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Abstract

The membrane potential of a bipolar membrane composed of a cation-exchange layer in series with an anion-exchange layer is
analyzed theoretically and experimentally. The theoretical approach is based on an extension of the Nernst—Planck equations of
monopolar charged membranes to the case of the two ion-exchange layers in series and the diffusion boundary layers adjacent to the
bipolar membrane. The experimental results concern the transient behavior, stirring effects and concentration dependence of the
membrane potential, and can be explained by means of the above theoretical approach. It is shown that membrane potential measurements
can contribute significantly to a better electrochemical characterization of bipolar membranes.
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1. Introduction

A bipolar membrane (BM) consists of a cation-ex-
change layer in series with an anion-exchange layer. BM
systems were considered in the past as simple models for
biological membranes showing current rectification [1,2].
The first systematic studies on synthetic BMs were carried
out by Frilette [3], Lovrecek et al. [4], and de K6rdsy and
Zeigerson [5]. More recently, BMs have been employed
together with monolayer ion-exchange membranes to pro-
duce acid and alkali from salt and water by electrodialysis
[6-9). The electric field-enhanced water dissociation
(““water splitting’’) occurring at the BM junction is the
central problem in this case [10-18].

Since the main interest of BMs concerns their current
rectification and water splitting properties, most theoretical
and experimental studies have considered almost exclu-
sively the phenomena associated with the passage of an
electric current through the membrane [1-18] and, in
particular, the current-vcltage curves. However, open-cir-
cuit phenomena such as the membrane potential are often
used to obtain valuable information on the selectivity of
monopolar ion-exchange membranes [19,20], and could
also contribute to a better electrochemical characterization
of BMs. Though some model calculations have been pre-
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sented previously [21,22], an experimental study devoted
to the membrane potential of modern BMs seems to be
lacking in the literature. Frilette [3] reported that ‘‘attempts
to obtain a potential for a bipolar membrane in a concen-
tration cell utilizing calomel electrodes and solution
strengths varying from 0.01 to 0.3 M NaCl gave very
erratic, irreproducible results, with large drifts of the read-
ings.”” This is in marked contrast to the case of monopolar
membranes, where membrane potential measurements give
almost invariably steady-state values with good repro-
ducibility [19,23-28].

We propose here to study theoretically and experimen-
tally the membrane potential of a BM. The comparison of
theory with experiments gives more insight into the mem-
brane characteristics, and shows that a model based on the
Nernst-Planck equations can explain the observed experi-
mental trends. This model is basically an extension of the
Teorell-Meyer—Sievers [19,20] theory of monopolar mem-
branes to the case of the membrane system formed by the
BM and the two diffusion boundary layers (DBLs) flank-
ing it. The structure of this article is as follows. Firstly, we
give a brief account of the theory and show some model
calculations corresponding to different values of the mem-
brane fixed charge concentrations, ionic diffusion coeffi-
cients and ion-exchange layer thicknesses. Then, we pre-
sent the experimental results obtained for the membrane
potential (transient behavior, reproducibility, stirring ef-
fects, etc.) over a broad range of concentration values and



188 P. Ramirez et al. / Journal of Electroanalytical Chemistry 404 (1996} 187193

concentration ratios. Finally, we discuss the plausibility of
the membrane parameters obtained from the comparison of
theory with experiment.

2. Theory

The ionic transport through a BM under different condi-
tions has been studied extensively in the literature [1-—
3,5,6,13—18]. Concerning the calculation of the membrane
potential of a BM, Sonin and Grossman [21} proposed an
approximate solution valid when the fixed charge concen-
tration of the ion-exchange layers is much greater than the
concentration of the bathing solutions. Higuchi and Naka-
gawa [22] solved the problem numerically, and presented
some model calculations for the case of a weakly charged
BM separating two concentrated solutions. Sokirko et al.
[29] analyzed theoretically the current—voltage characteris-
tics of a BM under forward and reverse bias conditions,
removing most of the simplifying assumptions introduced
in previous studies. Their treatment can be used as a
starting point to obtain the membrane potential of a BM.

