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Abstract

The behaviour of bipolar membranes in NaCl and Na, SO, solutions is discussed. The membranes are characterized in
terms of their limiting current densities. Below the limiting current density the electric current is carried by salt ions
migrating from the transition region between the anion and the cation exchange layer of the bipolar membrane. In steady
state these ions are replaced by salt ions transported from the bulk solutions into the transition region by diffusion and
migration due to the fact that the ion-exchange layers are not strictly permselective. When the limiting current density is
exceeded, the salt transport from the transition region can no longer be compensated by the transport into the region and a
drastic increase in the membrane resistance and enhanced water dissociation is observed. This water dissociation is described
as being a combination of the second Wien effect and the protonation and deprotonation of functional groups in the
membrane. The limiting current density is calculated from a mass balance that includes all components involved in the
transport. The parameters used in the mathematical treatment are the diffusion coefficients of salt ions and water, the ion
mobilities in the membrane, the fixed charge densitiy of the membrane, the pK, values of the functional groups and the
solution bulk concentrations.
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1. Introduction

The transport of ions across monopolar ion-ex-
change membranes can adequately be described by
the Nernst—-Planck equation [1-9]. With this equa-
tion and the assumption that electroneutrality in the
system must be maintained membrane processes such
as electrodialysis [10,11] can be described satisfacto-
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rily. However, many aspects of bipolar membranes,
which resemble a laminate of a cation- and an
anion-exchange layer are still subject of a rather
controversial discussion. Especially the mechanism
of the accelerated water dissociation and the location
where exactly in the membrane it takes place is still
not completely understood.

The work described in this paper is concentrated
on elucidating the mechanism of the electrical poten-
tial enhanced water dissociation. Furthermore, the
transport of ions through the bipolar membrane be-
low the limiting current density is measured. Theo-
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retical considerations and calculated data are com-
pared with measured current—voltage curves.

2. Fundamentals
2.1. The function of a bipolar membrane

Fig. 1 illustrates the structure and function of a
bipolar membrane which consists of an anion and a
cation selective layer joined together. By establishing
an electric field across the membrane, charged species
will be removed from the transition region between
the two ion-exchange layers. When all salt ions are
removed from the transition region, further transport
of electric charges can be accomplished only by
protons and hydroxyl ions that are available in very
low concentrations, i.e. ca. 1077 mol 17! in com-
pletely demineralized water. The protons and hy-
droxyl ions removed from the transition region are
replenished by the water dissociation equilibrium.
The ability to generate protons and hydroxyl ions is
used to produce or to recover acid and base from the
corresponding salt solution [11-13].

2.2. Structure and thickness of the transition region

As far as the structure of the transition region
between the two ion-exchange layers of a bipolar
membrane is concerned two hypotheses exist. One
postulates that the distance between the cation- and
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anion-exchange layer is zero and that the transition
region is located within the two ion-exchange layers.
Adjacent to the contacting surfaces of the two ion-
exchange layers a region is obtained where the con-
centration of counter-ions is decreased and uncom-
pensated fixed charges exist. This region is referred
to as the *‘space charge region’ [16] or ‘‘depletion
layer’” [17]. In correspondence to solid state physics
nomenclature, the interphase in this case is called the
‘‘abrupt junction”’ [18]. The second hypothesis as-
sumes a thin neutral region between the two ion-ex-
change layers [19]. This assumption leads to the
so-called ‘‘neutral-layer model’’. The two models
are illustrated in Fig. 2.

During operation of the membrane it can be as-
sumed that almost all salt ions are removed from the
transition region. The thickness 2A can then be
calculated from the electric resistance 7.’ or the
conductivity K™ of the transition layer which is a
function of the concentration ¢; and the mobility u;
of the protons and hydroxyl ions. With

n
K*"=F ) ZZciuf €))
j=1
and
ri = 2 (2)
€ ktr

where F is the Faraday constant, z; the valence of
species j and r. the area multiplied resistance, the

transition region

salt ions
S

Fig. 1. Schematic drawing illustrating the function and structure of a bipolar membrane.
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Fig. 2. Schematic drawing of two membrane models, ie. the
two-layer or abrupt junction model and the neutral-layer model.

thickness 2 A of the transition layer can be calculated
according to:

2)‘=rfF[(CH+“H+) +(C0H’uOH')] (3)

As a first approximation the electric resistance of a
bipolar membrane r"™ can be considered as three
resistances in series, i.e. the resistance of the cation-
exchange membrane r;°™, the resistance of the tran-
sition region rS and that of the anion-exchange

membrane r*™:

bm __ ..cem tr aem
P =rE 4 T 4 r (4)

The resistance of the transition region is thus given
by:

rf =l — (rfm 4 r2m) (5)

The resistances of the cation- and anion-exchange
membranes, r*™ and r¥*™, respectively, are in the
range of 0.5-5 Qcm? [20-22,29]. The resistance of
the bipolar membrane during the water dissociation
is in the range of 10 Q}cm®. By using an average
value of 2.5 {lcm’® for the resistances of the
monopolar layers, the calculated resistance of the
transition region is 5 Qem®. With ¢f+= c§,-= 1077
mol 17! and the proton and hydroxyl ion mobilities
taken from the literature [30], the calculated value for
2 A is ca. 2.7 nm.

