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We present a set of analytical solutions to the problem of ion transport and field enhanced water dissociation
in bipolar membranes. Most of the simplifying assumptions introduced in previous models have now been remov-
ed. Particular attentionis paid to the effects caused by a non-abrupt, smooth junction at the cation layer/anion
layer interface, the forward bias characteristics of the current-voltage curve, and the membrane electrical
resistance. Despite of the coupling between ion transport and the chemical reaction responsible of the field
enhanced water dissociation, the solutions derived are simple, and can readily find application in
multidisciplinary fields like the biophysical modeling of biological membranes and the separation processesin-
volving synthetic bipolar ion exchange membranes.

|. Introduction

There have been proposed a number of theoretical
models to describe ion transport and field enhanced water
dissociation in bipolar membranes [I-7]. Though these
models describe some of the features experimentaly ob-
served, a theory accounting for the complete description of
the transport phenomena is lacking. In particular, the
following simplifying assumptions can be found in the
literature: i) only two ions (either the water ions arising
from the field enhanced water dissociation [2—- 4] or those
coming from the fully dissociated electrolyte [8, 9]) arein-
troduced; ii) the current-voltage (1- V) curve is studied
either under forward or under reverse bias conditions
[2—5] iii) an abrupt junction between the cationic layer
(with negative fixed changes) and the anionic layer (with
positive fixed charges) forming the bipolar membrane is
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assumed [1,5- 11]; iv) the total externally applied voltage
appears as a potential drop across the junction (i.e., the
bulk membrane potential drops areignored) [1,4, 6, 7]; V)
symmetry conditions for both the membrane layers and the
bulk electrolyte solutions are introduced (in particular, the
two bulk solution concentrations are assumed to be the
same) [ 1, 5-7]; and vi) the case of zero or very small elec-
tric current is sometimes invoked [8, 12].

We have recently proposed [6,7] asimpletheory alowing
for both ion transport and field enhanced water dissociation
(usualy referred to as "water splitting” in the membrane
literature [1, 3, 7]) in bipolar membranes. The mechanism
responsible for this dissociation was assumed to be a
catalytic proton transfer reaction between the fixed groups
and the water at the bipolar junction [2-5]. The model was
based on the application of some of the concepts used in the
solid state p-n junction theory to bipolar membranes [1, 13]
and did not involve the simplifying assumptions i) and vi).
Also, assumptions ii) and v) were partialy removed.
Despite the complex phenomena which result from the
coupling of ion transport and chemical reactions, a rather
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simple approach explained reasonably well the experimental
trends observed in the |-V curves: high conductivity under
forward bias conditions and high impedance first, and then
field enhanced water dissociation for high enough applied
voltages under reverse bias conditions. Comparison be-
tween theory and experiments [7, 14] provided reasonable
valuesfor the parametersintroduced in the model. Also, the
temperature effects on the | - V curves were satisfactorily
accounted for [7, 14]. However, other effects not explicitly
included in the model (see points ii)-v) above) can also
play an important role in the bipolar membrane
characterization.

We present now a more complete theory accounting for
the above mentioned effects. Specia attention is paid to the
case of anon-abrupt junction as wdl asto the forward bias-
ed membrane. The first question is important because the
performance of bipolar membranes largely depends on the
structure of the space charge region which appears at the
bipolar junction under reverse bias conditions (note that
this current efficiency depends on the water dissociation
phenomena occurring at this junction [1,5-7]). The study
of the forward biased membraneis of interest becauseit can
permit an accurate determination of the transport parame-
terswhich also appear in the modelling of the reverse biased
membrane. Once these parameters have been determined,
we can concentrate on the characteristics of the water
dissociation phenomena occurring in the reverse biased
membrane. In particular, determination of the fixed charge
densities, the diffusion coefficients, etc. under forward bias
conditions will allow for an unambiguous characterization
of the water dissociation reaction. In this sense, our results
can be of interest in the multidisciplinary fields where the
"bipolar membrane™ model finds application [2, 5, 11, 12,
14- 16).

