393E-03
31 7 496E~03 214 7+347E-03
40 7 +903E-0Q3 217 7 +3446E-03
43 7 +902E-03 220 7 +342E-03
44 7 S01E-03 223 7 +337E-03
49 7 SE~03 232 7 .328E-03
52 7.S01E-03 23% 74325E-03
89 7.902E~03 238 7+323E-03
o8 - 7.5E~03 241 7 321E~03
61 7 +S02E-03 244 7+316E-03
70 7 495E~03 247 7+314E-03
73 7 +496E-03 251 7.311E-03
76 7 A92E-03 254 7+308E~03
79 - 7v491E-03 262 7.298E-03
83 7+.488E-03 266 7+296E-03
86 7 +AB6E~Q3 269 7 2F3E~-03
89 7 +A84E-03 272 7.293E-03
22 7 +482E-03 275 7.287E-03
9% 7 478E-03 278 7+283E-03
104 7+471E~-03 281 7 +281E-03
107 7 469E-03 284 7 +278E-03
110 7+466E~03 293 7:269E-03
113 7 462E~03 296 726603
114 7.461E~03 299 726303
119 7 +455E-03 302 7 ¢259E-03
122 7 +435E~-03 305 7.295E-03
126 7 449E-03 308 7 4295E-03
129 7+4481E~-03 312 74251E-~03
137 7436103 313 7+249E£-03
140 74341~03 318 7.247E-03
144 7 +431E~-03 326 7.241E-03
147 7 427E-03 330 7.243E-03
150 742303 333 7.239E~03
153 742103 3346 723903
156 7 A15E-03 339 7.24E-03
159 7 o4 140 3472 7+ 2392E-03
1La% A NN SR 3475 T 2EBE-03
171 A RPTE-OE 248 TvABTE~03
174 VAR K YO 357 7+ 239E-03
177 FAARLE~OF 360 7.241E~-03
180 TLREHE-03
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Table (8-1) contd.

time conductance time conductance
(s) (ohm 1crn 5 (s) (ohm 1cm %
3463 7 0241E-03 - 543 7 347E-03
3466 7+241E-03 S46 7.351E-03
3469 7.241E-03 . 949 7 +3B3E-03
373 7 +242E-03 882 7 +3586E-03
376 7.241E-03 8599 7..361E-03
379 7+243E-03 558 7 +358E-03
‘387 7+23E-03 561 7+363E-03
391 7 25E-03 570 7 +3468E-03
394 7¢252E-03 S73 7+373E-03
397 7s252E-03 S76 7 +373E-03
400 7+235E~-03 S580 7..378E-03
403 7s257E-03 o83 7+381E-03
406 7.+258E~03 5846 7 +383BE-03
409 7.259E-03 589 7 +38SE~-03
418 7 +26SE~-03 o992 7+389E~-03
421 7 +264E~-03 601 7+392E~03
424 7.+268E-03 604 7 +396E-03
427 - 7+271E-03 607 7+397E-03
430 7.272E~03 610 7.399E-03
433 7+273E-03 613 7 +4E-03
437 7+273E~-03 416 7 +405E-03
4490 7+276E-03 619 7 405E-03
448 7.279E-03 4622 7 +A07E-03
45 7 ..286E~03 631 7+408E-03
455 7 +29E-03 634 7 +414E-03
458 7 +29E-03 637 7+417E-03
441 7 +29E-03 641 7+413E-03
4454 7+294E~-03 644 7 v415E-03
467 7 298E-03 647 7+411E-Q3
470 7 +296E-03 650 7+418E-03
479 7 30403 8593 7+42E-03
482 7 +305E-03 662 7+ 42E-03
485 7.+.308E-03 665 7.421E-03
488 7 +31E-03 668 7+421E-03
491 7+312E-03 671 7+421E-03
494 7+314E-03 b7 4 7.42E-03
498 74319E-03 677 7+421E-03
D01 7+319E-03 680 7.423E-03
509 - 7 +324E-03 683 7+421E-03
512 7+327E~03 692 7+.417E~03
516 7327E-03 695 7+416E-03
9519 7+329E-03 698 7v414E-03
522 7+ 332E-03 701 7+414E--03
523 7+335E-03 70% To418E-03
928 7 e3366-03 708 7+ 408E 03
531 7+339E-03 711 74031203
G40 -7+ 344E-03 714 74405E-03
723 74399E~-03
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Table (8-2)

Comparison of experimental results obtained from time-lag method and
oscillatory method of Nafion 125 perfluorosulphonic acid membranes with
a thickness = 0.0141 ¢cm, and area = 0.771 cmz. The diffusants were

0.05M KC& and 0.05M HCQ against HCL + KC2 (HC2=KC2=0,025) solution

in the output volume, with a total concentration = 0.05M.