From these theoretical considerations it can be
estimated that the thickness of the transition region is
in the range of a few nanometers. Fig. 3 shows a
scanning electron micrograph of the junction be-

Fig. 3. Scanning electron micrograph of a bipolar membrane.
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tween the monopolar layers of a commercial bipolar
membrane. It can be seen that the thickness of the
transition region is much smaller than 0.1 pm.

2.3. Concentration and potential profiles in bipolar
membranes

The equilibrium between an ion-exchange mem-
brane and the surrounding bulk solution can be
described by the Donnan relation [23]. In 1962 Mauro
[16] presented a continuum model describing the
interphase between the membrane and the elec-
trolyte. The model is based on an analogy between
the p-n semi-conductor junction and the fixed
charged membranes, i.e. the fixed charges in ion-ex-
change membranes play the same role as ‘‘doping”’
ions in semiconductors. By applying the Maxwell—
Boltzmann and the Poisson equations to ion ex-
change membranes, concentration and potential pro-
files can be calculated.

The concentration of charged mobile species ¢, in
an electric field with an electrical potential of ¢(x)
can be calculated by the Maxwell-Boltzmann rela-
tion:

(x) — ~@=0,~2j kT
sta x _sta e~ zie(x)eq/ (6)

where ¢, and k are the elementary charge and the
Boltzmann constant, respectively.

From Eq. (6) the Donnan potential ¢p,, for
ion-exchange membranes in equilibrium with a sur-
rounding solution can be calculated. It is assumed
that in the bulk phase, i.e. at a large distance from
the membrane the potential ¢ =0 and ¢~°=c}. In
the membrane the potential is assumed to be ¢™ # 0.
With Eq. (6) this results in:

= g~ W™= ¢ e /KT (7)

B R

The Donnan potential can then be calculated by:

N 1 c}’ kT
(PDon=¢m—QD =Tln_m— (8)
<j Cj €p

Introducing the Avogadro number leads to:

¢Don=¢m_ qpb_ __ln—m (9)
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Fig. 4. Concentration and potential profiles for a cation- and an
anion-exchange membrane separated by an electrolyte solution
described by the Maxwell-Boltzmann equation.

It is further assumed that the electric potential
satisfies the Poisson equation which is given by:

— = (10)

Here €, is the permittivity of free space (vacuum)
and € the relative permittivity; p, is the space
charge density which can be calculated from:

F (11)
=1

n n
Pe = ( Z zic; + Z w X,
j=1

Here X, is the fixed charge density and w, the
electrochemical valence of the fixed charges.

The concentration and potential profiles of a
cation- and anion-exchange membrane separated by
an electrolyte solution are shown schematically in
Fig. 4. The figure indicates that the electroneutrality
at the interfaces is disturbed due to increasing or
decreasing concentration of counter-ions and co-ions
in the membranes and the bulk solution; there exists
a so-called space charge region at the interfaces.

In the case of the abrupt junction, i.e. no neutral
layer between the two ion-exchange layers, the space
charge region is located completely within the mem-
brane and uncompensated fixed charges exist in the
region where anion- and cation-exchange layers meet
as shown in Fig. 5.

For the symmetrical case, i.e. identical fixed
charge densities in the cation- and anion-exchange
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Fig. 5. Concentration and potential profiles for a bipolar mem-
brane with an abrupt junction described by the Maxwell-Boltz-
mann equation.

layers X*™ = X*™ =X, the thickness of the space
charge or depletion layer can be calculated by [16]:

A€,
2a=27 2% (12)
XF

Here A¢™ is the potential difference across the
space charge layer which is given by:
A¢H=2|¢Don| (13)

If we assume that the system contains only monova-
lent ions and that ¢® < X is then:

C([:l:mnter—ion =X (14)
and with

c} x
——lnY = lnﬁ (15)

J

the potential difference across the transition region
A" can be determined to:

RT ¢} RT X
Ap"=2|—In—=|=2—In— (16)
LF X F ¢

With a fixed charge density X =1.0 mol 17! the
calculated potential difference across the transition
region at 7= 20°C (bipolar membrane in water cjj+
=cfy-=10"7 mol 17') is 0.814 V. The calculated
thickness of the depletion layer (relative permittivity
of water €, = 78.5) according to Egs. (12) and (16) is
4.84 nm.

