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In studies of bi-ionic cells containing strontium and potassium chlorides separated by 
a cation exchange membrane, the water transference was found to have a non linear 
dependence on ion transference numbers. This finding suggested the existence of local 
pressure gradients within the membrane during irreversible flow. In order to evaluate 
this possibility, we developed a method to obtain the concentration profile in a cation 
exchange membrane from measured fluxes. This permits the calculation of local 
transport coefficients for the coupled transport of mass and charge by two salts and 
water within the membrane. The observed variations in transport coefficients across the 
membrane are used to calculate the hydrostatic pressure profile inside the membrane. 
The results show that the postulated pressure gradient does exist, but that it has a 
negligible effect on the chemical potentials, This means that cell potentials can be 
calculated using the concentration dependent terms of the change in Gibbs free energy. 

Introduction 

Both water and ions diffuse through ion exchange membranes. Charge 
tmnsport will be associated with water transport as water molecules are 
carried along with the ions, and this association can be considered to reflect 
ionic hydration which, in turn, depends upon ionic species and 
concentrations. 

The local water transference number, t,, can be expressed as a function 
of ionic transference numbers [ 11. For two different salt components trans- 
porting the charge, the expression is 

tw = r,t1 + r2 ta (1.0) 

where rl and rz are the numbers of water molecules carried by components 
1 and 2, respectively, and tl and tz are component transference numbers. 
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The movement of components is related to the movement of ions, and the 
relationship is defined when the electrode reactions are known [I]. When t, 
is a linear function of t,, rl and r2 can be interpreted as constant numbers 
of Water molecules coupled to the electric transport of components 1 and 2, 
respectively. Deviations from a linear relationship between t, and tI or tz 
have been found for mixtures of monovalent and divalent ions in the mem- 
brane [2,3]. As pointed out by F@knd [4], this may indicate an accumula- 
tion of water inside the membrane during charge transfer, leading to pres- 
sure gradients in the membrane in the steady state. This phenomenon is 
fundamentally different from the swelling pressure of a membrane, which is 
an equilibrium phenomenon [5]; 

A hydrostatic pressure gradient in the membrane will contribute to each 
one of the chemical potential gradients Opi by the term ViVP, where Vi is 
t.hp nslrfinl mnlnr vn111mn nf m-onnnnont. i Thia will onmn1ieat.e intcarntinnr LI___ pm.& “aI* II&VA_ 1 vAI**I._. VL “~“‘y”.““” I. a AALY . . AA* “v~‘~y*‘“u”Y “““~‘UY~VA’Y 
across the membrane, because it can no longer be assumed that the total 
membrane acts as a sum of thin sections, each one being in equilibrium 
with an electrolyte solution of a defined concentration at the external pres- 
sure. This assumption may be called the additivity assumption, and when it 
is valid, the calculation of the contributions to cell potentials will be 
simplified. 

The purpose of this work is to test the additivity assumption by calculat- 
ing the hydrostatic pressure gradient inside the membrane. The principles of 
this calculation are new and lead to a new relationship between local and 
integral transport coefficiexts. To establish this relationship it is necessary to 
determine the path of integration through the membrane. The calculations 
are based on the continuous flux equations derived by F#rland and 
Ratkje [ 61. 

Theory 

1. The pressure gradient inside an ion exchange membrane 
The basic principles of the theory have been given elsewhere [ 1,6], and 

different methods for the experimental determination of transport coeffi- 
cients have also been discussed previously [ 11. 

The difference in the chemical potential of water between two dilute 
aqueous solutions at atmospheric pressure may be considered as negligibly 
small. Pressure gradients, VP, in a membrane during stationary state trans- 
port between two electrolyte solutions will create a gradient in the chem- 
ical potential of water, V&IO, in the membrane, such that 

vbH,O = vHzOvp 

where VH,O is the molar volume of water. 

(1.1) 

For pure diffusion (i.e., without charge transfer and bulk flow) within a 
cation exchange membrane the fluxes, Ji, of n components can be ex- 
pressed by the following equation 



Ji = - jg IijO/J.j i = 1, . . ., n W) 
j=l 

where Iii are local diffusion coefficients and Vpj are chemical potential 
gradients. In our case n = 3, JKC~ = J1, Jss~ = J2 and JH,O = J3. The dif- 
fusion coefficients and the chemical potential gradients are numbered 
correspondingly. 