Il Theoretical Model

Fig. 1 shows a bipolar membrane separating two solu-
tions of the same univalent electrolyte (The extension to
other binary electrolyte systems is straightforward). The
cationic layer extendsfromx = —d; toX = Oand contains
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Sketch of the bipolar membrane. The space charge region lies between
x = — Ay and x = Ap. ¢;y @nd ¢;p denote the concentrations of the ith
species in the cation and the anion exchange layers, respectively

a concentration Xy of negatively charged fixed groups; the
anion exchange layer lies between x = Oand X = dg and has
a concentration Xp of positively charged fixed groups.
These concentrations are supposed to be uniform (at least)
in the bulk of the membranes. ¢; stands for the concentra-
tion of the i-th species (i=1 for salt cations, i = 2 for salt
anions, i = 3for hydrogenionsand i = 4 for hydroxyl ions),
subscripts L, R, N and P refer to the left and right bulk
agueous solutions, and to the cationic and anionic layers of
the bipolar membrane, respectively. The system is assumed
to be isothermal and at steady state. Solvent flow is ne-
glected.

The Donnan equilibrium relationships [1] for the two
membrane solution interfaces are

en(=d) _ e _on=d)__ ca (12)
oL on(—dy) cL can(—dy)
cp(@r) _ _Cr _cpldr) _ _ Car (1b)

cr cpldR)  or cap(dR)
The ion exchange layer thicknesses d; and dy are assumed
to be very thick compared with the typical Debye lengths of
the system. Therefore, the local electroneutrality condition

holds in every bulk phase

Cigk +C3xk = Gk +Csk » K=L,R, (2a)
CONTON= c2N+c4N+XN , —dLSXS _AN , (2b)
C1P+C3P+XP=C2P+C4P , llprSdR . (2¢)

From Egs. (1) and (2), the following interfacial concentra-
tions result

CiL
ciLtC3L
WVXE/4+ (e + o)+ (-1 1 XN/2] ., Ra)

en(—dy) =

CiR
Cir +CiR
(WXE/4+ (cp+ el + (- 1) Xp/2]

cip(—dg) =

(3b)

fori=1, 2, 3, 4, and the Donnan potential differences can
be expressed as

—In ¢in(—dp) ,

AWD,L (43)
CiL
CiR
AWD,R =In , (4b)
c1p(dg)

where ¥ = Fg¢/RT denotes the dimensionless el ectric poten-
tial, and F, R, T have their usual meaning [6]. D refersto
left minus right values.
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The ion fluxes J;x through the ion exchange layers are
described by the Nernst-Planck equations:

de; ' d¥
Jix = —Dig [E’K"'(—U'HC:’KE] ;

i=1)233s4s ; K=NaP ) (5)
where D;x is the diffusion coefficient of i-th species in
region K. The fluxes in Eqg. (5) must satisfy the continuity
equations

SJ"—K=0, i=1,2; K=N,P (6a)
dx

for the salt ions, and

dJ,'K .

——=g-r, i=3,4; K=N,P (6b)
dx

for the water ions, whereg and rar e respectively the genera-
tion and recombination rates of the ions coming from the
water dissociation reaction. The high electric fields enhanc-
ing the water dissociation mainly occur in the thin space
charge layer formed at the bipolar junction under reverse
bias conditions [1,4, 6, 7, 14]. Therefore, we should expect
that under forward bias conditions g=r throughout the
membrane. However, under reverse bias conditions we have
that g»r over the space charge region, since due to the
small thickness of this region (—10-10? A) the geometry
for recombination is very poor while the generation is ap-
preciably increased by the high electric fields present there
[1,3, 4, 6, 7, 14]. This generation rate can be written as

g=kdn=kgn exp (e FE/RT) , )

where n isthe concentration of active sitesin the membrane
where the field enhanced water dissociation occurs. Accord-
ing to previous theoretical and experimental analyses [1, 4,
5, 7, 14], we have taken an exponentia electric field
dependence for the forward rate constant of the water
dissociation reaction. In Eq. (13) a is a characteristic length
for the dissociation reaction (a—10~'"m [1,4, 5, 7, 14]),
E isatypica vaue for the electric field in the space charge
region (E— 108 - 10° V/m), and k§ can be written as

k= Aexp(—-E,/RT) . (8)

In Eqg. (8), A isthefrequency factor or pre-exponential fac-
tor and E, is the activation energy of the process
(E,~10-10% kJ/mol [5, 7, 141).