Eq. (12) describes the thickness of the depletion
layer if no external electrical field is applied. When
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Fig. 6. Simplified potential profile across the bipolar membrane.

an external voltage U™ is established across the
bipolar membrane the voltage drop across the deple-
tion layer will be changed accordingly. Fig. 6 shows
the simplified slope of the electric potential across
the entire bipolar membrane when an external volt-
age U™ is established and the diffusion potential of
the monopolar membranes is neglected. For small
current densities the voltage drop across the monopo-
lar membranes U™ and U*™ can also be neglected
and A" can be described by:

Ag" =2| g, |+ U™ (17)

In Eq. (17) U™ is positive when the cation-ex-
change layer of the bipolar membrane is located on
the cathode side as shown in Fig. 1 (reverse bias).
The thickness of the transition region 2 A is then:

2A=2\/ (2|¢gon|+ (me)EOr
XF

(18)
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Fig. 7. Thickness 2 A of the transition region as a function of the
applied voltage.
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Eq. (18) shows that with increasing applied reverse
bias the thickness of the depletion layer is increasing
with the applied external voltage. This is demon-
strated in Fig. 7 which shows the-calculated increase
of 2A with increasing externally applied voltage
U,

3. Current-voltage relation and ion transport in
bipolar membranes

3.1. Model for the transport of ions below the limit-
ing current density

If we consider a bipolar membrane without exter-
nal applied voltage, the concentration of mobile ions
in the transition region is decreasing from the high
counter-ion concentration to a small value which
depends on the concentration in the bulk solutions as
illustrated in Figs. 4 and 5. Due to the Donnan
exclusion a potential difference is established across
the transition region as described before. Diffusion
of ions into this region caused by the concentration
gradient (Ac/A) and migration of ions out of this
area caused by the electric potential gradient
(A" /2A) are in equilibrium. This is valid for the
abrupt junction as well as for the neutral layer
model, so that for the following considerations the
simplified concentration profiles illustrated in Fig. 8
are used. This figure shows the concentration pro-
files in a bipolar membrane and the adjacent bulk
solutions of sodium chloride if no external voltage is
applied.

If an external voltage U™ is applied to the
membrane, the equilibrium between concentration
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Fig. 8. Simplified concentration profiles of a bipolar membrane in
a NaCl feed solution for i > 0.
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Fig. 9. Simplified concentration profiles of a bipolar membrane in
a NaCl feed solution for i > 0.

gradient driving force and the electrical potential
gradient driving force is disturbed and a net ion flux
out of the transition region occurs. Thus, the transi-
tion region becomes depleted of salt ions as shown
in Fig. 9 for a NaCl feed solution. At a certain
current density, called the limiting current density
iy, all salt ions are removed from the transition
layer and the conductivity of this region can be
calculated from the concentration of protons and
hydroxyl ions which are available in completely
deionized water in a concentration of 10~7 mol 17'.
The concentration of counter-ions in the monopolar
membranes decreases in the direction of the junction
and reaches the fixed charge density for i =i, at
x=—A, A

Ion fluxes in a bipolar membrane in a NaCl feed
solution for the conditions 0 <i < i, are illustrated
in Fig. 10. In this case the following ion fluxes have
to be considered:

1. Migration of counter-ions out of the transition
region into the bulk solutions.

2. Migration of co-ions from the bulk solutions
into the transition region.

3. Diffusion of co- and counter-ions from the bulk
solutions into the transition region.

If the ion flux out of the bipolar membrane is
higher than the ion flux into the membrane, the
transition zone becomes depleted of salt ions, the
resistance increases up to the resistance of deionized
water, the electric field across this region increases
and water dissociation takes place. Fig. 11 illustrates
the diffusion of NaCl across the cation-exchange
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Fig. 10. Ion fluxes in a bipolar membrane in a NaCl solution for
0 <i < iy, (reverse bias).

membrane The ion concentrations at the interphases,
cmb, e, cBr, and ¢R, can be calculated from the
Donnan equilibrium and the electroneutrality.

Due to the electroneutrality in the monopolar
membranes, the diffusion of counter-ions (Na® in
the cation-exchange membrane) is connected with
the diffusion of co-ions (C1~ in the cation-exchange
membrane) and a common diffusion coefficient
Dy,+= D¢ -= Dy, can be used. Diffusion coeffi-
cients of salts can be measured in a two compart-
ment cell (1 mol 17! NaCl|lmembrane||H,0). The

c A bulk cem transition
NaCl cmby + region
¢
CmtrNa +
)
Xcem
'I
8 -
CbNa+ = Cbcl-
)
= Mgt = ¢y
ar q
p cmir or
0 -
X

Fig. 11. Concentration profile across the cation-exchange mem-
brane in a NaCl feed solution.

measured diffusion coefficients of NaCl across com-
mercial cation-exchange membranes vary between
05%x107"" m? s7! and 0.8 X 1071% m? s,

The limiting current density can be calculated for
an 1-1 electrolyte (NaCl) with the following as-
sumptions:

1. The thickness of the transition region is 3 nm.

2. All conditions are symmetrical. This means
that the concentrations on both sides of the bipolar
membrane are the same, that the monopolar layers
have the same thickness 6 =6" and fixed charge
density X, that the transport number of the sodium
ions in the cation- exchange membrane 5, equals
the transport number of the chloride ions in the
anion-exchange membrane &%, with 13 =350 =¢"
and that the monopolar layers have the same resis-
tance 7,.