The following restriction is valid macroscopically as well as microscopical- 
ly for pure diffusion 

J1 + 2J, = 0 0.3) 

since Cl- is largely excluded from the cation exchange membrane. AS previ- 
ously discussed, eqn. (1.3) implies 

Tli + 21;i T 0 i =‘1,2,3. (1.4) 

By means of eqns. (l.l)-(1.4) one obtains the expression 

For the one dimensional case, eqn. (1.5) can be written 

1 dP U13/111)J1 - J3 
m-=- 

a dy (133 - I13131 /II 1 I v3 

(1.5) 

(W 

where y is the fractional thickness and a is the total thickness of the mem- 
brane. In order to find the pressure gradient, dP/dy, at a given point within 
the membrane, we must know J1, J3, 113, 43 and Ill, as functions of the 
coordinate y. 

2. The path of integration through the membrane 
This section describes an experimental procedure to obtain the path of 

integration through the membrane. Consider the cells illustrated in Figs. la 
and lb. The ion exchange membrane separates two solutions which contain 
the following three components: KCl, SrCl, and HzO. Concentrations on 
the two sides are different and diffusion rates can be measured. The con- 
centration of Cl- is the same on both sides. Pure KC1 is always present in 
the cell on the right. Two different compositions of KC1 and SrClz in the 
left cell are illustrated in Figs. la and lb. In Fig. la the pure b&ionic cell is 
shown, whilst in Fig. lb the equivalent fraction, 3c1, of KC1 varies from r; 
to 1. 

Hypothetical concentration profiles are also illustrated in this figure for 
steady state conditions. At some distance y’ from the membrane surface, 
the concentration of K+ in the membrane will define a bulk solution with 
composition 3ti and X\ in equilibrium with the membrane, as indicated by 
the arrow in Fig. 1. When system lb is in a steady state with the bulk com- 



72 

position x’, and r: on the left side, the local intramembrane diffusion coef- 
ficients, IQ, should have the same value at y = 0 as they do at y = y’ in 
system la. This assumes that the effect of the pressure difference on 
the Iij can be neglected. 

Membrane 

y=o y=l 

Fig. 1. Diffusion in a membrane separating two half cells. (a) bi-ionic cell, (b) mixed 
electrolyte on one side of the cell. Hypothetical variations of equivalent fractions across the 
membrane are shown. The membrane has unit thickness, and y is the distance from the 
left side. The electrolyte to the left in Fig. lb is in equilibrium with the membrane in 
Fig. la at the location y’. 

In the diffusion experiment illustrated in Fig. 1, measurements of the 
steady state fluxes will give a value Jp for system la and J, for system lb. 
The constant flux ratio will be designated by a; where 

(Y = J,/J; (2.1) 

The gradients in system la are denoted by VP,, and those in system lb by 
0~;. Equation (1.2) may be applied to both systems, la and lb: 

J, = - ~ Ili~ll:= (YJP = 
3 

--Q C Ilivl-lj (2.2) 
i=l i=l 

In principle we can always find a bulk electrolyte solution in equilibrium 
with the membrane at a location y (y’ < Y < 1) in system la and we can 
bring the boundary (0 < y < 1) of system lb into equilibrium with this 
solution. From eqn. (2.2) these compositions define locations where 

(2.3) 

is valid. Thus all gradients in the experiment defined by Fig. lb are smaller 
than the gradients in the experiment defined by Fig. la by a factor 0: < 1. 
If eqn (2.3) is valid for tangents to the functions lui and pi at given co- 
ordinates, then we will have for curve intersects: 

A/& - 0) = 

(y APJ(~ - Y) 
(2.4) 
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or 

(2.5) 

Since the integrated chemical potentials fulfill 

A& = b:(l) - PI(O) = Pi(l) - Pi(Y) = APi (2.6) 

we have by comparing eqns. (2.5) and (2.6) that 

cw=l-y (2.7) 

Thus for any flux 

J,/J; =1-y (2.8) 

We may vary the percentage of KC1 in system lb ahd measure J1 as a 
function of the bulk concentration ~1. From eqn (2.8) the position in the 
membrane can be calculated by having a concentration of electrolyte in 
equilibrium with a known bulk composition. The path of the integration is 
then defined. 

3. The local diffusion coefficient 
We will now show that integral measurements of JF and J, will deter- 

mine the local diffusion coefficient lil as a function of bulk composition rxl, 
or the corresponding distance y from the surface of the membrane. 