Fig. 1 shows the BM system under study schematically.
The cation-exchange layer has a negative fixed charge
concentration Xy and lies from x= —d; to x=0. The
anion-exchange layer extends from x=0 to x=d; and
carries a positive fixed charge concentration Xp. Both X
and X, are supposed to be uniform in each layer. The BM
separates two aqueous solutions of the same univalent
electrolyte whose concentrations are ¢, in the left com-
partment and cy in the right compartment. c,x stands for
the concentration of the ith ionic species in region K(i = 1
for the cation, i = 2 for the anion, K = N for the layer with
negatively charged groups, and K = P for the layer with
positively charged groups). The whole system is assumed
to be isothermal, free from convective movements and
chemical reactions, and at steady-state. It is necessary to
incorporate two DBLs of thickness & adjacent to the
membrane |solution interfaces: the existence of partial dif-
fusion control by the DBLs is quite usual when an ion-ex-
change membrane is employed in a concentration cell [19].
This fact makes the theoretical analysis a little more
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Fig. 1. Schematic view of the bipolar membrane system. We have

incorporated two diffusion boundary layers (DBLs) adjacent to the mem-
brane |solution interfaces.

involved [30]. Ideal Donnan equilibrium relationships [20]
are assumed at the membrane | solution interfaces.

When no electric current passes through the BM, the
ion fluxes J; satisfy the equation

JI=JZEJx (l)

where J, is the salt flux through the membrane. The
membrane potential can be computed as (see Fig. 1)

Ay =d(—(d +8)) — d(dg +8)

RT
= —F—( Ay + Ay + Ay

+ Ay + A + Aipg + Ay ) (2)
where A, Ay, and Ay, are the dimensionless
Donnan potentials at the interfaces x= —d;, x=0 and

x = dg, respectively, and Ay, Ay, Ay, and Ay, are
the dimensionless diffusion potentials in the bulk of the
left and right DBL and in the ion-exchange layers N and P
respectively. All electric potential differences are com-
puted as left potential less right potential. Note that this is
the opposite convention to that currently accepted for the
e.m.f. and we have introduced it here only for the sake of
consistency with previous studies [15,16,21,29]. In Eq. (2),
R is the gas constant, T is the thermodynamic temperature,
and F is the Faraday constant. Note that Eq. (2) contains
seven terms instead of the three (two interfacial Donnan
potentials plus the membrane diffusion potential) charac-
teristic of monopolar membranes [19,23] because of the
two ion-exchange layers of the BM and the partial diffu-
sion control exerted by the DBLs.

Following Sokirko et al. [29], the individual potential
drops in Eq. (2) can be written in terms of dimensionless
variables as follows (see Fig. 1):

- I“UUT; ()
Ay = ]n-lm(—;(%)i (4)
Ay = 7y ln%)k)—_f—:bl (5)
A, = l"%%f (6)
Ay =1, 1nuiig):)—it’; 7
Aoy = 1—(-#7 (8)
P mfiﬁ (9)
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where
cix(xX) + ey (%)
ve(x) = — < . K=N,P (10)
K
2¢m
Uim = X (11)
N
2¢pum
Urm = X (12)
P
2¢c
v, = — 13
= (13)
2cg
=— 14
VR X, ( )
and
D,,—D
re=— X K=N,P,B (15)
Doy +D g

Note that ¢, and cgy are the salt concentrations in the
solution side of the membrane | solution interfaces (see Fig.
1. In Eq. (15), D (K=N, P) stands for the diffusion
coefficient of the ith species in the region K, and D,; for
the diffusion coefficient of species i in the DBLs. Applica-
tion of the Donnan equilibrium conditions [20,31] to the

interfaces x= —d, x=d; and x=0 yields

UN(_‘iL)=[1+”[2_M]I/2 (16)
vp(dg) = [1 +02,]"" (17)
o = {1+ (X/X) [03(0) - 1]} (18)

Consider the Nernst—Planck flux equations in the dilute
solution form [23,31]. Integration of these equations in the
DBLs and in regions N and P gives

20 J 19
Uim = U D Xy " (19)
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Fig. 2. Membrane potential A, vs. log(cy /¢, ) for the ratios Xy / Xp
=0.1(----- ), X/ Xp=1( d,and Xy /Xp=10(------ ). In
all cases =0 pm, d| =dp =50 um, Dy =107 m?s7! (i=1,2;
K =N,P)and ¢, =0.01 M.
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Fig. 3. Membrane potential Ay vs. loglcg /¢ ) for the ratios
Dy /D\y=2and Dyp /Dyp=1(--—=- ), Dy /Dy =Dy /Dip=1
), and Dyy /D=2 and Dyp/Dp=01 (- ). In all
cases 6=0 um, dy =dg=50 um, Xy=Xp=1 M, D)y=Dp=
107" m?s™! and ¢, =0.01 M.

ox(0) = (=) + Ay = o, (20)
dg
vp(0) = vp(dg) + Ay DX, A (21)
2d
Upm = Ug + DX, J, (22)
where
p, = 2wl (b (23)
Dg + Doy

is the salt diffusion coefficient in region K.