3. The concentration gradients of Na™- and C1™-
ions across the monopolar layers show a linear rela-
tion.

4. Convection is neglected.

5. Transport of H* and OH ™ is neglected (c¢y-=
cog-=10"7 mol 171).

Under these conditions the total voltage drop
across the bipolar membrane U™ can be calculated
from the voltage drops across the different layers:

me = [ 4 Utr + [em
i2A

™ (19)

The conductivity of the transition region can be
calculated according to Eq. (1). Since in the deple-
tion region the sodium ion concentration is identical
to that of the chloride ions cf,+= cg - the change of
the ion concentration in the transition zone can be
determined from the flux of sodium ions, which is
given by migration and diffusion through the cation-
and anion-exchange:

tr

cha+
V- AT

A[ Jm1§1+]m1§2+ 2]d1ff

(20)
where JEH is the diffusive sodium ion flux and
Jpigl and Jig2 are the sodium ion migrations

through the cation- and the anion-exchange mem-
brane, respectively.



130 H. Strathmann et al. / Journal of Membrane Science 125 (1997) 123142

Since sodium is the counter-ion in the cation-ex-
change membrane and co-ion in the anion-exchange
membrane, the migration of sodium ions is given by:

tlifam thi
Jmigl — = 21
Na e (21)
and
) pEng 1—eE™Yy 1—17)i
Jpies G L ) (22)

F F F

The sodium flux caused by diffusion is:
CRh.— it

*am— (23)

Here D, is the diffusion coefficient of NaCl in
the ion-exchange layers, 8, is the thickness of the
cation- and anion-exchange layer, respectively, ¢ is
the transport number, the superscripts cem and aem
refer to cation- and anion-exchange membranes, re-
spectively, and * refers to the transport number of a
cation in a cation-exchange membrane or an anion in
an anion-exchange membrane.

Under steady state conditions the concentration of
sodium ions at the interphase between the transition
region and membrane cf,+ can be calculated by
combination of Egs. (20) to (23):

lTl

oy (T = (1)) (24)

ZF2 Dy,

diff _
JNa* - DNaCl

mtr mb
CNa*~ CNa*

The concentration of sodium ions at the membrane
surface between the outer solution and membrane
cm. can be calculated from the Donnan equilibrium

relation [23]:

b mb
CNa*t Cor- 25
mb b ( )
CNat Cer-

Including the electroneutrality which is given by:

n
0= ) z,c;+wX (26)
i=1
the concentration of the chloride ions at the mem-
brane surface between the bulk phase and the mem-
brane, cg;b_ can be calculated in the case of the

cation-exchange membrane, ie. w= —1, by Eq.
(26) to:
= —X+ s (27)

Introducing Eq. (27) into (25) with cR,+= cg- re-
sults in:
Cba+ X+ Cm:+

Zh - b . (28)
CNa* CNat
Rearranging Eq. (28) leads to:

X+ X2+ 4(ch,)

b, = (c5a-) (29)

: 2
Introducing the positive solution of Eq. (29) into Eq.
(27), cZ° can be calculated.

The average concentration of sodium ions in the
transition region agrees also with that obtained from
the Donnan equilibrium. It can be calculated accord-
ing to Eq. (28) where the bulk concentrations c}’ are
now replaced by the concentrations in the transition
layer, c;-‘:

= (B ) = Xe (30)
Introducing Eq. (29) into (24) leads to:

XX+ (k)
cmr —

Nat ™ 2

o™i
2F2 Dy,

(£ = (1-1%)) (31)

Combination of Egs. (30) and (31) results in:

[ Xyl

Cnat ™= 5

m

(= (1-17))

ZF‘zDNa\CI

X+ X2+ 4By )

2

1/2

("= (1 -17)) (32)

m

ZFZZ)NaCI

From these equations the limiting current density can
be calculated with c}j,+=0, i.e. the condition at
which the limiting current density is reached.
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Fig. 12 shows the calculated current—voltage curve
up to the limiting current density for the following
parameters: 8™ = 100 pm, c%,+=0.5mol 17!, r, =
25 Qcm?, t* =0.99,2A=3nm, X=1.5 mol 17,
Dot =7.0X 1071 m? 71,

The presented model describes the current—volt-
age behaviour up to the point where the limiting
current density is reached. For the conditions used in
Fig. 12 the limiting current density is i = i, = 2.09
mA cm~2. At this point all salt ions are removed
from the transition region and the resistance of the
membrane increases drastically. When the limiting
current density is exceeded water dissociation starts
in the bipolar membrane.

3.2. Measured and calculated current voltage curves
of bipolar membranes

The current—voltage curves of bipolar membranes
have been determined in a six-compartment cell
which is described in detail elsewhere [14]. The
voltage drop across the membrane is measured by
Haber-Luggin capillaries placed directly on both
surfaces of the bipolar membrane. The potential
difference between the two capillaries is measured as
a function of the electric current passing through the
membrane.

Three different commercially available mem-
branes were tested. The first membrane, referred to
as bml was supplied by Tokuyama Soda Corpora-
tion, Japan. The membrane has an integral structure
and is reinforced. It had the appearance and handling

— 4
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Fig. 12. Calculated current—voltage curve of a bipolar membrane
up to the limiting current density.
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Fig. 13. Comparison between measured and calculated limiting
current densities for bipolar membrane bml (parameters used in
the calculations: 6™ =100 wm, 2A=3 nm, X=1.5 mol 17},
Drac1 = 259X 10717 m? 571 ¢ =099, r, = 2.5 O cm?).

capability of a normal ion-exchange membrane. The
second membrane, referred to as bm2, was supplied
by WSI Technologies Inc., USA. The membrane was
a composite of two separate non-reinforced sheets
and significantly thinner than regular ion-exchange
membranes. The third membrane, bm3, was supplied
by Fumatech GmbH, Germany. The membrane was
an integral reinforced structure and its appearance
and handling properties were that of a regular ion-
exchange membrane.