Finally, the total electric current passing through the
membrane is
I=F(ix—Jx+Jix—Jax) » K=N,P. ®
It is worth noting that J,x and J,k are constant throughout
the membrane (see Eq. (6a)). Also, Jix and Jy will be

practically constant in the bulk of the two membrane layers,
where g=r. Under reverse bias conditions, Jyk +Jik, but
Jik—Jax is constant throughout the membrane (see
Eg. (6b)).

Note that the present model assumes that the hydrody-
namic permeability of the membraneis high enough so that
the water molecules consumed in the dissociation reaction
are compensated for by the water arriving at the junction
from the bulk phases. This is a reasonable approximation
except for extremely high currents, when the junction dry-
ing can be a mgjor problem [17].

Let us consider separately the cases of the forward and
reverse biased membrane.

1. Forward Biased Membrane

This case corresponds to positive values of the total
potential drop. For such values the water dissociation ef-
fects are negligible and the only ions contributing to the
electric current are the salt ions. Therefore, wewill consider
only the salt ions in the study of the forward biased mem-
brane.

The Nernst-Planck equations (5) can also be expressed as

Jiktjx = —%Ixxgd—f » K=N,P, (10)
, . d¥

R =JK = m UK K=N,P, 1mn
where

jx=J/Dix , i=1,2; K=N,P, (12)
and

ug=cix+cx , K=N,P. (13)

The minus sign in Eq. (10) corresponds to K= N, and the
plus sign to K = P.
Eq. (9) for the total electric current now becomes

D
1=F2X (itjn) . K=NP, (14)
14+ ytx
where
2D D
Dy=—"K"K " K_N,P, (15)
D¢ + Dy
is the salt diffusion coefficient in region K,
Dy —-D
=—X_"1K " K=-N,P, (16)
Dix + Dyg

is a paratmeter related to the asymmetry in the ionic diffu-
sion coefficients, and
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= Jie=Jx , =N,P . an
Jix +Jox
Integration of Egs. (10) yields
—dLUiN+J2N) = un(—AN) —un(—dL) —XNA PN (18)

—dgr(ip +Jj2p) = up(dp) —up(Ap) + XpA¥p , (19

where Ay p have been neglected when compared to dp g.
Also, by using Eq. (I1), the potential drops in the bulk of
the two ion exchange layers are

un(—dpL) —XnI'n

A¥y=INln ———m——r, @0
un(—An) = XnI'N

and

A Xpl

A, = [pin PR T Xple 1)
up(dgr) + Xplp

where

_ +
r=lK=ix _ YT’  K=NP. (22)

Jiktjx 1+7y1k

Finally, the Donnan equilibrium at the bipolar junction
leads to

dopn(= AN e —An) = uk (= An) - X} = ud(hp) - X3

=4cip(Ap)crp(dp) . (23)
The Donnan potential at this junction is
A%y =In cipdp) _ . up(dp)—Xp . 24)
ciN(—AN) un(—AnN) + Xn

Division of Eq. (18) by Eq. (19), and further substitution
of (i +J»<) from Eq. (14), yields

dy Dp(1 + y1N) _un(=An) —un(—di) - XNA PN
drDn(1 + yTp) up(dr) — up(Ap) + Xp A ¥p

25

Egs. (23) and (25) can be solved for uyn(—Ay) and up(dp)
once a vauefor y is provided. (Note that uyn(—dp) and
up(dg) are known from Egs. (3)). Then, Egs. (14) and (18)
can be used to obtain the electric current |, and the total
potential drop across the membrane is computed through
addition of the individual drops as

A¥p L +APN+AYp j+A¥p+APp R =FV/RT . (26)
This procedure gives the general solution for the forward
biased membrane. The current-voltage curve is obtained in
parametric form, with V and | expressed as functions of .