No. of Methods  Periods Time- Diffusion Time- Diffusion
Exp. shift Coefficient shift Coefficient
*
T t.exp DKH 1:exp DHK
(s) () em® 107 () em®s k107
1 oscillatory 300 56.7 5.06 50.3 5.70
2 300 56.3 5.10 50.6 5.67
3 300 68.8 4,17 47.6 6.03
4 300 56.4 5.09 - -
5 300 59.5 4,82 - -
6 450 64.4 4,45 47.1 5.70
7 450 59.7 4.81 53.3 5.39
8 450 57.5 4.99 51.6 5,56
9 450 - - 51.4 5.58
average 4,81+0.33 5.66%0, 20
time-lag ~ *%
T DKH T DHK
(s) em®s k107 (s) em?s 1x10
1 60 5.52 50 6.63
2 62 5.34 51 6.50
3 64 5.18 52 6.41
4 59 5.62 - -
average 5,42%0,20 6.51+0.11
*
Fig. (8-4)

H%
Chapter 7, eqn. (7-2)
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Table (8-3)

Comparison of experimental results obtained from the time-lag and oscilla-
tory methods on C 60 sulphonic acid membranes with thickness = 0.031 cm,
and area = 0.771 cmz. The diffusants were 0.05M KC2 and 0.05M HCZ
against (0.025M HCQ + 0.025M KC2) solution in the output volume, with

total concentration = 0.05M

No. of Methods Periods Time- Diffusion Time- Diffusion

exp. lag Coefficient lag Coefficient
T texp DKH texp DHK

(s) (s) cmzs- lxlO6 (s) cmzs_ 1xlO6
1 oscillatory 300 68.9 1.94 50.3 2.14
2 300 68.3 1.96 51.0 2.12
3 300 61.2 2.19 58.0 1.86
4 300 56.3 2.38 57.5 1.88
5 300 68.3 1.96 58.0 1.86
6 300 63.3 2.11 63.3 1.70
7 450 62.81 2.13 54.8 1.94
8 450 61.59 2.17 48.2 2.23
9 450 64.25 2.08 56.2 1.92

average 2.10%0.14 1.96%0.17
time-lag

T DKH T DHK

(s) cmzs-]'xlo6 (s) cmzs- 1x106
1 62 2.58 51 3.14
2 64 2.50 48 3.34
3 62 2.58 49 3.27
4 - - 50 3.20
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Figures (8-1a) and (8-1b)

Fig. 1 (a) - a bond graph representation of 3-lump model of a membrane
exposed to a source of effort, SE (either constant or
oscillating) on one side and connected to a reservoir or

collecting volume on the other, represented by the

terminal capicitor, Cy -

Fig. 1 (b) - the equivalent circuit representation of the same membrane

system.
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Fig 8—1b




Figure (8-2)

A plot of amplitude Q(t) of solute collected as function of time
for a series of regular concentration waves input. It shows the effect
of input concentration wave form on the concentration in the collecting
volume. Using Visking dialysis membrane the diffusant was 0.05M
NaCX.

The data used was taken from Table (7-2).

The solid dotted line represents the concentration when the input
signal is square wave; the broken line is for cosine input wave, and

the solid line is for the case of triangular input wave(7)-
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Figure (8-3)

Concentration waves in the collecting volume, generated by square
wave source, using a 20-lump bond graph, as in Fig. (8-1a), using
Visking dialysis membrane.

Membrane parameters: D = 2.95 x ’10_6 cm2 sﬁl, £ =10.0195 cm,

A=0.771 cm?, o =0.75, T = 200s and & = 0.05M NaC# (membrane

parameters taken from time-lag experiment, Table (7-2)).
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Figure (8-4)

Demonstration of phase shift in the output wave when compared
to its corresponding square wave input. The phase shift is shown
and marked as t and wt =-(¢ - ). For clarity the wave
' exp exp 4

amplitudes are not to scale.



AMPLITUDE x10

8-30

1.7 i 1@ X Pt p—texp
o J
15 letex | I
0 100 200 3500 400

TIME(SEC)



8-31
Figure(8-5)
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Figures (8-6) and (8-7)

Electrical conductivity against time showing oscillatory concen-
trations. The membrane was Nafion 125 (perfluorosulphonic acid).
The data were collected for two periods - 300s Fig(8-6) and 450s
‘ Fig(8-7) . The diffusants were 0.05M HC% and 0.05M KC&, and
the equilibrium composition of the solution in the collecting volume is

0.025M HC% + 0.025M KC2Q.
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APPENDIX A.7.1

REM TO SWITCH SFRAY A ON A
NI SPRAY B OFF

FOKE As1i POKE As4

GOTO 230

REM TO SWITCH SFRAY F ON A
NI SPRAY A OFF

POKE As21 POKE As3

GOTO 250

REM CLOCK SUBROUTINES FIRS
T SET UP INITIAL CONDITIONS
IE SET TIMER TO T=0 BY FOKIN
G CORRECT LOCATIONS

FOR X = 32472 TO 32687

FOKE (X0

NEXT X

POKE 32683,227

POKE 3267840

FOKE 32677,+191

FPOKE 32686532

FPOKE 32680, 255

FOKE 326814255

REM THIS PART OF SUEROUTIN
E READIS TIME
Af = PEEK (32680)

PEEK (32680)
(AA X 256) + F
4655935 - C

INT (C /7 1,021190)

c/ 10

(C X ,045855 / 100)
C+7TD - (€ INT (CR x 1
+ .9)) /7 10)
PRINT C1! REM C1 IS THE TI
ME IN SECONDS

RETURN

n

o n

=
[}

C
C
C
C
c
C
0
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APPENDIX A.7.2

N I B = T
FRIMT"OO0 YO WENT BEAD OF WMREITE
ITMFAT" L TREAD "2 MRITE" sRE
IFRE=1THEMSZ2G
TFRE=ZTHEMS A
TFEERES2THERZS
P4l
FRINTYSTER TIME=" skl
IFRE=1THENz 2222