The flux of KC1 in an experiment illustrated by Fig. la can be expressed 
as 

0 J, = -I,,Vcll - IlzV~z - IISVE’IS 

Inserting eqns. (1.1) and (1.4), we obtain 

J; = -I,,(Vp~ - i VP;) - [I,,(V, - f V,) + &&IVP 

(3.1) 

(3.2) 

where 0~: denotes the concentration dependent part of Vr_l+ V, is the par- 
tial molar volume of KCl, and V, the partial molar volume of SrCl,. The 
effect of pressure on &’ is now assumed to be negligible, and it wilI be 
shown later that this is true. Constant activity coefficients are also assumed, 
this is justified by a constant chloride concentration 

V’CL; = RT 13 
xi ady 

i = 1,2 

With these approximations, eqn. (3.2) reduces to 

(3.3) 

2-x, dx1 
J; = -RT I,, - l - 

2X1X* ady 
(3.4) 
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By differentiating eqn. (2.8) we obtain 

-dy = dJ,/J; 

Substituting eqn. (3.5) into eqn. (3.4) and rearranging, we obtain 

(3.5) 

a 
I 

2x1x2 dJ, 
11= -- - 

RT 2-x1 dx, 
(3.6) 

which is the desired expression. 

4. The water permeability coefficient I33 
The volume flux across the membrane 

AP. If the compositions of the two bulk 
sults in 

can be measured as a function of 
solutions are equal, eqn (3.2) re- 

J1 = -[IIl(Vl - t V,) + I13V3]AP/a (4.1) 

assuming a constant pressure gradient AP/a. 

Similarly, we have for J3: 

J3 = -[I13(V1 - + V,) + 133 V,] APla (4.2) 

The relation between J, and Jz is stated in eqn (1.3). Inserting eqns. (1.4), 
(4.1) and (4.2) into the following expression 

J,=J,V, +JzVz +JaVs 

leads to the relationship 

J, = -[Ill(Vl - ; V,)’ + 

which in turn gives 

(4.3) 

2 I1JVJ(V, - a V,) + 133v321 E 
a 

I 
aJv 

33 = - 
AP.V; - 

aI11 - 2 aI13 
v, - 2 v, 

v3 

(4.4) 

An approximation of the water permeability is -a Jv/AP Vt, provided that II1 
and II3 are small. This assumption is justified by experiment, as will later 
be shown. 

5. The coupling coefficient II3 
The coefficient II3 is also needed to solve eqn. (1.6). This quantity is not 

readily accessible by direct experiment, so we have chosen to express II3 by 
other measurable coefficients. The diffusion coefficients Iii are related to 
the phenomenological coefficients Lij for charge and mass transport by [l] 

Iij = Lij - L,jLid/L44 (5.1) 
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The current is the fourth independent flux and L44 is the specific con- 
ductivity of our membrane. For I13 we find 

113 = L13 - L43L4lL44 (5.2) 

The component transference numbers, tl and t3, of KC1 and H20, re- 
spectively, together with the coefficient r1 in eqn. (1.0) can be expressed in 
terms of the phenomenological coefficients [ 11: 

t1 = L14lL44; t3 = L34iL44 = L43lL44; r1 = Ll3IL4 (5.3) 

Substitution into eqn. (5.2) leads to 

I 13 = (rl - t3ItlL44 (5.4) 

Therefore, in order to determine the value of 113, it is necessary to deter- 
mine the specific conductivity of the membrane together with the trans- 
ference numbers, t3 and tl. Then it is necessary to find the dependence of 
t3 on tl in order to determine the coefficient rl. 

6. Determination of electrical transference numbers 
The water transference number, t3, can be determined from streaming 

potential measurements [ 71. If E -F/Al’ is the streaming potential, then t3 

is given by [71 

t3 = (-l/V,) [EF/AP - tlV1 - tzV2 - AVJ (6.1) 

where AP is the pressure difference, E the resulting cell emf and F is the 
Faraday constant. Since the composition is the same on both sides of the 
membrane during these measurements, the relationship between t3 and tl 
can be obtained. 