First current—voltage curves were measured with
the bipolar membrane bml and sodium chloride
solutions of various concentrations and compared
with calculated data. Fig. 13 shows the measured and
calculated data. The solid lines represent the mea-
sured data and the dotted lines indicate the calculated
limiting current densities. It should be pointed out
that the calculation of the current/voltage curves
and the limiting current densities by Eq. (32) are
based on the assumption that the current through the
bipolar membrane is carried by salt ions only. Thus,
when the limiting current density is reached, the
interphase between the cation and anion exchange
layers will be depleted of salt ions and an increase in
the applied voltage should not lead to an increase in
current. In reality however, this assumption is not
valid since in the interphase between the cation- and
anion-exchange layer of the bipolar membrane H*-
and OH -ions will be generated due to an electric
field enhanced water dissociation and with increas-
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the limiting current density i, (X = 1.5 mol 17!, ¢§,+=0.5 mol

171 1" =0.99).

ing applied voltage the current will increase due to
the generation of protons and hydroxyl ions. The
actual mechanism of this electric field enhanced
water dissociation is discussed in the second part of
this paper. Thus, the dotted curves in Fig. 13 indicate
the maximum current density achievable without
considering electric field enhanced water dissocia-
tion.

From Egs. (20) and (32) it can be seen that the
limiting current density depends on the diffusion and
the migration of ions into the membrane. The diffu-
sion furthermore depends on the diffusion coefficient
of NaCl in the membrane, the thickness 6™ of the
monopolar layers and the concentration of ions in the
membrane cjo+ which is a function of the bulk
concentration cf,+ and the fixed charge density X.
The migration of co-ions into the membrane depends
on the transport number ¢ *. The relation between the
limiting current density and the diffusion coefficient
of NaCl in the membrane is shown in Fig. 14 where
the limiting current densities of bipolar membranes
are calculated according to Eq. (32) as a function of
the diffusion coefficient of sodium chloride D, ;.
Fig. 15 shows calculated limiting current densities as
a function of the bulk solution concentration c%,+.
The limiting current density as a function of the
fixed charge density X is shown in Fig. 16.

It is clear that by increasing the diffusion coeffi-
cient D, the back-diffusion of ions into the transi-
tion region and thus the limiting current density i,
is increasing. Increasing bulk concentration cf, - has

5
—&— iy
4_
T
s 3
<
E o
£
-y 1-
0

T T I T T I I 1
0.1 02 03 04 05 06 07 08 09 1
cPygat [mol/l]

Fig. 15. Calculated influence of the bulk concentration cf,+ on
the limiting current density (X = 1.5 mol 17}, Dy, =5.0x 10711
m? s71, 1% =0.99).

the same effect as also indicated by the experimental
results shown in Fig. 13. By increasing the fixed
charge density X the Donnan exclusion is improved
and thus i, decreases.

Current-voltage curves were also measured with
the bipolar membranes bm2 and bm3 in a 0.25 mol
17! Na,SO, solution at current densities below the
limiting current density. The results are shown in
Fig. 17. When comparing Figs. 13 and 17 it can be
seen that different bipolar membranes can have rather
different limiting current densities. Bipolar mem-
brane bm2 is a very thin and highly permeable
membrane and has a significantly higher limiting
current density than the two other bipolar mem-
branes due to its higher salt diffusivity.

35
34 —B’—

— [\
—_ D W
1 L I I

<@
W
1

[

T T T T T T
0.5 1 1.5 2 2.5 3 35

fixed charge density X [mel/l]

[==]

Fig. 16. Calculated influence of the fixed charge density on the
limiting current density (t* =099, Dy =5.0X107 2~ 1
e+ =05mol 17 1),
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Fig. 17. Limiting current densities for bipolar membranes bm2
and bm3 determined in a 0.25 mol 17! Na, SO, solution.

Current—voltage curves were also measured at
current densities much higher than the limiting cur-
rent density. The results are depicted in Fig. 18
which shows the current—voltage relation of the three
different bipolar membranes in a 0.25 molar Na, SO,
bulk solution up to current densities of 100 mA
em™2. At low current densities the resistance is more
or less constant until the so-called limiting current
density is reached. Then the resistance increases
drastically and the current is hardly increased with
increasing applied voltage until a certain voltage
drop across the membrane is reached. At this point
the resistance decreases sharply and the current den-
sity increases with only a slightly increased voltage
drop. Although the current—voltage curves of the
three membranes are different (the membrane with

110
100+
90 —[3— bml
80~ | —O— bm2
709 | —A— bm3
60+
504
404
30+
20

current density i [mA/cm?}

0 0.2 0.4 0.6 0.8 1 1.2
voltage across bipolar membrane UPm [V]

Fig. 18. Measured current—voltage curves of three different bipo-
lar membranes in 0.25 mol 1~! Na,SO, at high current densities.