However, Egs. (20) and (21) can not be applied to those
cases where I'y = 0. In particular, the symmetrical case:

¢x=c , i=1,2, K=L,R, @7
Dx=D, i=1,2; K=N,P, (28)
d¢=d, K=N,P, (29)
X¢=X, K=N,P, (30)

cals for an alternative solution to Egs. (10) and (11). This
solution turns out to be very simple since for this case

jik=—Jjax=1/2FD, K=N,P . (€3Y)

The 1 - V curve now obtained is

VX*+4aci+Xx
VX% +4ci-x

2
+= VX% +4ci+2XdI/DF-VX*+4c3)

FV/RT=In

VXx?+4ck+2Xdl/DF- X
VX2+4c3+2XdI/DF+X

+In (32)

Then, V showsalinear dependencewith I in the low current
limit /<FDX/2d)

VX +4cd

FV/RT=Id .
2FDCO

(33

and a power dependence in the high current limit
(I»FDX/2d)
FV/RT=2

21d/DFX . (34)

2. Reverse Biased Membrane with Abrupt Junction

The full system of Egs. (1)—(9) for the reverse biased
membrane can be solved with the same procedure employed
for the forward biased case. Unfortunately, the resulting
expressions are very involved. We decided then to present a
simplified model that gives reasonable results for our prob-
lem. In particular we will introduce the following
simplifications:

I) The fixed charge concentrations are much greater than
the bulk electrolyte concentrations. The salt coion concen-
tration is very small, and decreases towards the bipolar
junction. On the other hand, the electric field in the bulk of
the ion exchange layers is not very strong. Therefore, the
migration term for the salt coion in each one of these layers
is very small. This assumption is widely used in solid state
physics [13].
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I1) It can be easily proved that the flux and concentration
for the minority water ion (i.e., hydrogen or hydroxyl ion)
in each one of the two ion exchange layers are very small.

[11) The flux for the majority water ion is nearly constant
in the bulk of the ion-exchange layers sincethe electric field
is not very high in these regions. Due to the relatively low
values of the electric field, it can be assumed that the
dissociation and the recombination rates are very similar
there. Therefore, the majority water ion concentration is
small, and we have neglected the migration term in the flux
equation for the majority water ion in each ion exchange

layer.

Assumptions 1)-I1ll) lead to the following transport
equations in the cationic layer:

dC1N d¥

i = ———= -_ 35
IN N (35)
. dC2N

Jan= ——=—, 36
2N I (36)
. dC3N

o= — N 37
N ” 37
Jan=0 . (38)

An analogousset of equations can bewritten for theanionic
layer. The above equations are easily integrated to give

an(—AN) = ein(—dL) - (an—/3N)dL » (39

N(—AN) = en(—dp) —JondL (40)

¢ip(Ap) = ¢1p(dr) +Jjipdr » 41)

Cp(Ap) = Cp(dR) + (1p —Jsp)dR » (42)

and

A =J.1N‘+j3N._j2N In l: 1 4 YN —Jon) dL] ’ @3)
Jan—JaN oin(—dL)

AP, = ij.—J'zpi—J'4P In [ 4 Yip _j4P)dR] . (44)
Jip—Jap c2p(dR)

In order to determine the flux jin, EQ.(6b) for i=3
must be integrated from X = — Ay to x = Ap. Then,

2
Dspjsp — Dynjan= — Dinjan= f kqndx
AN

=kSnA exp (@FE()/RT) , (45)

where

A=in+Ap (46)

is the thickness of the space charge region, and E(0) the
maximum value attained by the electric field through the
space charge region. Substituting E(x)=E(0) in Eq. (45)
allows for an immediate integration, but overestimates the
water dissociation effects. However, more exact computa-
tions as well as the results in Refs. 4 and 14 show that pro-
ceeding in this way does not change the order of magnitude
of the water dissociation reaction parameters obtained from
the comparison of theory and experiment. Given the uncer-
tainties associated to other membrane parameters, the
above approximation can be considered as reasonable.

