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Abstract - B}

Measurements of bi-ionic potential (BIP) across three cation-exchange membranes (CEMs) have been carried out for
KCl/CEM /NacCl, KCl/CEM/LiCl, and NaCl/CEM /LiCl systems, where CEM is a polystyrene and divinylbenzene
sulfonated membrane (CM2, ffom Tokuyama Soda), a perfluorosulfonic acid membrane (Nafion® 117, from Du Pont De
Nemours) and an heterogenous membrane prepared by inclusion of cation-exchange resin in PVC (CRP, from Rhone
Poulenc). The influence of the salt concentration and the diffusion boundary layers (DBLs) on the BIP values has been
analysed both theoretically and experimentally. The theoretical model is based on the Nernst~Planck equations, and gives a

good description for salt concentrations higher than 5 x 10~

* M. For the CM2 membrane, the DBL thickness changes from

20-23 um in absence of stirring t0 3-4 wum for high stirring rates. Also, the ion diffusion coefficients in this membrane
have been estimated to be of the order of 10~9° cm?/s. It has been observed that the counter-ion diffusion coefficients ratio
D,/ Dy) in the membrane Increases significantly when the membrane water content decreases, which suggests the
possibility of achieving highly selective ion transport with low water content membranes.
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Stirring effects

1. Introduction

The potential difference which appears between
two solutions of different electrolytes (AY and BY)
with a common co-ion (Y) at the same concentration
separated by a charged membrane is named the
bi-ionic potential (BIP). Although the literature con-
cerning this field is extensive [1-13), certain impor-
fant problems still remain to be clarified. The influ-
snce of the diffusion boundary layers (DBLs) on the

—_—
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BIP [14-19] and the concentration dependence of the
BIP found in highly charged ion-exchange mem-
branes [13,17,18] are two of them.

The aim of this study is to show that the above
questions are interrelated. To this end, we analyse
different membrane systems of the form
AY/CEM/BY for three cation-exchange mem-
branes (CEMs), with K¥, Na* and 1+ as counter-
ions and C1~ as the common co-ion. The counter-ion
A is that of higher diffusion coefficient in solution
(D, > Dy) so that a positive BIP results. The multj-
lonic transport through these membrane systems is
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considered over a broad range of salt concentrations
and stirring rates in the external aqueous solutions.
The experimental results are interpreted on the basis
of a theoretical model, based on the Nernst—Planck
equations, which does not involve the usual assump-
tions of zero co-ion flux and complete membrane
control {1,2,10,13,15,16,20—23]. The first assump-
tion is not valid when the salt concentration ap-
proaches the membrane fixed charge concentration,
while the second assumption fails even at moderately
low concentrations [14]. Therefore, the concentration
range where both assumptions could be used is
relatively narrow.

The structure of this paper is as follows. First, we
review briefly some of theoretical results given pre-
viously for the BIP. Then, we present the experimen-
tal results obtained, discuss them in the context of
the theoretical model developed by Guirao and al.
[18], and show the important effects that the DBL
exerts on the BIP. These effects are clearly shown by
the significan‘t concentration dependence of BIP. Fi-
nally, we correlate the ratio of the counter-ion diffu-
sion coefficients in the membrane (obtained under
experimental conditions close to membrane control)
with the membrane water content.

2. Theory

BIP equations for charged membranes can be
derived on the basis of different theoretical ap-
proaches: Nernst—Planck equation [22,23], thermo-
dynamics of irreversible processes (TIP) [1,13],
Spiegler’s friction coefficient model [24], and others
[19]. The first studies of BIP made use of the Hen-
derson assumption to integrate the Nernst—Planck
equations and found that BIP was related to the ionic
mobilities [25] or ionic transference numbers [6,26]
but did not change with the external salt concentra-
tion. Helfferich’s solution of the Nernst—Planck
equations [14] with simplifing assumptions (zero co-
ion flux, zero water flow, and counter-ion diffusion
coefficients ratio in the membrane is constant) leads
to two similar equations for the BIP. This former is
equal to (RT/F) In(D, /Dg) for complete DBL
control, and equal to (RT/FIn(D,/ D) for com-
plete membrane control. Overbars denote the mem-
brane phase throughout the paper. In a series of
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Fig. 1. Schematic view of the bi-ionic system.

elegant papers, Mackey and Meares considered also
the Nernst—Planck equation within a quasi-thermo-
dynamic formalism (0 show the importance of the
DBL effects on the ion transport through ion-ex-
change membranes and the BIP [15,16].