2 water dissociation

current density i [mA/cm?]

Lim

1 transport of saltions _ |

voltage across bipolar membrane Ub™ [V]

Fig. 19. Schematical current—voltage curve of bipolar membranes.

the highest salt permeability shows the lowest elec-
trical resistance) the curves follow a general trend.
This typical behaviour of bipolar membranes is
schematically shown in Fig. 19. Similar current—
voltage curves are reported in the literature [14,15].
The sharp increase in the current density when a
certain value of the applied external voltage is ex-
ceeded is generally attributed to the onset of an
electric field enhanced water dissociation.

While the current-voltage behaviour of bipolar
membranes at current densities below the limiting
current densities can satisfactorily be rationalized
with the arguments described by Eq. (32) of this
paper it is significantly more difficult to rationalize
the water dissociation mechanism that leads to the
drastic increase in current density when a certain
voltage is exceeded.

4. The mechanism of the water dissociation

4.1. Accelerated water splitting in bipolar mem-
branes

The water dissociation equilibrium is given by:
k
2H,0 < H,0"+ OH" (a)
k_y

Assuming that the water dissociation in a bipolar
membrane takes place by reaction (a) the maximum
current carried by H* and OH™ can be calculated
from:

i = Fl,c 24 (33)
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Assuming a thickness of the transition layer of 2A =
3 nm, a water concentration in the transition layer of
Cii,0 = 6 mol 17! [20] and a water dissociation rate
constant of k, =2 X 107> s~' the maximum current
that can be obtained from the water dissociation
according to reaction (a) is 3.5 X 107° A m~ 2. From
experiments with bipolar membranes we know that
current densities of more than 2000 A m™? are
possible. This means that there must be an effect
which accelerates the water dissociation in bipolar
membranes about 5 X 107 times.

4.2. The second Wien effect

The first attempt to explain the enhanced water
dissociation in bipolar membranes was based on the
so-called second Wien effect which describes the
influence of a strong electric field on the water
dissociation constant k, while the recombination
rate constant k_, is not effected by the electric field.
According to the second Wien effect, which is dis-
cussed in detail in [28], the ratio of the dissociation
rate constant under the influence of an electric field,
k), to that without an electrical field, k4, can be
determined by:

ko) p* b bt b
=l+b+—+—+—+ =
ky 3 18 180 2700
b6
+ + .. (34)
56700
with
b = 0.09636 35
€ T2 ( )

T

Here E is the electric field density and €, the
relative permittivity.

In Eq. 35 the electric field density £ has to be
inserted in V m~'. The relative permittivity €, de-
pends on the electrolyte and is 78.57 at 25°C in
water [29]. In the case of high field intensities (E >
108 V. m™!) Eq. (36) can be used to calculate the
effect of the electric field on the dissociation rate
constant:

kdE 2 2 1/2

10°

108 —&— E=5%10° V/m
—8— E=0*10° V/m

107

105
10°5

kd(E)/kd

10*4
10°4

102

101 T T I | I i

10 20 30 40 50 60 70 80
relative permitivity €.

Fig. 20. kyg, / k4 calculated from the second Wien effect.

Since the thickness of the transition zone is in the
range of 6 nm when U™ is one Volt (see Fig. 7),
the electric field intensity (E=A¢"/2A) is in the
range of 6.0 X 108-9.0 X 10® V m~'. Fig. 20 shows
the calculated increase of the water dissociation rate
constant due to an electric field density of E=15.0 X
102 Vm~! and E=9.0 X 10® Vm™' as a function
of €. From Fig. 20 it can be seen that the second
Wien effect can explain the enhanced water dissocia-
tion only if €, is smaller than 10. Furthermore, if the
accelerated water dissociation would only be due to
the second Wien effect, it should be identical for
both anion- and cation-exchange membranes, but this
is not the case [24].

4.3. Influence of the charged groups in ion-exchange
membranes on the water dissociation rate

Water dissociation was first observed in electro-
dialysis when the limiting current density was ex-
ceeded. It was shown that the water dissociation
occurred mainly at the anion and not at the cation-
exchange membrane [24]. This indicates that the
water splitting does not take place in the solution but
in the membrane phase. Based on these general
observations Simons [25-27] suggested that with
anion-exchange membranes the water dissociation is
caused by a reversible protonation of weakly basic
groups, i.e. tertiary amines. He further showed: (1)
that water splitting can be eliminated by methylation
of the tertiary amines resulting in quaternary amines,
(2) that degradation of quaternary ammonium groups



H. Strathmann et al. / Journal of Membrane Science 125 (1997) 123-142 135

in strongly basic environment leads to tertiary amines
[25] and (3) that water splitting at cation exchange
membranes can be obtained only when weak acids
(proline, phenol) are present in the solution next to
the membrane surface, or when the membrane con-
tains weakly acidic groups, such as carboxylic acid.
Following the reasoning of Simons, water dissocia-
tion in membranes can take place by the following
reactions:

k2
B+H,0 e BH"+OH" (b)
k_,
k
BH"+H,0 < B + H,0 (c)
K
and
k.
A™+H,0 < AH+ OH™ (d)
k_y
ks
AH+H,0 = A"+ H,0" (e)
k

=35

where B is a neutral base and AH a neutral acid.