=1
TI#=""@@aaae
CFEMHS .S
OFERE 25
FRIMTRI . ""
SOTOETA
FORM=1TO1 5688 sHEST
FRIHTHS "M
FORSE=1TOFTEE s M=
E=FEER D24 27 0 A
THFL IT-H:‘“ Hi
IFST= -
t—FEEhaqj4
IMFUTHZ B
GE=RIGHTE BF .15
G=WELIGED
IMFUTHS, OF
ME=RIGHTEDF 1320
M=%RALCE s

=y 5]

..'.'.| .-‘ Hl’"E‘ j e

rmxmw#b,~
FRINT#S, TTCID
FRIMTHS T
FRINT#E , I

I=1+1
EF=MICECTIS, 1,20
G BFIL & G S TS
ME=MIOELTIHE, 3, 20
b= L LA
Ed=MIOECTI$, S, 20

E =L CE .
TT6 L0 =E+b+6
IM=TTCIa=TTel-10
IFIM=5HL THEMLSE
GETEE s TF G " " THEMNSEE
I=1-1 '
GOTCEsE

L A=5500

FRIHTHE LI

d 1.6
'l|lrL PO LTTHETET
CEELTTE.THE T

R THEMN S 2 E
[RIN] ] [T 1
CFEMe .1 L1

DR T e B Rt ]
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APPENDIX A.7.3

ERIMTULN
Cm ) T SEVRE T T

S LT :

T EHEOT OTHE B OF DETH REIRS TO

FUTUBE LOADED FRor

AU WS I N B

Luru;hafm$7
1 LR B
P S

LRI = WL S D~ B

YHEH ;SG

T PRINT (R INT
BOOFEMD 431 s PRIMTHL " CHAMGE" s CHES (50
4 CLOSE]

i OFEMS 5

TH="Em

FRIMT# M

FOR I=1 To M

FRIMT# 9010

FRIMT# 2010

IF I=H THEM 356

HEWT 1

CLOSES

EMD

READ' .




300
304G
310

316
317
318
319

750
400
402
410
420
430
450
460
470
480
493
690
700
PRV

710
730
740
750
760
770
780
70
300
=R V]
BP0
a0

900

910

APPENDIX A.7.4 .

HOME.

PRINT ¢ FRINT ¢ FRINT

FRINT "THIS FROGRAM FEQUIRES
THAT THE S.5.C"

PRINT "1S IN SLOT G. 1F THIS
IS NOT THE "

PRINT "CASE THEN TURN OFF TH

E FOWER AND"

FRINT "INSTALL THE S5.5.C

PRINT ¢ FRINT ¢ PRINT § FRINT

PRINT "A.l. DATA IS SAVED TO
IRIVE 2

FRINT ¢ FRINT "UNDER THE FRE
SENT SYSVTEM S0 MAKE"

FRINT ¢ FRINT "SURE & LAVA F
ILE LISk IS5 IN®

FRINT ¢ FRINT "DRIVE 2 (R TH
E SYSTEM WILL CRASH"
['$ = CHR$ (4)

FRINT Lisi"FR&S"

PRINT CHR$ (1)s"E D"

PRINT CHRS$ (1)3"F E”

PRINT D$s5"PR%O"

PRINT Di¢s" INES"

INFUT N

DIM XON)S DIM Y(N)

FOR I =1 TO N

INPUT XCID)e INFUT YOI

NEXT 1

FRINT Dt:" INEO"

FRINT D$:s"FRES"

FRINT CHR$ (1)3"F"! FRINT |
$3"FRED"

HOME

INPUT "FILE NAME"3NMS

PRINT D$s"OPEN" §NM$i" 12"
PRINT D$s"LELETE" sNM$

PRINT D$s"OFEN" iNM$

FRINT D$3"WRITE® 5NM$

FRINT

FQio T = 1 TO N

FRINT X Tt FRINT YO1)

NEXT |

FRINT U$3" CLOSE" it

HUMI

FRINT DEs RUN" 3" TRANSEZ" "4
lll

ENI



APPENDIX A.7.5

60 REM

62 TIM XIC3T0)eY1( 350 99 X( 20044 )y
Yi200:4)

63 DIM N{4)CUL18Ds3)sW20044)

70  FRINT "DIO YOU WANT THE RESULT
5 T0 pE-"

20 FRINT " I-LIMEAR FIT"

100 PRINT ® 2-FLOTTING"

110 GET A IF AL =0 OR & » 3 THEN
7

120 ON A GOTO 185,1890

130 REM

140 REM ¥XXCOUNT FILE POTNTSkkk

150 REM

155  HOWE

160 INPUT "TIME AT START OF FIT#
1="471

165  PRINT

170 INFUT "FINAL TINE OF FIT#1
=T SPRAY)=";T0

175 PRINT

130 INPUT "INITIAL TIME FOR FIT#

: 2="3T2

183 PRINT
185 INPUT "FINAL TIME FOR FIT#2=

"5T3

187 PRINT

190 INFUT "HEMERAME’S THICKNESS=
"5

210 T% = CHRS (4)

220 PRINT ¢ INFUT "FILE NAME?"3F
%

230 PRINT %3 OFEN" jF43" y 02"

240 PRINT U$5"REAL"5F$

250 INFUT

260 FOR I =4 TO N

270 INFUT X1(I)% INFUT Y1(I)

275 FRINT T TAB(C 5)5X101)5 TAK
12)5Y101)

280 IF XMI)= < Tl THEN HH = I
290 IF X1{(I) = « TO THEN N1 =1
00 IF XI(I) = T2 THEMN W = ]
310 IF X1{I) = < T3 THEN KK = I