According to the depleted layer model for the abrupt
junction [1, 4, 6, 11, 13] (see Fig. 1), the eectric field at
x = 0is given by

172
2 XNX]
E©0) = (—A¥p ) —F ] : 47)
&€ XN+XP
and the thickness of the space charge region is
1/2
A= [M(—AWD,J)XN“LXP] , (48)
F NXp

where ¢, is the dielectric constant of the bipolar junction
and ¢, the permittivity of free space. Note that the depleted
layer model assumes that no mobile ions exist within the
space charge region, being the total charge density of
Poisson's equation equal to the fixed charge concentration
in the membrane [6, 13]. Thisis certainly the case for the
reverse biased membrane.

The dependence of jyy on the Donnan potentia at the
bipolar interface suggeststo look for asolution of the trans-
port equations parametricin A ¥p, 5. Once sy is known, we
can make use of Eq. (6b) to obtain jsp as

, Dy
Jap = ———J3N -
Dyp

(49)

We can also make use of Eq. (6a) to obtain the relationships

jip= %J}'N , i=1,2 (50)
iP

Then, we only have two undetermined fluxes, say jiy and

jan, Which can be determined by using the Donnan

equilibrium conditions at the bipolar junction:

cip(dp) = ein(— AN 0 (51a)
N(—AN) = Cp(Ap)6 , 6=exp(A¥p ) , (51b)
with the result
. Dyp 1
JiN=———=§ —¢1p(dR)
N Dindp(1-6?) {
+ [eyn(—dL) — ean(—dL) +J3ndL] 6
+ | cop(dR) +‘D-3Ede3N 9%t (52a)
Dyp
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l' _—
N g et -

{—CZN(_dL)
_ _’ﬂ do | 8
+ | eap(dRr) — ¢1p(dR) + ——j3ndR
Dyp

+ [c1N<—dL>+dLj3NwZ} : (52b)

We have obtained now the dependences I(A¥p, ;) (see
Eq. (9)), and V(A¥p, ) (see Eq. (26)). Therefore, the com-
plete | - V curve can be computed in parameteric form.

3. Reverse Biased Membrane with Smooth Junction

Let usnow discussin moredetail the nature of the bipolar
junction at X = 0. As stated above, the picture usuadly in-
voked for thisinterface is based on the depleted layer model
for the abrupt junction. However, taking into account the
preparation procedures of the bipolar membranes [2, 14,
15, 18- 20], the non-abrupt junction model can be more
redlistic for many cases of interest. Then we have tried to
put the junction model one step further. Although it is
possible to solve this problem for a generad membrane
charge distribution, we are considering a simple case where
the membrane charge density varies linearly with position
over a region wider than the space charge region. Figure 2
shows the membrane charge density profiles. Now, accord-
ing to the depleted layer model for the non-abrupt junction,
the charge density in the space charge region is

p(x) = F[Xp(x) — Xn(x)] = F[(X,+ dpx) — (Xo— nx)]

=F(5P+5N)x s (53)
where X,=Xy(0), and dx are the absolute values of the
slopes of the fixed charge concentrations Xk(x). The latter
are assumed to depend linearly on the position X over a
region wider than the space charge layer, which is very rea-
sonable. The solution of the Poisson equation under bound-
ary conditions

XN

—>

X

Fig. 2

Schematic view of a bipolar membrane with a non-abrupt junction. X,
is the value attained at x = 0 by the fixed charge concentration in the
cation and anion exchange layers

<£}> B <£I> ’ (54a)
dx x= _AN dx X=lp
ro=0 (54b)
gives
E(0)= F ony+6p (3RTAYp, 2013 55)
&:&p 2 4F
and
— 1/3
1N = AP = .3.81'805 T( AWD,J) , (56)
2 F 5N+5P

where we have neglected (d¥/dx)_;, against (d¥/dx),.
Egs. (55) and (56) replace Egs. (47) and (48) above respec-
tively, and now the transport equations can be solved as in
the case of the abrupt junction.