The component transference members tl and t2 are in our case with 
Ag/AgCl electrodes related to the ionic transference numbers of K+ and Sr2+ 
respectively, by: 

tKCl = tK+ (6.2) 

tSrC!1, = * ‘t SrZ+ (6.3) 

Experimental 

The electrochemical cell chosen for this investigation consisted of two 
half cells separated by the cation exchange membrane CR 61 AZL 386 
from Ionics Inc., Watertown, Mass. (USA). The total concentration of Cl- 
was 0.03 N. The half cell on the right side contained 0.03 N KCl, unless 
otherwise specified. The solution on the left side contained KC1 and SrCl, 
in a mixture of 0.03 N Cl-. Eight different mixtures were investigated, 
namely those having ionic fractions of K+ equal to l/8, 218, 318, 418, 518, 
6/S, 7/8 and S/S. Prior to each measurement, the membranes were equi- 
librated with the appropriate solution, as previously described [ 71. 
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To obtain reproducible results in ,both the diffusion experiments and ion- 
ic transference number measurements, we found it necessary to pretreat the 
membranes by passing current through the membrane until all ions had ex- 
changed three times, as calculated from the ion exchange capacity of the 
membrane. 

Streaming potential measurements were performed to obtain water trans- 
ference numbers. Experimental details have been described elsewhere [ 71. 

Ionic transference numbers were measured by passing a constant current 
through the pretreated membrane. A direct current source, Hewlett Packard 
model 6181 B was used to pass a constant current between Ag/AgCl leaf 
electrodes. The current passed from the half celI containing the mixture to 
the receiving solution containing either pure KC1 or SrCl,. Various current 
densities were used in an attempt to eliminate the effect of diffusion in the 
cell (see Fig. 2). Since the membrane is not perfectly permselective for cat- 
ions at the chosen total concentration, both tK+ and tS?+ were measured. 
The Sr2+ concentration in the receiving solution was determined by titra- 
tion with EDTA whilst that of K+ was determined by atomic absorption 
spectroscopy. Each half cell contained 1000 ml of solution which was 
stirred by a glass propeller at a constant speed of 2500 r.p.m. This stirring 
rate is sufficient to maintain constant conditions at the membrane surface. 
A 100 ml aliquot from the right half cell was analyzed for ions. The mem- 
brane resistance was measured with an L.C.R.F. Bridge, Type 4725 from 
Tinsley & Co, London. Interdiffusion of KC1 and SrCl, was determined in a 
similar manner. The temperature was held constant at 25.0 f 0.1 “C. The 
water permeability of the membrane was measured by reading the volume 
expansion in a capillary tube connected to one of the half cells while an ex- 

pressure was applied to the other half cell, The volume expansion was 

Current (Am-z) 

Fig. 2. True transference number, t, as obtained from measured apparent transference 
number vs. current density. J, and Jn are the fractions of the total flux due to charge 
transfer and diffusion. 
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measured for pressure differences that varied from 0.7-1.2 atm. Tempera- 
ture was controlled to * 0.1 “C by circulating water that was thermostatical- 
ly maintained in a tube passing through the cell. The solution in each com- 
partment was stirred magnetically. Osmotic water flux was determined with 
the water permeability apparatus, using vertical capillary tubes in both half 
cells. 

Results 

The results of the various experiments are presented in the same sequence 
as they are described in section 1 of this paper. The diffusion of SrCl, in 
the bi-ionic cell is plotted in Fig. 3. The bulk electrolyte compositions in 
equilibrium with the membrane at a given normalized distance y from the 
surface are calculated from eqn. (2.8) and illustrated in Fig. 4. A functional 
relationship is established between the normalized flux JN = J,/J,” and the 
equivalent fraction x 1, in order to find the derivative in eqn. (3.6). 

dJ,/dx, = -2 J,o -JN/dx, (7.1) 

The various functional values are given in Table 1, along with the com- 
ponent transference numbers, which in our case are equal to ionic trans- 
ference numbers obtained after correction for diffusion and streaming poten- 
tial. 

The water transference number t3 is calculated from eqn. (6.1) and 
plotted as a function of tl in Fig. 5. The results for rl are given for each 

Fig. 3. The SrCl, flux, J,, across the membrane as a function of composition in the left 
side of the cell: KC1 + SrCl,/mem/KCl Ccl- = 0.03 N. 

Fig. 4. The bulk electrolyte composition in equilibrium with a membrane of unit thick- 
ness at a distance y from the membrane surface. 
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TABLE 1 

Changes in 
of the left 

the normalized flux of SrCl,, d&/dx, (see eqn. (7.1) in text), as a function 
side composition of the cell KC1 + SrCl, /mem/KCl. t,, t, and ElAP are pre- 

sented as functions of bulk electrolyte composition. * denotes an interpolated value. 