320 NEXT

340 PRINT D$#"CLOBE™sFH GOTO 41
Q

350 REM

360 REM SCkLINEAR FITREK

370 REM

400 [1% = CHR$ (4)

410  HOME ¢ VTAR 10

415 NP = 2 .

420 FRINT "MNO. OF FLOTHET" PNP

430 FOR I = 1 TO NPY PRINT

440  PRINT "FILE NAME":I4



445 F${ 1) = F%

446 FRINT F$(I1)! PRINT

450  NEXT

460 JJ =

465  PRINT

470  FRINT D$5"OPEN"$F$¢JI)5 02"

480 FRINT [45"READ"5F$¢JI)

490  INPUT NNINNCJ) = NN

493 RE = NN - KN

495 N2 = NN - RR

500 N1 = ML - HH

510 N o= NZ - Wy

520 IF JJ = 2 THEN 540

530 IF N1 o« 120 THEN 550

540 GOTO 590

=50 M o= Ni

560 MH = HH % 2

570 FOR LL = 1 TO Md: INFUT DUMS
NEXT

580 BOTO 410

590 CC = W % 2

400 FOR LL =1 TO CC! INFUT DUMS
NEXT

510 PRINT “"NO OF FOINTS"$N

420 FOR I = L TO N

&30 INFUT X(TsJJ)t INFUT Y(IsJD)
M Tedd) = 1

640 PRINT X(IsJJ)eY{1ydd)

A450  NEXT

660 FRINT I3 "CLOSE" iF$(.JJ)

670 TEF FN &(E) = INT (B % 1ES
+ .5) / 1E&

680 M = 1

4690 PRINT "LEGREE OF FIT REQUIRE
Ti=" ¥

700 HOME

710 PRINT ¢ FRINT "WAIT FOR THE
RESULTS"

720 FOR I =1 7O NICLIel) = 1% NEXT

730 ML =M + 1

740 FOR J = 2 70 M1t FOR I =.1 7O
N

750 C{Ivd) = ClIvd ~ 1) % X{Iydd)
§ONEXT ¢ NEXT

760 FOR I = 1 TO ML: FOR J =1 TO
M1

770 ALTed) = 0f FOR K = L TO N

780 AIsd) = AlTsd) 4+ CIKsI) ¥ G
Kpd) X WK JJ)E NEXT ¢ NEXT
b ONEXT

790 FOR I =1 T0 MLSR(I»1) = O} FOR
K=17T0N

00 B(Isl) = RBIs1) 4+ CONeI) ¥ YC
Kedd ) K WOKeJI DS NEXT ¢ NEXT

BLO FOR J = 1 70 MLIKALJ»3) = 0}

NEXT
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29
A

330
B340

850
360

a7)
830
890

709

710
720
P30

740

950
960

970
230
790
1000

1010

1020
1030

1040
1030
1069
1070

1080

1070
1100

1110

1120
1130

1140

1130
1160
1170
1189
1190

FOR I = 1 70 MLIXM = 0% FOR
J o= 1 T0 Ml

IF KACJ93) - 1 = O THEN €80
FOR K = 1 TO M1t IF KACJ:3) -
1= 0 THEN 870

IF XM - ABS (ALJsK)) 3 =0
THEN 870

IR = JIIC = KiXH = ABS (ACT
K))

NEXT K

NEXT J

K&{IC:3) = KACICP3) + LKA IC
y1) = IRIKACT,2) = ICY IF IR
- IC = 0 THEN 920

FOR IJ = 1 TO MItDM = ACTRI
JVACIRYII) = ACIC, T

ALIC,Td) = TMt NEXT 1J

Fo= ACICICHIACIC,IC) = 1

FOR IJ = 1 TO MLtACIC, 1) =
AUICSIJ) / Pt NEXT 1J

FOR IK = 1 TO Mi: IF IK - IC
= 0 THEN 980

Z = AIKIC)HEACIKAIC) = 0

FOR IJ = 1 70 M1tAUIK.TJ) =
ACTKsTJ) - ACICITJ) & Z

NEXT IJ

NEXT IK

NEXT I
FOR I =1 7O MLK = M1 + 1 -
I

IF RaiKsl) - KACK«2) = O GOTO

1030
IR = RACKs1)IC = KACKY2)
FOR IJ = 1 70 M1:IM = A(TJy
IRIIACTIYIRD = ACTJPIC)HIAM TS
yICY = I
NEXT IJ
NEXT 1
FRINT
FOR I
FOR K =
CiIs1) { +
{Rs1)8 NEXT EXT
IF PR = 1 THEN FRE¥ 1
FRINT "COEFFICIENTS OF FOLY
NOMIAL"

it

H
) ¥ e

1eCCIsl) = 08
1

TO M

T0 M

I70) + A(TsK) X B
t N

FRINT ¢ PRINT ¢ FOR I = 1 70
ML PRINT "a"1 - L13"= "C(Is1
t NEXT

FRINT

FALJTe0) = CULy L VIFACJIL) =
La2s )

FRINT "0 YOU WANT T0O SEE T
HE RESULTSE"