One of the most recent theoretical studies of the
BIP using the Nernst—Planck équation is that of
Guirao et al. [18]. In that paper, the Nernst—Planck
equations were solved, without neglecting the co-ion
flux, for a general case where both the membrane
and the DBL control the interdiffusion process. The
theoretical treatment of BIP is largely based on the
electric potential profile proposed by Mackey and
Meares for a bi-ionic cell (see Fig. 1 in [15] and Fig.
1 in [16]).

Fig. 1 shows a sketch of the bi-ionic system under
study. The transport is considered in the x direction,
from x= —98 to x=d+ §, and all ions are mono-
valent. The fixed charge concentration of the cation-
exchange membrane is denoted by X and its thick-
ness by d. The DBL thickness § is assumed to be
dictated only by the hydrodynamics conditions, fol-
lowing the Nernst layer model [14-16].

The basic equations of the problem are the
Nernst—Planck equations
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Ity =7, =0 (2)
and the Joca] e]ectroneutrality €quation
Ca(x) +Cy( ) = Ce(x), ~8<x<y

d<x <d+§ (3a)

CA(x)+CB(,r)=CY(x)+X, O<x<yg (3b)

Here 7, Dy, and C; are the flux, diffusion coeffi-
cient, and loca] molar Concentration of species |,
respectively, and i is the loca] electric potential,

Eqs. (D-3) mugt be solved with the boundary
conditions (see Fig. 1).

CA(—S)zCB(a’+5)=CO (4a)
Ca(=8) =Cy(a+ 8) =0 (4b)
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while the electric Dotentia] Jumps (Donnan poten-
tials) at the Interfaces are

_— RT Cy(0)
BRI B
and

——  RT Cy(4d)
A‘/’Db=§/’(d) "l/’(d):?mm (éb)
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Note that jop activity coefficients ang single-ion
partition coefficients [22] have not been included ip
the Donnan relationships‘ This procedyre ic rather

and will allow US to concentrate on the DBL apng salt
concentration effects on BIP.

The formal solution described ip [18] is achieved
by transforming Egs. (1b) into Eq. (7)

J J, J dac, dif
et ate 90 dp )
D, ' D, D, dx dx

which can be integrated to give
2[Cy(ay - (O] +xay,, + Us+Ta+77)a=0

(8)

'+'+j
CO_JA JB Ty

Cy(0) = 5 (9a)
Jatjs +j
Cy(d)=c, + Ly, (9b)

2

where j, = Ji./D,.

The potentia] drop in the membrane s easily
calculated by adding (1 — D /2 times Eq. D to Eq.
(Ib) for i = Y, with the result

Cold) +X(1 - T 2
Agy = XD +x(1-7,

SO+ X(1-7) 2 (10)

The corresponding equations for the DBLs are

Cy(0)
At/xa=zp(0)~g//(~d)=F1n? (Ha)
0

and

=<0 11b
A= U(d+0) ~ y(g) = T (1)
where
= Ja + /5 “J.Y (123)

Ja + /g +Jy
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and

 Tathiv
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According to Fig. 1, the BIP is now calculated as the

sum of the different potential drops through the

system [14-16]
BIP = Aty + Arp, + Aby + Adipe + Agy,  (13)

The only problem is 10 know the exact ion fluxes
which satisfy the boundary conditions given in Egs.
(4). These fluxes can be obtained either from the
solution of two wranscendental Eqgs. (Bq. (8) and the
equivalent equation for one of the cations) [18] or
from the numerical integration of the Nernst—Planck
equations. Some typical curves of BIP vs. C, for
different values of d/8 are presented in Fig. 2 of
[18]. The BIP values for some interesting limiting
cases were also presented there. In particular the BIP
is equal to (RT/F Mn(D,/Dyg) for any value of
d/8>5 at low concentrations, then goes 0 a maxi-
mum, and finallycdecreases asymptotically to a fixed
value at very high concentrations.

3. Experimental

The experimental set-up employed is shown in
Fig. 2 and was described in detail previously [191
The membrane is sandwiched between two cell com-
partments, making a seal at the same time. The cell
is placed on a stand which centers it with respect to
the two watertight magnetic StrTers. The whole de-

Ag/agCl
Electrodes

Support

¥ ==

Thermostatic Cell containing ' Magnetic
water bath the membrane stirring star
(4 =6mm)

Fig. 2. Sketch of the experimental set-up.