4.4. Model for the water dissociation in bipolar
membranes

The present model is developed under the follow-
ing assumptions:

+ Water dissociation occurs in the depletion anion-
exchange layer of the membrane.

+ Water dissociation is accelerated by protonation
and deprotonation of weakly basic groups.

- The water dissociation is also accelerated by the
electric field according to the second Wien effect,
which increases k; (reaction (a)), &, and k,
(reactions (b) and (c)).

The voltage drop across the ion-exchange layers
of the bipolar membrane U™ and U*™ are
neglected so that U = U™,

+ The generated protons and hydroxyl ions are re-
moved from the transition region by migration
and the electric current is calculated from this
migration flux.

+ The driving force for the migration of protons and
hydroxyl ions d¢/dx is U™ /2 A, since 2 X @p,
is in equilibrium with the diffusion of ions into
the transition region.

I diff Ty o diff
—_— .
reactions
a
b
J Ht mig J OH- mig
- c SO
-2y

Fig. 21. Simplified system for the mass balance.

- Water is transported into the transition region by

diffusion.
For each species j of our simplified system which is
illustrated in Fig. 21, the following mass balance is
valid:

tr

2A%=(deiff+ijig) + 27, (37)
Here r; are the reaction rates of the different compo-
nents in the transition layer, i.e. the protons and
hydroxyl ions and the protonated and the neutral
base.

The reaction rates r; are:

"H,0t= kchZO —k_ 1€8,0+Con-
+ kycpy+Cy,0 —k_304,0+Cp (38)
Tou-= kch20cH20 —k_ 1€1,0C0H"
+kZCBCH20_k-2cBH+COH’ (39)
rg = K3Cpy+Cy,0 — k_30p,0+Cp
+k_Cpu+Con-—kyCply,0 (40)
Fgy+= —7Ip = —k3cBH+cHZO + k_3cH30+cB
—k_,cpg+con-+ kchCH20 (41)
and
u,0 = K_ 11,0+ Con-~ k1Cu,0¢H,0
+k_,cpu+Con-— k2CBCH20
+k_3¢h,0+Cp ~ k3Cpp+Ch 0 (42)
In case of reaction (a) there is
ri =k [H,0][H,0] =k[H,0] (43)
roy=k_[H;0"][OH"] (44)
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In equilibrium the reaction rates r, and r_; are
identical and combination of Egs. (43) and (44) leads
to:

k,l [H30+][OH_] Kw Kw
k_

[H,0] 55mol/1
(45)

v [H,0]

With K, =107" mol> 172 and k;, =2 X 107> s~}
[19] k_, is calculated from Eq. (45) to be 1.1 x 10!
lmol™! s,

Furthermore, k, can be calculated from Eq. (43)
to be 3.63 X 1077 1 mol~! s~ 1.

In case of reaction (b) is:

BH* ][OH" k.
el L PR (46)
[B] k_
or
ky=k_,K,=k_,x107PK» (47)
Here pK, = —log K,
In case of reaction (c) is:
Blio) |k "
[BH"] Yok
or
ky=k_,K,=k_, X 107K (49)
With pX, + pK, = 14 Eq. (49) becomes:
ky=k_,x107(47prky) (50)

Furthermore, &, and k, can be calculated from the
following relations:

K,  k_,x107PK

k, (51)

"ol T 0]

and

K kg X10704RKY
S0l T T ;0] (52)

From the literature it is known that the rate constants
k_, and k_, in aqueous solutions are in the range of
10'°-10" 1 mol~! 5! [19] and that they are not
influenced by the electric field. Furthermore, it is
assumed that k_, and k_; are 10" 1 mol™! s7!
(k_; was calculated to be 1.1 X 10" 1 mol™! s™1).

108
4 —e—k2
106 - e k3

10

10%

10°

k_(mol ! s™)

1024
I
104 T T T I T T T

2 3 4 5 6 71 8 9 10
PK,

Fig. 22. Influence of the basicity of the membrane groups on the
dissociation rate constant.

Fig. 22 shows the calculated values of k, and &, as
a function of the pK,-value. It can be seen that for
strongly basic groups (pK, < 1) k, is very high and
k, is very small. This means that the protonation is
very fast but the deprotonation is very slow, so that
the groups remain in the protonated form. For
strongly acidic groups pK, < 0 all groups remain in
the dissociated, deprotonated form. With decreasing
basicity of the groups (increasing pK,) k, is de-
creasing while k; is increasing. At pK, =7 the
deprotonation is as fast as the protonation and &, =
ky =180 =49.6 X 10" X k,. This demonstrates that
the proton transfer reactions are capable of explain-
ing the enhanced water dissociation.