Xl = XKCl d JN ldx, 
;;:a?:d) 

4 = tslc 
h 

E/d’ (crV/mmHg) 
(eqn. (7.1) (measure ) (measured) 

0 -0.47 f 0.01 0 0.465 0.5025 
l/S -0.50 + 0.01 0.153 + 0.003 0.396 0.4915 
218 -0.53 + 0.01 0.295 f 0.006 0.348 0.448 
318 -0.56 f 0.01 0.426 -f 0.009 0.263 0.4725 
418 -0.60 f 0.01 0.55 -f 0.01 0.203 0.467 
518 -0.74 * 0.01 0.66 + 0.01 0.147 0.4575 
618 -0.94 f 0.01 0.77 i- 0.02 0.094 0.4405 
718 -1.75 f 0.09 0.87 ? 0.02 0.046 0.4025 

15116 -3.4 ? 0.2 *0.93 ? 0.02 - - 
31132 -4.8 * 0.2 *0.96 i 0.02 - - 

1 - 0.98 f 0.02 0 0.2475 

0 5 10 

Pressure difference AP (10’ Nm-‘) 

Fig. 5. t, = tH o as a function of t, = t 
to the curve. ’ 

KCI’ r, is calculated as the slope of the tangents 

Fig. 6. The volume flux J, as a function of the pressure difference across the membrane. 
0: x, = XKCl = 1. 0: x, = 218. 

composition in Table 2, which also contains the measured and interpolated 
data for the conductivity coefficient, L 44 and the coefficient 133. Ij3 has 
been calculated from the volume permeability data given in Fig. 6. The 
average slopes for the two compositions measured are 

(7.2) 

$ (2/8 KCl) = 7.75 X 10-l“ (m3/N-s) 

5 (8/8 KCl) = 11.05 X lo-l4 (m3/N es) 
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With a membrane thickness of 5.1 X lob4 m and VHzo = 18.0 X 10m6 m3, 
eqn. (4.4) gives 

I,, (Z/8 KCl) = 1.22 X lo-’ (mol’ s/kg m3) 

Is3 (8/8 KCl) = 1.74 X lo-’ (mol’ s/kg m3) 
(7.3) 

Values for intermediate compositions have been found by assuming that 133 
is a linear function of 3c1 (see Table 2). 

TABLE 2 

t,, r,, L,, and I,, as functions of bulk electrolyte composition. * denotes interpolated 
or extrapolated value. The electric conductivity L,, is calculated from L,, = 
(l/F*)(a/A.R) where F is the Faraday constant, A is membrane area, R is the measured 
resistance and a is the membrane thickness 

Xl = xKCl 10” .L 7 

(mol* i/kg m3) iiol!?s/kg m’) (eqn. (7.3)) 

0 20.6 c 0.2 17.3 f 0.1 1.49 r 0.03 *1.05 + 0.05 
118 20.0 + 0.2 17.3 ?r 0.1 *1.55 f 0.03 *1.13 + 0.06 
Z/8 19.7 + 0.2 17.3 f 0.1 1.58 f 0.03 1.22 + 0.06 
318 18.8 * 0.2 17.3 f 0.1 *1.68 * 0.03 *1.31 f 0.07 
418 18.6 f 0.2 17.3 f 0.1 1.78 f 0.04 *1.39 + 0.07 
518 18.1 ?r 0.2 16.8 + 0.1 *1.83 i 0.04 *1.48 f 0.07 
613 17.3 * 0.2 15.5 f 0.2 2.01 f 0.04 *1.57 + 0.08 
718 15.7 + 0.2 13.6 + 0.3 2.26 f. 0.05 *1.66 + 0.08 

15116 13.8 f 0.5 12.9 * 0.5 *2.7 * 0.1 *1.70 c 0.09 
31132 12.2 + 0.5 11.9 + 0.5 *3.3 * 0.2 *1.72 f 0.09 
0 9.3 f 0.2 9.3 * 0.2 6.5 + 0.3 1.74 + 0.09 

According to eqn. (5.4) all of the information necessary for the calcula- 
tion of I13 is now available. The coefficient is calculated for the system 
SrCl, /mem/KCl and the concentration variation of I1 3 and I1 1 with y is 
shown in Figs. 7 and 8. We see that both II1 and 1i3 are of an order of 
magnitude that makes possible the calculation of I33 from J,/APV,?. Finally, 
the result of osmotic flux measurements for the system SrClz/mem/KC1 is 
that J3/J1 = 7.0 ? 0.2. 