Table 1~ .07 e e TR )
Membrane characteristics: exchange capacity Cg, thickness d,
water content w, density ¥, and fixed charge concentration X

Cg (meq/g dry 4 (pm) v w@® X o)

membrane)
CRP 2.10 356 126 32 1.80
CM2 1.76 118 123 23 1.66
® 117 0.88 209 171 16 126

Nafion

vice is placed in a thermoregulated water bath at
25.0 4+ 0.1°C, and the circulation of solutions is made
by a peristaltic pump equipped with a pair of similar
heads of variable speed. The solution inlet is located
on the membrane side, while the solution outlet is on
the stirring side. The BIP is measured with two
silver—silver chloride electrodes [19] and a high in-
put impedance millivoltmeter. All the experimental
conditions were similar to those of [19] except for
the stirring rate @, which can now be changed from
wy =0 1pPM 0 Wrax = 900 rpm. The BIP measure-
ments were repeated at least twice, and the repro-
ducibility was close to 0.1 mV for the same mem-
brane. For different membranes obtained from the
same commercial membrane sample, the difference
can rise to 0.5 mV.

The membrane characteristics are given in Table
1. Thie fixed charge concentration X was calculated
by the equation X = Cey(l— w/100), where Cg 18
the exchange capacity, ¥ is the membrane density,
and w (%) is the water content of the membrane. All
these characteristics, except for X, are measured
according to the French speciﬁcation [271.

4, Results and discussion

The BIP vs. G plots for the systems
KCl/CM2 /LiClL KCl/Nafion® 117 /LiClL
KCl/CM2/NaCl, KCI/Nafion® 117 /NaCl,
NaCl/CM2 /LiCl and NaCl/Naﬁon® 117 /LiCl are
shown in Fig. 3 (a-f, respectively) for the stirting
rates wo and @pag- All the curves show the same
shape which deviates from the theoretical one (see
Fig. 2 in [18)) only at very low concentrations (Cy <
5% 10~* M). We see also in Fig. 3 (a—f) that the
two curves tend to the same BIP value when Co =5
« 10~* M irrespective of the stirring rate . This
common value appears thus to be a characteristic of

Fig. 3.
KCl/N



L. Dammak et al. / Journal of Membrane Science 119 (1996) 81-90

40,0 - - ’
> (a) :43,0. (b) ‘
E- Z ' =
B # = oA
2 ] i = 00 a
[ =4 2 a a9 2
e 30,0 q B 35,01
] a
a fa]
1
R Q
a8 TN
20,0 1 q a
5 4 B n
3 a ;
< a Q
g 800 150] x S a
10,04 a ) 5 & .
» Yv 80 100
a a
50 ]
0,04 . . . . v " 00 k& . ; . : "
105 w0t wd w2 owl 1w il s 1wt wd 12wl 10 10!
Co/M Cy/M
o) . P @
15,0 a E
> £ = = =
= = A ]
= L 22001 Q.
E 8 %y a 9.
B QO 1 a
3 a 15,0 4 "
10,04 : g
= s Pl a
g ¥ 8 8 na@
®”
w]
ol 1004 s 2
d3a °
8
w 504 8§ 504 5
- "
008 80
&
00 . : \ ‘ , . L — SN ( . -
168 104 103 102 10l 108 10t 105 1074 103 102 10-1 100 101
Co/M CylM
BOy (e) B0y
> >
£ ~
=) a = LS
20,0 5 = 2004 B a
. 1
g 2 "
.1 a e s VAT LEN
P B <] " a G
_ 150 2 a 150
)
4 Q Q a
= 5 " Q
o Q
10,0 a el 10,04 2
=5 Q a Q
2 a a ® Q
88 g a 5 nao @
50 508
3
0,0 T : ; . - 0,0 r . . : .
10 103 102 10! 109 10t 104 103 102 10l 108 1
o™ Cy/M

85

Fig. 3. Bi-ionic potential versus C; for the system (a) KCl/CM2/LiCl, (b) KCl/Nafion® 117/LiCl, (c) KCl/CM2/NaCl, (d)