INFUT "CY/NPY RS

IF R% Y'OTHEN 11890

IF R$ "NTOTHEN 1290

PRINT "X"5 TAR{ 8)"W"y
FRINT  TARC 15)0s"Y"5 TAR( 2
D)5

1



1200

1210

1220

1239

1360
1370

1380

1390

1400

1410

FRINT "YCCAL "5 TARC 313
PN

FFF I = I TO WNiYC = 03
Jo= 1 T0 MLIYE = YO 4+ CfL
X X\Isll) g - l)
YO = FN AYCIIX(IJd) = FN
LIOARENUDY

YWTaJd) = FN AY(T,JI) YWl T

pd) = PN AW T 00

NEXT

FE = ABS (Y(I,JJ) - YC) / ¥
CLedd) X 100IFE = INT (PE %
100 + .3y / 100

FRINT XLy Jd)d TAB 8wl 1y
JJ )

FRINT  TARC 10)3Y(IrJJ)s TAR
20)5YC '
PRINT  TARL 30)§FED NEXT
JJo= 00 41

TF 30 2 2 THEN 1320

GOTO 470
T = APAL0) ~ FALZY0)) /¢
FACZs1) - FATL L))
TX = INT {TX % 1000 + .37} /
1000
TY = (FACLL0) % FAC251) ~ FA
(290) X FACL1)) / (PA(291) -
FACL1))
TY = INT {TY % 1E& + .,3) /
1E6
M= FAlZ2s1)
M o= INT (M % LE10 + .5) / 1
ELG

FRINT & FRINT "TX="3TX: PRINT
¢ FRINT "TY="3TY! PRINT ¢ FRINT
"TO="4T0
T=T1X-T0 :

= INT {T % 1000 + .3) / 1
00

PRINT & FPRINT "TIME LAG="3iT

Hzon =L 22 /06%T)

1430
1440
1450
1460

1470
1480
1470

1500
1310
1520

157
)

1535

1540

= INT (D % 1EL2 4+ 3Y / 1
E12

FRINT ¢ FRINT "DIFFUSION CO
EFICIENT="50

FRINT ¢ FRINT "PERMEARILITY
—ll'}M

FRINT ¢ INFUT "DO YOU WANT
LIMEAR FIT AGAINT"ICH

IF C3 = "Y" THEN 70
IF G4 = "N THEN 14%0
FRINT ¢ INPUT "I0 YOU WANT
TO SAVE RESULTST" 344

IF &% = "Y" THEN 1330
IF A% = "N" THEN 1830

CHRS (4)

FRINT "FILE NAME":

FRINT F$",8"03

PRINT D55 OPEN"IFS" L AII"
nan
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1942

1545

1550
1560
1570
1530
1370
1600
15610
1620
1625

1636
1630
1640
16350
1660
1870
1680
14679

1700
1710
1770
17380
1790
1775
1800
1810

1312
1815

1820
1830

1840
1845

1830

1850
1870
1880
1890
1900
1905
1910

1920

1730
1940

1950
1760
1970

1780
1970

FRINT T3 " TELETE" $F$" JA" 1
FRINT [55 " OFEN" $F4" o A"J35"
o
FRINT I3 WRITE" §F$" 4 &4"0J
FRINT T
FRINT
FRINT I
FRINT 5" CLOSE" $F$" ,A"JJ
REM
REM XkkX-Y CO-ORDINATESH%K
REHM
FRINT "INPUT X-VALUES TO IR
AW LINES"
FRINT "FOR FIT#1 & FIT#2"
FOR JJ =1 T0 2
FOR & = 1 T0 2
FRINT & PRINT "XX"353
INFUT XX(5): NEXT
§ =5 -1
FORE =1 70 5
YYCE) = XXCE) % PALIIs1) 4+ P
AIT0)
FRINT XX(E)$ FRINT YY(E)
NEXT
I% = CHRS (4)
E=E -1
NN = E
PRINT "FILE NAME"3
SRINT F$" A"1J
FRINT 065" OPEN"iF$"  A"JJ3"

FRINT s "LELETE"SFS" A" JJ
PRINT 1% "OFEN"IFS$" 4"JJ5"
2

FRINT U$i"WRITE" 7FE" 4"JJ

FRINT NND FOR I = 1 TO NN FRINT

AXCT I PRINT YYOI¥E NEXT
FRINT L3 CLOBE" sF$".4"JJ
NEXT JJ
INPUT "ANY OTHER FILE TO WR

ITECY/NIT" sA%

IF &% = "Y" THEN 1630

IF A% = "N" THEN 70

REM

REM #XkPLOTTINGREX

REM

LIM XC26054 ) Y0 26024 )9N04)

SN = 3t REM SIZE OF CHARACT

ERS

iR

il

H]

i

it REM  POINT SYMRBOLS

IR = 41 REM  MARK SIZE
IR = 15 REM FOINTS 70 BE JQ
INET
UR = Qi REM FOINTS DG NOT B
£ JOINED
BR = 1t REM FITCH OF BROKEN
LINE
LIGT 134D
B = 1% REM DRAW BORDER
B0 = 0t REM NO RORIDER TO EE
TR AWN

i H



2000
2010
2020

2030

20480

2070
2080
2070
2110
2120
2130
2140

2150
2160
2170

2180
2190

. 2200

2210

FM o= 20000 REM  LIMIT TOP LI
NE
LM = 250% REM LIMIT BOTTOHW

nou

LINE

GL = 401 REM LENGTH COF GRAT
IC5
SU = 901 REM SFACE RETWEEN

TOP TITLE AND MARGINE LINE
8X = 150 REM SFPACES BETWEE
N X=Y TITLES AMII AXES LINES
C5 = 3! REM SIZE OF NUMERIC
Al. NUMBERS ON X-Y CO-ORDIMAT
ES