Egs. (18)—(22) allow for the calculation of the five
unknowns v, v, Ugm» Un(0), vp(0) and J,. Note that, since
Uim- Vrm and J, can be written in terms of v (0) and
vp(0), only two of these unknowns need to be solved
numerically. Finally, substitution of vy, vgy, vn(0),
vp(0) and J, into Egs. (3)—(9) gives the membrane poten-
tial in Eq. (2) as a function of the characteristic parameters
of the two layers.

The behavior of the above system of equations can be
understood with the help of some model calculations. As
previously reported in the literature [22], we see from Figs.
2-4 that the A¢y vs. log(cg/c,) curves are quite sensi-
tive to the ratios X /X, and d, /dy, and to the values of
the diffusion coefficients D . In all these figures we have
fixed =0 um, ¢, =0.01 Mand D, =D,y = 107" m’
s™h
In Fig. 2 we have taken d| = dg =50 pum, D, =D,p
=10""" m? s7!, and varied Xy and X, in the form: (i)
Xy =0.1M, X, =1 M (dashed line); (i) Xy=Xp=1M
(continuous line); and (iii) Xy =1 M, X = 0.1 M (dotted
line). In Fig. 3 we have taken d; = dy =50 um, X =X,
=1 M and varied D,y /D,y and D,,/D in the form: (i)
Dy/D\x=2 and D,,/D, =1 (dashed line); (i)
D,/D,y =D,p/D =1 (continuous line); and (iii)
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D,y/D =2 and D, /D, = 0.1 (dotted line). In Fig. 4
we have taken Dy =D,,=10""" m* s7', Xy =X, =1
M and varied 4, and dy in the form: (i) d; = 10 wm and
dg = 100 pm (dashed line); (ii) d, = dy = 100 um (con-
tinuous line); and (iii) d, =100 um and dy =10 um
(dotted line).

The position of the minima in these curves is deter-
mined by the symmetry properties of the BM. In Fig. 2,
the symmetric case X/Xp=1 gives a minimum for
cg = ¢, while the minimum is reached when ¢y < ¢;(cy
> ¢, ) for X > Xp( Xy < Xp). In Fig. 3, deviations from
symmetry in the ratios D,y /D,y and D,,/D,, also shift
the position of the minima. Finally, the symmetric case
dy = dy in Fig. 4 gives a minimum for ¢y = ¢, while the
minimum is shifted to cp < ¢,(cg > ¢ ) when d; > dg(d,
<dg).

In the case ¢z <Xy, and ignoring the diffusional
contribution, the membrane potential of the bipolar mem-
brane can be approximated by

RT cpd Xy/c Doyt dgXp/cgDp

Ay =—In 24)
M F dLXN/D2N+dRXP/DlP (

which can be seen as an extension of the equation derived
first in Sonin and Grossman's model [21]. The membrane
potential in Eq. (24) attains a minimum when

1/2
cr/cL = (dg XpDyy/d Xy D\p) / (25)

The minima given by Egs. (24), (25) agree with those in
Figs. 2 and 4. The existence of the minimum can be
explained from the relative values of the interfacial poten-
tial drops. In the symmetric case Xy =X, =X in Fig. 2,
these potential drops are

Ay, =In( X/cp) (26)
cf + c,z2

Ao = In T

(27)

and
Afrpg =In( X/cy) (28)
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Fig. 4. Membrane potential A¢,, vs. log(cy /¢ ) for the ratios d| /dy
=01 (-~--- ), dy fdg=1( ), and dy fdg=10(------ ). In
all cases =0 um, Xy=Xp=1M, Di;x =107 m? s ! (i=1,2,K
=N,P)and ¢, = 0.01 M.
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Fig. 5. Sketch of the experimental setup. WE and RE are the working and
reference electrodes respectively. T and C are the temperature and
conductivity probes.

The potential drops in Egs. (26) and (28) are always
positive. The potential drop Ay, is always negative, but
remains lower than the sum Ay, + Agp. As the total
membrane potential should be zero at ¢y = ¢, it is clear
from Egs. (26)—(28) that a minimum must appear at this
point. Although the analysis of the asymmetric cases is
more cumbersome, qualitative plots of the electric poten-
tial profiles through the membrane interfaces can readily
justify the position of the minimum given by Eq. (25).

From the above results, we conclude that it is possible
to deduce important information on the BM symmetry
from the membrane potential data. The symmetry of the
two ion-exchange layers seems to be important for improv-
ing the efficiency of the water splitting phenomenon
[13,29,32].