KCl/Nafion® 117 /NaCl, (e) NaCl/CM2 /LiC}, (f) NaCl/Nafion® 117 /LiCl. Stirring rates: wg =0 rpm (O) and w,,,, = 900 rpm (&@).
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Table 2 ) .
Bi-ionic potential values (in mV) for the low concentration limit
in Fig. 3 (a—f), where only the domain Cp 2 5% 10™* M has been
considered -

KCl/CM2/ KCl/CM2/  NaCl/CM2/

LiCl NaCl - - Licl
cM2 133 8.7 6.8
Nafion® 117 13.0 8.0 6.2

the salts employed, and is approximately indepen-
dent of the membrane considered, as is shown in
Table 2. It should be emphasized that similar results
were obtained by Tasaka for the membrane systems
KCl/SC1/NaCl and KCl/SC4 /NaCl [13]. This
proves that at low concentration the BIP becomes
almost independent of the stirring rate and the mem-
brane, and is dictated by the salt diffusion through
the DBLs. However, we remark that the experimen-
tal values in Table 2 are lower than the theoretical
prediction (RT/F)In(D, /Dy), which is equal t0 9.9
mV for KCl/CEM/NaCl, 16.5 mVY for
KCl/CEM /LiCl, and 6.6 mV for NaCl/CEM /LiCl,
‘f the infinite dilution value are introduced for the
fon diffusion coefficients [28].

The qualitative behaviour of BIP at low concen-
trations (Cy < 2.5 X 107* M) is significantly differ-
ent to that predicted theoretically [18], and should be
investigated further. Some possible explanations are:

(i) The existence of a water flow opposing the
faster counter-ion diffusion through the membrane.
However, at this concentration range, the convection
velocity seems to be very small and insufficient to
makes a discrepancy of 3.2 mV between
(RT/F)In(Dy-/Dy;+) and its experimental value.

(ii) The ion diffusion coefficients at Co= 2.5 X
10~* M differ significantly from those correspond-
ing to infinite dilution. '

(iii) The total ion concentration coming from
water impurities-is not negligible at Cq<2.5X 107*
M, as can be deduced from the value of the water
specific resistivity p = 4.0 M2 cm. By using Helf-
ferich’s expression [14] for the multi-ionic potential
(MIP) of a membrane system under DBL control, we
can estimate the electric potential difference at low
concentrations as

RT(mq+1

MIP = —In
DgCy+1

= (14)

where [ = Zijlesz and subscript j runs over the
counter-ions present in the water used for the solu-
tions preparation. Thus the potential difference takes
the well-known asymptotic value (RT/F Mn(D, /Dy)
when Cy = 107* M (that is, when Co > I/Dy), and
tends to zero as (RT/F)( D, — DX Cy /1) when C,
decreases to 1078 M—-107° M (that is, when C; <
[/D,). This is indeed what is observed qualitatively
in the curves of Fig. 3 (a-d), though Table 2 shows
that some quantitative disagreement still exists.

After giving a qualitative explanation of the BIP
behaviour at very low concentrations, we will focus
on the concentration domain 107> M < Co <2 M
because we are limited by the stability of the
Ag/AgCl electrodes at high chloride concentrations
[19]. For this concentration range, all the curves of
Fig. 3 (a—f) have the shape predicted by the theory
[18]. Also, the curves corresponding 0 @p,, are
above those obtained with w,. This is in good
agreement with the theoretical predictions, since we
know that the DBL thickness decreases with the
stirring rate o (see Fig. 3 in [15]), and thus d/0
should increase with w.

In Fig. 4, we have reported the BIP versus C
plot obtained for the system KCl/CM2/LiCl at
different stirring rates. We have considered only the
concentration range 0.1 M < Cy <1 M. The maxi-
mum of BIP, denoted by BIP,. ., has been deter-
mined for every w, and the variation of BIP, with
w is shown in Fig. 5. Curves similar to those of Figs.
4 and S can also be obtained for the other bi-fonic
systems. The general result is that BIP,, increases
with , and tends to an asymptotic value, denoted
by BIP,, for very high stirring rates. For these high
stirring rates, the DBL thickness is reduced to a
minimum value (though still different from ZETO),
and the assumption of complete membrane control
allows us to estimate BIP, as

RT

BIP, = —In

- (15)

S|

We have plotted the BIP,, versus ® for each
bi-ionic systemn and determined (RT/F n(D, / D)
from these data. Table 3 correlates the ratio of the
counter-ion diffusion coefficients in the membrane
with the membrane water content obtained for the
different membrane systems. The ratios Dy /Dy
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Fig. 4. Bi-ionic potential versus C, (0.1 M < Co<1 M) for the
system KCl/CM2 /LiCl at different stirring rates w (rpm).