Egs. (35) - (38) lead to linear concentration profiles for
the water ions and the salt coions. It is how worth to con-
sider the limiting case where assumptions | — 111) arenolon-
ger valid. This limit corresponds to very high electric cur-
rents. For simplicity, we will study only the symmetrical
situation. For this case,

fip=Jin=/i,» i=1,2, 7
jap = —J3N - (58)
At high enough voltages, we have that

N J1sJa (59

In addition, if we assume that the coions can be neglected
in the bulk of the cationic layer, the electroneutrality condi-
tion gives

C1N+C3N=X . (60)

Introduction of Egs. (57 - 60) permits a straightforward in-
tegration of the Nernst-Planck equations to give the profiles

P(x) = W(—d)- ——(x+d) | 61
FDX

onx) =X explI(x+d)/FDX] , (62)

esn(x) = X{1 —exp [I(x+d)/FDXY} . (63)

For the anionic layer, symmetry considerations lead to

cap(x) = oiN(=X) (64)

Cap(x) = e3n(—X) . (65)

Note that | —FDX/d~10*-10° A/m? corresponds indeed
to a very high électric current.
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I Results and Discussion

The results obtained with the above model are presented
in Figs. 3-7. Fig. 3 shows the I -V curve over the full
voltage range for different values of the bulk solution con-
centration ratio ¢;/cg. This ratio has been varied while
keeping constant ¢; tcg=10"! M<Xy=Xp=1M. In
plotting the curves of Fig. 3, we have considered as input
data for the membrane parameters of the model a set of
values having the same order of magnitude of those found
experimentally for membrane M14 in Ref. 14 (k3n~
10* mol/m® s, a-10-'Om, &,~35kJ/mol, ¢, = 25, D;x ~
107°m%s (i= 1,2,3,4, K =N,P), d. =dg~10"*m). We
see that current increases very rapidly with voltage for the
forward biased membrane (Note that the voltage scale has
been enlarged for this case in Fig. 3. Bearing in mind this
fact, it becomes apparent that the shape of the I -V curve
closely follows those experimentally found in the literature
[5, 11, 14, 15, 18- 20Q]). Theinfluence of the concentration
ratio is quite ~j{mportant for forward bias conditions. In-
deed, if cp/cg 1, then a overvoltage due to the membrane
potential appears, and this causes a shift respect to the ex-
ternally applied potential drop [8]. This effect is negligible
in the reverse bias case since much greater potential drops
are now necessary for current to flow.

The two operation modes of the bipolar membrane are
well-known [1,2, 10, 18-20]: for the forward biased mem-
brane, the electric current leads to an accumulation of
counterions at both sides of the bipolar junction between
both layers. When this accumulation becomes very impor-
tant, the Donnan exclusion is no longer operative and
counterions can proceed to the other layer, where they are
transported as coions. Therefore, high electric currents can

1510
< 10007
£
<
7501
5001
2501
005 010 015 020
V(V)

-10001
Fig. 3
I - Vcurveover thefull voltagerangefor the bulk solution concentra-
tion ratios ¢ /cg =1, 5, and 10 with ¢ +¢g = 10~ M. The membrane
parametersemployed in the model have the same order of magnitude
of those found experimentally in Ref. 14 (see text). Note that the
voltage scalehasbeen enlarged for the caseof the forwar d biased mem-
brane

flow under forward bias conditions when the applied
voltage is high enough to overcome the Donnan exclusion
effect. Consider now the case of reverse bias. For this case,
the high electric field at the bipolar junction removesall the
sdt ions from there. A small limiting current is reached
when the salt concentration at the junction becomesamost
zero [1,6, 10, 19], and then the onset of the field-enhanced
water dissociation phenomenon alows for the passage of
much higher currents [3- 7, 21].

Fig. 4 givesthe | - V curves obtained with four different
models for the forward biased membrane. The case
c/cg=1, ccteg=10"'M is anayzed. Curve 1 cor-
responds to the exact solution of the proposed model.
Curve 2 has been obtained by neglecting the migration term
in the flux equation for the coion, which leadsimmediately
to linear concentration profiles for the coion concentration
in each ion-exchange layer. Theresulting | - V curve shows
a reasonabl e agreement with the more exact curve 1 within
therange of voltage valuesconsidered. Finally, curves 3 and
4 correspond to the exponential dependence foundin Ref. 6
and to the linear dependence abtained in Ref. 9, respective-
ly. Curve 3 overestimates the electric current for high
voltages. Curve 4 is probably in error for small voltages,
and results from the rather restrictive assumptions in-
troduced in this reference. On the other hand, curves1-3
clearly display that the Donnan exclusion effect holds up to
a voltage of some 50-100 MV, which is indeed a typical
value for the Donnan potential differences observed at the
interfaces of highly charged membranes (1, x € XN, p).