TL = 257 REM  LENGTH OF TITL
ES
K0 = FTOIXM = 1850
YO = 3Q0IYM = 1500
% = CHR$ (49
REM
REM fokk TITLES dokk
REM
GOSUR 26508 INPUT "TITLES F

OR THE GRAFH (Y/N) T "jE$

TF B$ = "N' THEN 2390

IF B$ = "Y" THEN 2180

IF B < 3 "Y" OR K% < 3 0
N" THEN 2140

GOSUE 2640

FRINT "TITLE FOR TOF HARGIN
PRINT ¢ INFUT "7 “"3T4

IF T4 = "" OR LEN (T$) & T
L THEN 2180

GOSUR 2640% FRINT "TITLE FO
R X-AXI5 "

FRINT 3 INFUT "7 "5X$

IF X% = "" OR LEN (X$) > T
L THEM 2220

GOBUR 2640¢ FRINT "TITLE FO
ROY=AXIS"

PRINT 7 INFUT "% "iY$

IF Y$ = "" Ok LEN (Y$) > T
L THEN 2250 -
GOBUR 2860¢ FRINT "SIZE OF
CHARACTERS( 0-15)"

FRINT & PRINT "SUITARLE 517
E=3)"

INFUT "YOUR CHOICE“" T8
IF 8N « 0 OR SN » 15 THEN
289
T =1
PR o= 1
IF I = 1 THEN R = Q
IF J = » 2 THEN IR = 1
REM .
FEM &% CO-ORDINATES ¥k
REM '
GOSUE 26601 FRINT "MATHEMAT

ICAIL CO-ORDINATES"
FRINT ¢ FRINT "XMINyXHAXsYH
I YHAR"
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2410

2430
2430
2440
2450

2450
2470
2480
2490
2390

2520
2530
2540
2530
2580
2370

2380

2990
2600
2610
2620
24390
2640
2650
24669
2670
2630
2690
2700

2710

2720
2730
2740
2750
2750
2770
2730

2790

2800
2810
2320
2830
2840
2830
2860
2370
2839
2890

2900
2910

FRINT § INFUT "ENTER 7 "iXS
1 XBrYSYH

BEM

FEM KKK XM=Y SEGMENTS dkX
REM

GOSUE 286080 IMFUT "GRATICUL

ES {Y/N) T "5ES
IF B$ = "N" THEN 2520
IF B% = "Y" THEN 2490

AX =1

FRINT & INFUT "NO OF GRATIC
S ON X-4XI8 7 "iGX

FRINT ¢ IMFUT "NO OF GRATIC
5 ON Y-AXIS 7 "iGY

HOME § VUTAR &

INFUT "W0 OF FLOTS"FNP

FOR T = 1 TO NPt FRINT
FREINT "FILE NAME"3FIS

INFUT "7 snMaC T )8 NEXT
J s

FPRINT T " OPEM" sNMSC I )" 12
PRINT O$s "REAT" s NMSC )
INFUT NIMCJ) = N

FOoR I =1 T0 N

INFUT X(TsJ)0 INFUT Y(Isd)
NEXT

FRINT T65 " CLOSE™ jHM$C )
GOTO 2700

HOME ¢ VTAR 100 RETURN

RKEM

REW ik SCALING Xxk
REM |

FRINT ¢ PRINT "X

\( n

FOR I =1 TO MNP FRINT X(I.J
PY{IaI ) NEXT
Jo=) bl

IF J < = NF THEN 2380

FOR J =1 TO NF
N o= NCJD
DX = XM - X0 = YH -~ YO

FOR T =1 T0 N .
XQ = (X(I7J) = ¥8) / (XE - X

5)

YR = (Y(Isd) = Y§) / (YE - Y

5)
XOTsJ) = X0+ I K XQ
YCTaJ) = YD F IY % YR

NEXT

IF TR = 0 THEN 2840

IF MK = 0 THEN 2950

REM

REM  K%% MARK FOINTS sokkk

REM -
FOR I = 1 TO N o
XZ = X(IJ)EYZ = Y(I+J)! GOSUK g
4170

GOSUB 4180% NEXT

IF IR = O THEN 2990
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2920
2930
2940

2750
2960
2970

2930
2990
3000
3010
3020
3030
3040
3030
3060
3070
3080
3990
3100
3110
3120
3130
314G
3130
3160
3170

3180
3170

REM

FEM  Kkk TRAW CURVE dawx

REM '

N = MN-1

IGR T =170 N
XZ = Xy IIIYZ = Y(Ie)t GOSUR

4130

NEXT
BR = 0 GOSUR 415890
R =1

MNEXT

REM

REM  Kik TRAW BORDER ol

REM
BO o= 0
RZ = XOIYL = YOI GOSUE 4129
YZ = YM: GOSUR 4130
XZ = XM: GOSUR 4130
YZ = Y0 GOBUR 4139
XZ = X0% GOSUE 4130
IF &X = 0 THEN 3470

REM
FEM  kkk TRAW SEGHENMTS win
REM
JE = X/ GX
JY = oY /7 GY
FOR I = X0 + JX TO XM -~ JX STEF
JA
YZ = YOiXZ = It GOBUR 4120
YZ = Y0 + 6Lt GOSUR 41308 NEXT