characteristic of the respective (low concentration)
pure aqueous solutions [28] are also shown for the
sake of comparison. The important conclusion to be
drawn from Table 3 is that the lower the water
content, the higher the counter-ion diffusion coeffi-
cients ratio in the membrane. Similar trends were
advanced recently  for polystyrene sulfonic-acid
membranes [13,18] and could also be operative in
cation-exchange membranes prepared of sulfonate-
containing aromatic polyamides [29]. This suggests

36,0
BIP, ~346mV

5

BlPmax/imy

0 200 400 600 800 1000
®/rpm

Fig. 5. BIP,,, versus the stirring rate w (rpm) for the system

max

KCl/CM2 /LiClL

Table 3. ;i i : -
Correlation between the experimental counter-ion diffusion coeffi-
cients ratios and the membrane water content

' E-Na*/ Dy+/ Dg+/ w

- . DL:’1L DNa“’ Du* (%)
Aqueous solution 1.29 1.47 1.89
(infinite dilution)
CRP 2.05 1.60 310 32
CM2 2.25 1.80 3.95 23

Nafion® 117 235, 235 5.20 16
-

the possibility of achieving highly selective ion

transport with membranes having low water contents

[13,19,29].

Counter-ion diffusion coefficient ratios very close
to those characteristic of pure aqueous solutions have
however been reported in some previous studies on
BIP [21,30]. This might be ascribed to the higher
water content of the membranes employed there and
the fact that these ratios were obtained in some cases
by applying equations valid only for complete mem-
brane control to situations where g mixed DBL-
membrane control was likely to occur,

It should also be emphasized that the ratios shown
in Table 3 are “apparent” values, and could be
influenced by:

1. The water flow through the membrane, which
might be important at high concentrations (Cy =
0.1 M).

2. The membrane preference (if any) for one of the
two counter-ions. This preference can be de-
scribed by introducing the so-called selectivity
coefficient [2,14],

Additional experimental work aimed to confirm the
results in Table 3 for other low water content mem-
branes would be desirable, since it is often the case
that no simple correlation between the ion diffusion
coefficients in pure solution and in the membrane is
possible due to the differences between these two
environments.

Let us mention finally that we can deduce for
each membrane in Table 3 a given ratio D./D,
from the two others. Again, the agreement between
theory and experiment shows that the assumption of
complete membrane control is approximately valid
for high concentrations and stirring rates.

i
I
]
i
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We have used an iterative method to estimate the
absolute value of the diffusion coefficients. First, we
introduce some initial values for D, and Dy and ob-
tain D from Table 3. Second, we compute the BIP
versus C, curves for different values of & in the
range 1 um < 8<50 wm, and, for every stirring
rate, we accept that DBL thickness which gives the
observed value of BIP,,,. Then, we solve numeri-
cally Egs. (1)—(3) with all these initial parameters,

compare the results obtained to the experimental
data, and modify the parameters accordingly. This
procedure is repeated until a good ‘agreement be-
tween theory and experiment is achieved. Generally
a series of two or three iterations proves to be
enough, since we know qualitatively how the BIP
depends on D, and D. The final results obtained for
the CM2 membrane are shown in Table 4. Fixed
charge concentration and membrane thickness were

16,0
> (b)
> 40,0 ]
£ (a) = *x
2 14,0 4
12,0
10,0
10,0 : , : 8.0 : - :
1073 102 107! 100 10 1073 102 ok 100 10!
Cy/M CoM
25,0
s 2 :
£ ()
2
=
x
20,04 «
X
15,0
10,0 4
50 : . :
1073 102 107! 100 10!

Cy/M

Fig. 6. Experimental data (points) and theoretical predictions (continuous lines) of BIP versus Cy (Cy = 1073 M) for the bi-ionic system (a)
KCl/CM2 /LiCl, (b) KCl/CM2/NaCl, (c) NaCl/CM2/LiCl. Stirring rates: wg =0 rpm (8) and w,, =900 rpm (X).