The effects of a non-abrupt junction at the two mem-
brane layers of the reverse biased membrane have been con-
sidered in Fig. 5 (see Figs. 1 and 2 for details; note that the
space charge region thickness depends on the properties of
the transition region between the two bulk ion-exchange
layers according to Eq. (56)). Again, we take ¢y +cg =

(A/m?)

020
V(v)

0.15

0.10

0.05

Fig. 4

I - Vcurves for the forward biased membrane obtained with four dif-
ferent models: (1) proposed model, (2) proposed model with the
assumption of small electric current, (3) the model of Ref. 6, and (4)
the model of Ref. 9. The case ¢; /ex = 1 has been considered, and the
membrane parameters are the same as in Fig. 3
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Fig. 5 Membrane electrical resistance (defined as R = V/I) over the full

I - V curves for the reverse biased membrane with a non-abrupt junc-
tion (seeFig. 2) at the interface between the two ion exchange layers.
The curves are parametric in g=46/(X/d), éy=9Jp=4, and corre-
spond to g =3-10% 5-10% 7-10* and the abrupt junction (Fig. 1),
respectively

10" !M<Xy=Xp=1M. The curves in Fig.5 are
parametric in g=4/(X/d) (the labels in the figure corres-
pond to the dimensionless numbers q = 3-10%, 5-10%, 7-10*
and the abrupt junction, respectively). As expected, the
abrupt junction presents the greater electric fields and,
therefore, is the most efficient "water splitter” over the
voltage range considered, this efficiency decreases rapidly
when the values of dy_p get lower. Indeed, a very small cur-
rent is transported by the water ions when q—10* which
corresponds to the fixed charge concentration decreasing
from the bulk value to zero over a region 10? A thick in
each ion-exchange layer. It has been confirmed experimen-
tally [2, 12, 14, 19, 22] that the nature (thickness, composi-
tion, etc.) of the junction between the ion exchange layers
influences dramatically the properties of the bipolar mem-
brane. In particular, very low junction resistances have
been reported for thick transition regions [12]. Bearing in
mind that the field enhanced water dissociation phenome-
non occurs mainly at the bipolar junction, the formulation
of models beyond the classical abrupt junction model is
deemed to be necessary. This can be done now for each
specific case within the scope of the model considered here.

The membrane electrical resistance (defined as R = V/I)
is plotted in Fig. 6 over the full voltage range. Again, the
membrane parameters employed are those experimentally
found for membrane M 14 in Ref. 14. We have considered
cr/cr = 10 with ¢ +cg = 107! M here. The resistance is
much higher under reverse bias than under forward bias for
usual voltages (—1V). The rectification ratio obtained
(- 10%) agrees with the order of magnitude of those ob-
served experimentally [2, 19]. Note that the voltage scale
has been enlarged for the forward biased membrane in
Fig. 6 (if V=1V, then R-10"4Qm? according to our
calculations). Let us consider first the reverse biased mem-
brane. At small voltages, the rectification properties do-
main, and the resistanceincreases until a maximum valueis

voltage range for the same membrane parameters considered in Fig. 3
with ¢ /eg = 10. The voltage scale has been enlarged in the forward
biased membrane case. The dashed line indicates the asymptotic
behavior of R (see explanation in the text)

reached. This maximum gives the voltage from which the
water dissociation effects are no longer negligible. For
lower negative voltages the field enhanced water dissocia
tion is very important, and the water ions appear as the
dominant carriers. Accordingly, the resistance begins to
drop. These facts have also been confirmed experimentally
[14]. In the case of the forward biased membrane, we see
that the Donnan exclusion effect holds (and the resistance
is high) for small voltages. However, the resistance begins
to drop to very low values when this exclusion fails, which
occurs when the accumulation of ions at the membrane
junction makes the salt concentration to be of the same
order of magnitude as the fixed charge concentration (this
requires a voltage of 50—100mV, as stated above). Note
finaly that R can attain very high (positive) and very low
(negative) values in the vicinities of a critical voltage. This
isaformal result that should be expected from the defini-
tion R= VI/I. Indeed, since V is the externally applied
potential drop and there is an additional potential dif-
ference due to the imposed concentration gradient (the so-
cadled membrane potential), we have that very small
negative (positive) values of | result when Vs just dlightly
smaller (higher) than this membrane potential. This means
that a negative, non-zero value for 1 should exist for the
case V=0, an effect that could not be seen in Fig. 3 dueto
the high values employed for the electric current scale (see
Ref. 9 for a good account of this question).