FOR I = X0 4+ JX TO XM - JX STEF
JX

3210 YZ = YMIXZ = It GOBUR 4120

3220 YZ = YM - GL{ GOSUR 4130t NEXT

3230 FOR T = Y0 4+ JY TO YM ~ JY STEF
JY

3240 AZ = XOIYZ = Lt GOSUR 4120

3230 XZ = X0 + GLt GOSUR 4130% NEXT

3260 FOR I = Y0 + JY TO YM - JY BTeF
JY )

3270 XZ = KMIYL = 1} GGEUP 41”0

3280 X2 = XM -~ (L5 GOSUR 41301 NEXT

3290  REM

3300 REM %%k WRITE SCALES k¥x

3310 REM

3320 SN = CSIGR = 0 GOSUR 41703 GOBUE
4199

320 UN =05+ 1) K 7

I340 WX = (XH - X§) / GXIWY = (YR

- Y8) / GY

3330 KK = XB

3360 FOR I = X0 TO Xt 8TEF JX

3370 A% = 8TRE (RKIILM = LEN (4

3380

) % UN
YZ =¥ - S0iXZ =1 - IN/ 2

9-12



3370
34090
3410
3420
3430

3440

3450
3460
3470
3480
3490

3630

3449
3630
3640
3670
3480

3670
3700
3710
3720

3730
3740
3750
3740
3770
3780
3790
3800
3310

3320
3830

3840
3330

GOSUE 41200 GOSUR 4140

KK = KK + WX$ NEXT
KK = Y5

FOR I = YO TO YM SBTEF JY

AB = STR$ (KKOILN = LEN (A

$) % UN + 20

XZ = X0 - LNIYZ = 1 - 10% GOSUR
4120 '

GOSUE 4140

RK = KK + WY MEXT

IF TF = 0 THEN 4040

REM

REM Kk¥ WRITE TITLES ik
REM
BN = T5! GOSUR 4170
UM =7 % (8N + 1)
A% = THILN = { LEN (A%$) % UN
Y/ 2

XZ = X0 + IX / 2 - LNIYZ = ¥

# 4+ SU

GOSUR 41200 GOSUR 4140
A% = XFILN = ¢ LEN (A%) X UN
)/ 2

XZ = X0 4+ IX / 2 - LNIYZ = Y
0 - 58X

GOSUE 4120% GOSUR 4140
AF = YHILN = LEN (A%)

IF LN = 2 THEN QR = 1
LN = (LN % Un) /7 2
XZ = X0 - GXIYZ = YO + LY /
2 - LN

GOSUR 4190¢ GOSUR 41203 GOSUR
4140

IF FF o= 0 THEN 4040

REM

REM 4KWRITE DETAILSkKk
REM

FRINT & INFUT "D0 YOU WANT
MORE DETAILBCY/N)?" A%

IF &% = "Y" THEN 3710

IF A% = "N" THEN 3740
L% = CHR$ 14) :
FRINT ¢ INFUT "FILE NAMET";
B$

FRINT (43" OPEN" $R$5" 212"
PRINT (%5 REAL " 513

INFUT T

INFUT M

INFUT T

FRINT TeMo D

FRINT (45" CLOSE" §F%

GOBUE 4170
A% = GTR$ (T)
ab = "TIME LAG=" + A%{LA = LEN
(A%)
XZ = X0 4+ IX + LA + 103YZ =
YO 4+ DY - 200

GOSUR 4120% GOSUR 4140
A = GTR$ (M)
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3860 A% = "FERMEAR.=" + ASILE = LEN

3870 AT = X0k OX 4 LB 4 10YZ =
Y0 4+ Y - 300

- 3830 GOBUR 4120% GOBUR 4140

3890 an = QTR$ (1)

3900 A% = "I=" 4+ A%ILC = LEN (AS
)

3910 XZT = X0 + UX 4 LC 4 101Y2 =
YO + OY - 400

2220 GOSUR 4120% GOSUR 4140

3930  HOME ¢ UTAER 10

3940 INFUT "INITIAL TIME="jXX

3950 XE = (XX - ¥B) / (XB - X5)

3980 PRINT § INFUT "DO YOU WANT
THE TIME AT THE 1/ BOGTTON OR
/ '7! TUFNH A

3970 IF § = 1 GOGTO 39990

3980 IF 5 = 2 GOTO 4020

3920 YZ = YOIXZ = XO 4+ DX ¥ XE{ GOSUBR
4120

4000 YZ = YO 4+ 160% GOSUR 4130

4010  GOSUR 4200% (GOTO 4040

4020 YZ = YMINZ = XD + IIX % XE! GUSUE
4120

4030 YZ = YH - 140% GOSUR 4130

4040  GOBUR 4200

4050  HOME : VTAR 19

4080  PRINT & INFUT "I0 YOU WANT
MORE FLOTCY/NDT" jA%

4070 IF A% = "Y" THEN 2140

4080 IF A% = "N" THEN 70

4090 IF A% < > "Y" OR A% £ = "
N" THEN 4100

4100 END

4110 ht% k% DIGI-FLOT ROUTINE

KKk

4120 rsn 18 FRINT D3 M INT (XZ
Yty INT £YZ)8 GOTD 4210

4130 FRE 1t PRINT D 0" INT (XZ
YEte i INT (YZ)L GOTO 4210 .

A140  PRE 10 FRINT D$:"F"ia% GOTO
4210 o

4150 PRE¥ 1P PRINT D% L"$5RR: GOTO
4210

4160 PRE 1P FRINT D$3"B"3END GOTO
4210

4170 PRE 1t PRINT I$5"6" 85N GOTO
4210

4180 PRI 13 PRINT D$:"N"#MKE GOTO
4210

4190 FRE LY PRINT L45"Q"5QR GOTO
421

4200 PRE L3 FRINT D$s"H": FRE O

4210 FRE O RETURN
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APPENDIX A.7.6

The analysis may be made using the method of Laplace trans-
forms (1) but for the purposes of comparison with the infinite volume
method this treatment is based upon the use of non-orthogonal sine series.