Table 4
Ton diffi
thicknes:

D, (10~
Dy (10
D, (10”

those g
the vall
was sin
InF
points .
obtaine:
We em
1
theoreti
tween t
the thec
we con
range 3
withar
a memt
theoreti.
with C;
for the
tively [
ments.
@G1) -
mately
it is ver
For wy,
tained
This va
Mackey
On the
wmax IS
thicknes
tion [15
the very
here or
assignm
that the
membra
of § (w
we coul



L. Dammak et al.’/ Journal ofMémbrane Science 119 (1996) 81-90 S 89

Table 4 o SR S
fon diffusion coefficients for the- CM2 membrane. The DBL
thickness values are 3—4 um at w_,, and 20-23 pm at g

KCl/CM2/ KCL/CM2/ NaCl/CM2/ -

~Lia NaCl LiCl
D, (107% cm?/s)  3.00 3.00 1.72
Dy (1078 cm? /5)= 0.76 172 0.76
Dy (107 % em?®/5)  0.99 099 0.99

those given in Table 1. The order of magnitude of
the values introduced for the Nafion® 117 membrane
was similar to those in Table 4.

In Fig. 6 (a=c) we report both the experimental
points and the theoretical results (continuous lines)
obtained by using the numerical values in Table 4.
We emphasize the following points:

(i) There is a reasonable agreement between the
theoretical and experimental results (differences be-
tween them are lower than 10% in all cases). Since
the theory incorporates both the DBLs and the CEM,
we conclude that for the .external salt concentration
range 5X 107™* M < Cy< 1 M, ion transport occurs
with a mixed DBL-membrane control. In fact, if only
a membrane control.or DBLs control is considered,
theoretical treatments show that BIP must decrease
with C, and reaches two different asymptotic limits
for the case of high and low values of C,, respec-
tively [1,23], which is not the case of our experi-
ments.

(i) As expected, the DBL thickness is approxi-
mately independent of the counter-ion nature though
it is very sensitive to the hydrodynamics conditions.
For wg, where only the solution circulation is main-
tained with a flow rate of 800 ml/h, 6=20 wm.
This value is in the range of those obtained by
Mackey and Meares [15], Ktari [31] and Dieye [32].
On the other hand, the DBL thickness obtained for
W, i about 4 um, which is lower than some of the
thicknesses reported by other authors for high agita-
tion [15,31,32]. This difference may be due either to
the very high stirring and circulation flow rates used
here or to some untraced error in the parameter
assignment procedure employed. Since it is known
that the use of solution jets directed towards the
membrane surface [19] reduces significantly the value
of & (which can be of the order of 1-10 um [2,33]),
we could discard the latter possibility,

- (iil) The order of magnitude of the ion diffusion
coefficients in the membrane (1075 cm?/s) is the

“typical-.one - found for - ion-exchange - membranes

[14,34,35]. The series Dy+ > Dy~ > Dy~ obtained
for the different membranes coincides with that char-
acteristic of an aqueous solution, which confirms that
hydration plays also a fundamental role in the ion
transport through the membrane [14,34],

Additional experiments aimed at determining the
counter-ion membrane selectivity and the water flow
effects on BIP are ‘in progress. (Note: The
C/Macintosh software is available from authors a,
whereas the Fortran software is available authors )

5. List of symbols and abbreviations

(variables with overbars in the text refer
to membrane phase)

BIP bi-ionic potential (mV)

Gy concentration of the two bulk solutions a
and b (M)

Ce exchange capacity (meq g~! dry mem-
brane in the H* form)

CEM cation-exchange membrane

o local molar concentration of ion i (M)

d membrane thickness ( um)

DBL diffusion boundary layer

D diffusion coefficient of ion i (cm?® s~ 1)
F Faraday constant (C mol™!)

! variable characteristic of the water impu-
rity (mol em ™! s71)

flux of ion i (mol ecm™2 s 1)

i reduced flux of ion i (mol cm™*)

MIP multi-ionic potential (mV)

-

R gas constant (J moi™! K1)

T absolute temperature (K)

v convection velocity (cm s™1)

w membrane water content (%)

X membrane fixed charge concentration
M)

X position

Z; charge number of ion i

5.1. Greek symbols

) diffusion boundary layer thickness ( um)
Ayrp; Donnan potential at the interface be-
tween the membrane and solution j (mV)
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Ay, potential drop in the diffusion boundary
layer of solution j (mV) o

Ay potential drop in the membrane phase
(mV) :

v membrane density

o water resistivity (M {2 cm)

w  stirring rate (rpm)

i local electric potential (mV)
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