Finally, Fig. 7 gives the concentration (in X units) pro-
files of counterions (ions 1 and 3 in the cationic layer, and
2 and 4 in the anionic layer) for a reverse biased membrane
at high electric currents (I = — 2000A/m?). Coion concen-
trations are omitted since they are very small. The profiles
depart considerably from a linear behavior in this limiting
case (see Egs. (62)— (65)). For the salt ions the concentra-
tions decrease from the membrane/solution interface to the
bipolar junction. Conversely, the concentrations of the
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1.04

x/d
Fig. 7
Concentration profiles (scaled to the membrane fixed charge density
X =Xp=X) of counterions in each one of the two ion exchange lay-
ers for the reverse biased membrane at high electric current
(1= — 2000 A/m?). The space charge region has been omitted for the
sake of clarity

water ion increase from the membrane/solution interface
towards the junction. This should be expected since water
dissociation effects are dominant at this junction for a
reverse biased membrane at low enough negative voltages

[23.

IV. Conclusions and Suggestions for Further Work

We have presented a physical model which can describe
ion transport and water dissociation in bipolar membranes
for a broad range of experimental conditions. The model is
based on the Nernst-Planck equations as applied to mem-
brane transport phenomena (see Refs. 24 - 25 for a com-
plete account of the origin and limitations of these equa-
tions). Though a number of models have appeared in the
literature, we must say that many of the simplifying
assumptions previously invoked are not introduced here
(see Introduction). Particular attention have been paid to
three questions partially ignored in the literature: the effects
of a non-abrupt junction, the forward bias characteristics
of the current-voltage curve when a concentration gradient
isimposed, and the membrane resistance behavior over the
full voltage range. We havetried to relate our results to pre-
vious theoretical and experimental work in the field
whenever possible.

Also, we would like to emphasize that despite the cou-
pling between ion transport and the chemica reaction
responsible for the field enhanced water dissociation, we
have been able to derive a simple set of general, analytical
solutions to the problem. Although the main emphasis of
the paper ison the |- V curve, it is clear now that the in-
terested reader can readily derive expressions for other ex-
perimental magnitudes (membrane potential, fluxes, etc.)
from the results in section Il. This question isthought to be
of prime importance here, since the concept of "bipolar

membrane” is usualy invoked in very different contexts
which range from biophysical models for biological mem-
branes [2, 11, 12] to technological applications involving
synthetic membranes [5, 14-16, 21, 22].

Finally, as suggestions for further work we would in-
clude: i) athorough experimental study of the forward bias-
ed membrane characteristics (this was carried out for the
reverse biased conditions in Ref. 14), and ii) the elaboration
of specific models suited to the physicochemica nature of
the junction and the particular water dissociation mecha-
nism[3, 26-28]. For instance, experimental data concern-
ing a bipolar membrane with an intermediate neutral region
have recently been reported [29]. Although some of the ex-
perimental trends there observed can be rationalized by us-
ing the theory presented in this paper (e.g., deviations from
the abrupt junction result in a decrease of the water
dissociation effects at a given voltage, as suggested by Fig. 5
for the particular junction structure here analysed), the
elaboration of a model valid for these membranes would be
necessary. Point ii) aboveis probably crucial in order toim-
prove the efficiency of technologies based on bipolar mem-
branes.

This work is part of projects PB92-0516 from the DGICYT
(Ministry of Education and Science of Spain) and CE.25.011/92 from
the Universitat Jaume I. A.S. wishes to thank the Generalitat Valen-
ciana for the economical support received through a research grant
from the Invited Scientists Program.
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