3. Experimental

The experimental setup used to measure the membrane
potential of the BM is shown schematically in Fig. 5. The
exposed area of the BM was 3.1 cm?. The whole mem-
brane cell can be represented as

Ag |AgCI|*“' [bipolar membrane | X' |AgCl|Ag  (29)

The solutions were stirred vigorously by means of mag-
netic stirrers. The NaCl concentration ¢ in the left com-
partment was taken as the reference concentration and kept
constant during each experimental series for the different
values considered for the ratio cy/c. . Two series of
measurements, ¢, = 1072 M and ¢, =1 M, were carried
out. The e.m.f. of the cell was measured by inserting
directly into the solutions a pair of Ag|AgCl electrodes
connected to a high impedance voltmeter (a micro pH
meter Crison 2002 with an input impedance of 10'* (2).
Each measurement gives necessarily the emf of the
whole cell from which the two electrode potentials must be
subtracted in order to obtain the membrane potential
[19,33,34]. The electrode potential difference was calcu-
lated in terms of the activity of the chloride ion because of
the relatively high concentrations of some of the solutions
employed. An assumption about the single-ion activity
coefficient yy- was then needed. We assumed [19] that
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Yei- = Ynact> Where yy,c is the activity coefficient of the
salt. The activity coefficients were obtained from tabulated
data {35,36]. The correction for the electrode potential
difference could be avoided by using calomel electrodes
instead of Ag|AgCl electrodes [19,24,37]. However, some
uncertainties concerning the diffusion potentials at the KCl
bridges would appear in this case [19,38].

The separation of the e.m.f. of the cell shown in Eq.
(29) into the *‘single’” potential differences of Eq. (2) plus
the electrode potential difference might be questionable in
the sense that these individual differences cannot be ob-
tained by direct measurements. Still, the introduction of
the single potential differences gives a satisfactory intu-
itive view of the charge separation which occurs through
the system, and has therefore been extensively used in the
literature [19,20,23].

The BM studied was a membrane designed and devel-
oped at the Fraunhoffer-Institut fur Grenzflachen- und
Biovertahrenstechnik, FhIGB, (Stuttgart, Germany). The
anion-exchange layer was prepared by incorporating a
quaternary ammonium ion into a polysulfone matrix. The
cation-exchange layer was a cross-linked sulfonated
polyetherketone with the strongly acid sulfonic acid group
as fixed charge. A very thin intermediate layer (about 10
nm thick) of an insoluble polyelectrolyte complex was
inserted between the two layers. This layer promotes high
water dissociation rates during bipolar electrodialysis [39]
in the high current regime, but is expected to produce
negligible effects for the case of the membrane potential
measurements because of its small thickness. Particular
details about the membrane preparation can be found in
Refs. [39] and [40]. Solutions were prepared from Panreac
(Montplet & Esteban, Barcelona, Spain) pro analysis grade
chemicals (without further purification) and distilled water.
The pH of the solutions was that of distilled water.

The BM under study was equilibrated with the refer-
ence solution of NaCl during 24 h before each run. The
conductivity of the solutions in the adjacent cells was
periodically measured in order to detect any change in
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Fig. 6. Transient behavior for the membrane potential of the BM in the
case of no stirring. The concentrations were ¢ = 0.01 M and cp =5X
1073 M.
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Fig. 7. Membrane potential Ay, vs. loglcg /¢ ) for ¢ =1 M in the
cases of no stirring (@) and stirring (O). The theoretical curves corre-
spond to 8 =0 um ( ), $=100 pm (-—-—- ), and & =200 um

their concentration. The experimental results were taken at
room temperature (25°C).

4. Results and discussion

Fig. 6 shows a typical transient behavior for the mem-
brane potential of the BM. The steady-state was reached
within several tens of minutes (without any stirring). All
series of measurements showed that the greater the devia-
tions of cg /¢, from unity, the longer the time to attain the
steady-state. It was also found that stirring of the solutions
reduced this time down to several minutes. Therefore, the
transient behavior depends not only on the initial state of
the membrane, but also on the state of the adjacent DBLs
[19]. Still, if we accept that the transient time for the
membrane potential is at least of the order of the diffu-
sional relaxation time within the membrane, 7'=(d'L +
dg)? /D gy, then a typical diffusion coefficient Dg,, would
be of the order of 107'° m? s~ ', since (d; + dy) is of the
order of 10™* m [39,40].