The boundary conditions are
atx =0,c=c, fort )0

atx = %, (0AD/V)(8c/8x) = (8c/8t)

where V is the finite volume of the collecting vessel.

In this treatment the concentration step is taken as being from
zero to ®., (It is easily modified to deal with steps from non-zero
concentration). For a finite volume the time invariant state is equilibrium
when the concentration in the collecting volume will be c®. Assuming
Fick's second law the concentration in the collecting volume, c, is given

by eqn. A.7.8.1.
v 2
= 0 i - . 6.
c = c° + E A_ sin(X L)exp(-A_Dt) A.7.6.1
in which )‘n is the root of the transcendental equation:
Ansm(lnz) = pcos(Anl) A.7.6.2

where p = 0A/V.
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Since the initial concentration is zero, t = 0, we have that

[}

: - _0
Ansm(knx) = -¢

n=0,1,2... for x = 0to &
Using this method of Peek (2) the values of An were found to be:

| -22(p% + 1)
A = > 5 , n=0,1,2... (A.7.6.3)
n AL(2A2 + 2p% + p)

From eqns. (A.7.6.1) and (A.7.6.3) the concentration in the collecting

vessel now becomes eqn. (A.7.86.4)

w 2(p?+22)sin(A_R)exp(-A Dt)

c =&2-° (A.7.5.4)
nz0,1,2... (% +2p% +p) A ®

As the experiment proceeds and time increases, terms in Xn’ with n ) 1,
will rapidly decay.

In order to employ the linear extrapolation procedures of the infinite
volume solution, it is necessary to obtain the limiting conditions in which
the differences between these two are acceptably small.

The first, eqn. (7-4), required cAR/V =p2 <K 1. | Under this
condition terms with orders greater than unity in pf may be neglected.

Egn. (A.7.6.2) may be rewritten as:

j)\oltan()\oﬂ,) = pl
and expanded as a Maclaurin series:

AAAL + (A_0)3/3 +2(A_0)°/15 + ...) = p&
Rearranging, to express ()\02)2 as a polynomial in p%, using standard

formulae for reversion of a series,

-~
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(A 9% = (p2- p°L73 + higher terms)
and using the binomial theorem eqﬁ.(A. 7.6.5) is obtained.

A %= (0% - pre) (A17.6.5)
giving

sin()\oﬂ,)/)\o = (1- p6)
Substitution in eqn. (A.7.6.1) gives eqn. ('Ai.7.6.6)

2(p2+(ph-p 22131 112 21-pW/6 Jexp(-A_°Dt) |
c=¢& - ( (A.7.6.6)
2p(1 + pi/3)

For conditions where AOZDt «1, exp(-AOZDt)- =z 1-pDt/%, (which gives
the second limiting condition, eqn. (7-7).
On substitution in eqgn. (A.7.6..6) this approximation gives eqn. (A.7.6.7)

after some rearrangement.

O [pD/( £)1(t - 22/6D)

0O
i

or ’ (A.7.6.7)
[ADac® /(V)1(t - 2%/6D)

(]
H

Egn. (A.7.6.7) is identical to the steady state relationship, eqn. (7-2)
since Q(t)/V = c, the concentration of permeant in the collecting vessel,

volume, V.
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Appendix §.]

Program for Calculating the Diffusion Coefficient from Experimental

Results

The program works by starting with a diffusion coefficient which
is larger than the value in agreement with the experimental results. It
inserts this value along with the time t; at which experimentally the peak
was observed into the equation for the concentration of the finite volume.

This equation is from section 2. 3.(1)

.

K(1+) 2 K2 iK% iwt
Re{[ez(;(z ) + e !
e e + 6 e e + 8
i)
-i /4
where (M - 1)
Vlw
6 =
: il
-i'/4
(1 + V2 Da'Ke )
Vlw

and the other symbols have their usual meaning.
It.then does the same for a new time ty =t + At and compares
the two. If the initial D input is larger than the true value of D then

C(D,tl) will be greater than C(D,tz) , i.e. we are in the region

c(ot,)
(0. t,)

D is then decreased by a small amount and the process repeated until

”~
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C(D,tl) is less than C(D,tz) at this point the value of D will be the value
that conforms to the experimental value. This gives the correct value of
D to within the step value at which D is decreased each time and this is

made as small as accuracy requires. The difference between tl and t2 is
also very small 10_25.

During the running of the program the following will be asked

for.

The Diffusion Coefficient: This is an estimate and must be greater than the
h.

real value (cmzs-

The Frequency: This is 2n/T where T is the period of the oscillations

(rad s-l) .

The Volume
- The Area Put = 1 if not known

The Distribution Coefficient

The Thickness: Which is the thickness of the membrane (in cm).

The Time: This is texp as defined in Chapter 8, Figure (8-4).

A first approximation to D can be obtained by using

-,

L

t
w _EXp T
3D (=g~ =x2m - ¢

2 t
_wh exp _m2
Dapprox == 1 T X 2T- 3

A listing of the actual program is given on the next page.
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