The pressure gradient calculation can now be carried out using eqn. (1.6). 
First we observe that the denominator can be approximated to 133 V3 and 
the equation is then rearranged to give: 

dP a-J1 113 

( 

J3 
--- 

dy=v3133 I11 J1 ) 

It can be seen in eqn. (7.4) that the variation in dP/dy is given by 
tion in 133 and 113/111, whilst other quantities are constant (steady 

(7.4) 

the varia- 
state). 
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The variation in dP/dy for a particular membrane according to the variation 
in the coefficients IS3 and 1,3/111 is calculated for the pure bi-ionic cell, and 
this variation is illustrated in Fig. 9. 

Fig. 7. I,, as a function of distance y through a membrane of unit thickness for the 
system SrCl, /mem/KCl. Vertical bars indicate uncertainties in the experimental data. 

Fig. 8. II3 as a function of distance y through a membrane of unit thickness for the 
system SrCl,/mem/KCl. Vertical bars indicate uncertainties in the calculations due to un- 
certainties in experimental data. 

1 , 

I 

Fig. 9. Pressure gradient dP/dy as a function of normalized distance y through the mem- 
brane for the system SrCl, /mem/KCl. Vertical bars indicate uncertainties in the calcula- 
tions due to uncertainties in experimental data. 
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Discussion 

Figure 9 shows that there is, in fact, a variation in dP/dy across the cat- 
ion exchange membrane. Error limits are large, but there is a significant dif- 
ference between the value for dP/dy at y = 0 for 3c1 = l/8 and for x1 = 3/B 
in the left compartment. For solutions of salts with x1 > 6/8 the un- ’ 
certainties in our calculated coefficients for this particular membrane are 
too large to give meaningful pressure gradients. However, the results pre- 
sented in Fig. 9 can be used to show that the additivity assumption is valid; 
the variation in pressure is so small that its effect on chemical potentials 
can be neglected. This assumption has been used to calculate III. 

A consistency check on the results would be to plot the right-hand side 
of eqn. (7.4) for a given ratio J3/Jl against y and then integrate across the 
membrane. The area under the curve should be zero, as the following rela- 
tionship must be fulfilled with bulk solutions at atmospheric pressure: 

1 

s (dP/dy)dy = 0 
y=o 

(8.1) 

Unfortunately, the slightest variation in I II, II3 and J3 /J1 produces a large 
error for the expression (I, 3 /I1 1 - J3/J1 ). Therefore it is not possible to per- 
form this integration with reasonable limits of error. However, the present 
results lie within a range that makes it plausible that the result of the 
integration of the left-hand side of eqn. (8.1) is equal to zero. 

The present finding gives experimental confirmation for the proposal by 
F&land [4] that pressure gradients may develop within ion exchange mem- 
branes. The present study also provides a method for calculating the steady 
state pressure gradient from data obtained by straightforward and well 
established experimental techniques. 

Conclusion 

A general method has been presented for the calculation of local mem- 
brane transport coefficients from integral quantities. A local picture of mem- 
brane transport can be derived for any membrane by this method. A hydro- 
static pressure gradient has also been shown to exist. The magnitude in pres- 
sure variation is so small that the contributions from v P to the chemical 
potential gradients are negligible. Thus a pressure effect may also be 
neglected when calculating cell potentials or changes in Gibbs free energy in 
local sections across a membrane. It is important to note that the validity of 
all approximations can be evaluated directly from the experimental data, be- 
cause the variables used in our description are operationally defined quan- 
tities and thus accessible by measurement. 
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Notation 

A 

fl: 
F 
I 

Ji 

JN 

JV 
Lij 
4j 
P 

R 

‘i 
T 

ti 
vi 
“i 
Y 
a 

4 

Membrane area (m2) 
Membrane thickness (m) 
Electromotive force (V) 
Faraday constant (C/eqv) 
Current (density) (A/m2 ) 
Flux of component i (mol/m2s) 
Normalized flux of SrClz 
Volume flux (m/s) 
Phenomenological coefficient (mo12 s/kg m3 ) 
Local diffusion coefficient (mo12 s/kg m3) 
Pressure (N/m?) 
Molar gas constant (J/mol K) 
Number of water molecules carried by component i 
Absolute temperature 
Transference number of component i 
Partial molar volume of component i (m3/mol) 
Equivalent fraction of component i 
Fractional thickness of membrane 
Flux ratio 
Chemical potential of component i (J/mol) 
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