The asymmetric structure of the BM gave very different
values of the membrane potential when, for a fixed value
of ¢, /cg, the positions of the two ion-exchange layers of
the membrane were interchanged. Thus, in the case ¢y =
0.01 M and ¢, =1 M, we obtained A¢p,; =8 mV when
the layer N was facing the left compartment and A¢,, =
—55 mV when the layer N was facing the right compart-
ment.

Fig. 7 shows the plot of A¢,, vs. log(cg/c,) for
¢, =1 M. The cases of stirring (open circles) and no
stirring (full circles) of the bathing solutions are shown.
The continuous line corresponds to the theoretical predic-
tions for 6 =0 pm. These theoretical predictions follow
the experimental data only when ¢y is close to ¢ . The
theory fails in the region ¢y << ¢, . Since the experimental
data show that the effects of stirring are more noticeable in
this region, the disagreement between theory and experi-
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Fig. 8. Membrane potential A¢hy, vs. log(cg /c¢.) for ¢, = 0.01 M in the
cases of no stirring (@) and stirring (O). The theoretical curves corre-
spond t0 § =0 pm ( ), =100 pm (----- ), and & =200 pum

ment can be due to the existence of DBLs. Indeed, intro-
ducing & = 100 um (dashed line) and & = 200 um (dotted
line), which are two typical values for the DBL thickness
observed in ion-exchange membranes [19,33,41,42], and
taking for D the salt diffusion coefficient value at infinite
dilution, a good agreement between theory and experiment
is achieved. We see from Fig. 7 that a vigorous stirring of
the bathing solutions diminishes the thickness of the DBL,
but it does not eliminate completely its effects. We have
used the membrane parameters X =2 M, X, =1 M,
d; =70 um and dg =20 pm, which are very close to the
values found previously by the designers of the BM using
independent methods [39]. The best fit was obtained for
the diffusion coefficients D, =107'" m? s™', D, =
1079 m? s7!, Dp=5%x10"""m? s/, and D,p =10""°
m? s~'. Ionic diffusion coefficients of the same order of
magnitude were found in the study of the current—voltage
curves of this BM under direct and reverse polarization
[16]. Tonic diffusion coefficients are typically one order of
magnitude smaller in ion-exchange membranes than in free
solution [19].

Fig. 8 presents the plot A¢,, vs. log(cg /¢, ) for ¢ =
0.01 M. The cases of stirring (open circles) and no stirring
(full circles) of the bathing solutions are also shown.
Again, the continuous line corresponds to the theoretical
predictions with 6=0 um, the dashed line to 8= 100
um, and the dotted line to 6 =200 wm. The theory with
0=0 um fails now in the region ¢, << cg, which corre-
sponds to high concentration gradients. This is just the
same trend observed in Fig. 7. (Note that the higher the
concentration gradient, the greater the salt flux through the
membrane, and the more important the DBL effects.) Also,
as we can see from Fig. 8, the reproducibility of the
membrane potential measurements is quite good (better
than 5% in most of the cases). The theoretical curves in
Fig. 8 were calculated using the same membrane parame-
ters as in Fig. 7. Since the ionic diffusion coefficients in
free solution depend on concentration, it is likely that the
agreement between theory and experiment in Fig. 8 could

still be improved by changing slightly the values found for
the D, in Fig. 7. However, these coefficients are not only
properties of a particular ion [31], but depend also on the
characteristics of the ion-exchange layers [19]. In view of
these uncertainties, and in order not to increase the number
of free parameters in the model, we did not attempt to
change the values of the D, in Fig. 7.

In conclusion, we have shown that the study of mem-
brane potential can also contribute to the electrochemical
characterization of BMs. We have seen that a simple
model based on the Nernst—Planck equations can explain
the experimental trends observed for the membrane poten-
tial of a BM under a broad range of concentration ratios. In
this context, it should be mentioned that the results ob-
tained from the Nernst—Planck equations often give good
first approximations to the ion transport properties of
monopolar membranes [31], though it is invariably the case
that further refinements are still necessary for quantitative
purposes. In our case, the omission of cross-terms and
activity coefficients in the above equations [31,43] may be
questionable in the higher concentration range, and thus
the membrane parameters reported here might have some
uncertainties. Still, it is reassuring that the values of these
parameters are close to those previously found [15,16,39,
40] by using independent experimental methods, and this
should be correct to within (at least) an order of magni-
tude.
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Note added in proof
While this manuscript was in press, a study on the

membrane potential of bipolar membranes appeared (M.
Higa and A. Kira, J. Phys. Chem., 99 (1995) 5089).