Within the model the diffusional water transport
into the membrane is described by Ficks law:

mb tr
Cu,0 ~ ¢H,0
dx =Uy.o . 5 : (53)

The water concentration gradient in the membrane is
assumed to be linear as shown in Fig. 23 and the
migration of protons and hydroxyl ions is calculated
with the Nernst—Plank equation:

de
Jhiff = _p H,0
H,0 H,0

Uu
J}Tig=u‘}rl+cg+ﬁ (54)
and
UIJ’
Jort = ugH‘ch'—z_A (55)
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Fig. 23. Profile of the water concentration in the membrane.

Introducing the derived relations into Eq. (37) the
change in the concentrations of the different species
in the transition region can be calculated by:

tr
ch3o+
ds =k1CHZOCH20_k—1CH3O*COH’
+ k3cBH+cH20 - k“3cH30+cB
Ug-cy+ U"
24 24 (36)
degy-
dr _kchZOCHZO_k—ch3O+COH‘
+kycpoy,0 —k_yCpy+Con-
Uon-Con- U"
O 2) 2h (57)
dc§
dz =k30BH+CH20_k—3CH30+CB
+k—2CBH+COH‘_k2CBCH20 (58)
dC%H* dC;;
=—— 59
dr dr (59)
and
dc‘{lzo
dr =kqCH3o+COIr_k1CH20

+k_ycpy+Con-— kZCBCHZO
+ k73CH3O+CB - k3CBH*CHZO

mb __ _.mtr
Dy,0 €H,0 ~ CH,0

+2
2A 8

(60)

The electric current can be calculated from the hy-
droxyl! ion flux as foliows:

n Utr
I=FA ) z;J,= FAuly-ciy- £ (61)
i=1
or
. I tr tr U“‘
Ta T Fuoy-con- ETY (62)

Because of their higher mobility the protons will first
move faster than the hydroxyl ions. This disturbs the
electroneutrality and leads to an additional electric
field which increases the migration of the hydroxyl
ions and slows down the protons. To take this phe-
nomenon into account both mobilities are assumed to
be uy+=tgy-=30.0x10"% m? V=1 s,

4.5. Results from the model calculations

To determine the steady state of the described
system, the five differential Egs. (56)-(60) were
solved as a function of time by using the parameters
listed in Table 1.

Fig. 24 shows the protonation and deprotonation
of basic groups B as a function of time. At first all
groups are assumed to be in the deprotonated form.
With increasing time the number of protonated groups
i+ is increasing while cy, is decreasing. At 107* s

Table 1
Concentrations at time = 0, i.e. the beginning of the calculation
and other parameters used for the determination of the steady state

Parameter Value

cld 1000 mol m >

c® 100 mol m ™3

c}’{“;o 6000 mol m 3

il 6000 mol m~*

cid 1074 mol m™?

c5R- 10"* mol m™?

Dy o 107° m? 57!

8 80 pm

k, 3.36x107% m* mol ™' 57!
k_, 1.1X10% m® mol ™! s™!
k_, 1.0x 108 m* mol ! s™!
k_, 1.0x 10 m®> mol~ ! 57!
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Fig. 24. Protonation of basic groups B as a function of time.
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Fig. 25. Concentration of H;O0* and OH™ as a function of time.
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Fig. 27. Water concentration in the transition region as a function
of time.

the steady state is reached with cf,;+=982 and
cg = 18 mol m~?%,

Because of the rapidly increasing concentration of
protonated groups BH*, the concentration of protons
is decreasing and the concentration of hydroxyl ions
is increasing as shown in Fig. 25. For a short time of
about 1077 s the electroneutrality is disturbed, while
in the steady state ¢y - equals cgy- due to the
assumed equal mobility of H* and OH"™.

The calculated current density is shown in Fig.
26. Fig. 27 illustrates the decreasing water concentra-
tion in the transition region due to the consumption
of water by the water dissociation. In Figs. 28-31
the calculated current—voltage curves due to the
water dissociation in the steady state (z> 100 s) are
shown. For this calculation the parameters listed in
Table 1 are used. Fig. 28 illustrates the influence of

200
180+
160+
140+
120+
100+
80+
60+
40+
20+
0

current density i [mA/cm2)

ytr [V]

Fig. 28. Influence of the pK,-value on the current—voltage curve.
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Fig. 29. Influence of cy on the current—voltage curve.

the basicity on the current—voltage curve. With in-
creasing pK, (decreasing basicity) the current den-
sity i at given voltage U" is increasing due to the
increasing water dissociation. At pKj, = 7 the current
density reaches its maximum value. With increasing
concentration of basic groups ¢y the current density
is increasing as shown in Fig. 29.

By decreasing the diffusion coefficient of water in
the membrane, the water flux into the transition zone
decreases and thus its water concentration also de-
creases. As shown in Egs. (56) and (57) the concen-
tration of H,O*- and OH -ions depends on the
water concentration. If the water concentration is
decreasing the proton and hydroxyl ion concentra-
tions as well as the electric current as calculated
from Eq. (61) are decreasing.

If the water concentration in the transition region
reaches very small values, the water dissociation and

200
180+

O Dy,p=1.0%107

&
g
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Fig. 30. Influence of Dy, on the current-voltage curve.
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Fig. 31. Influence of Dy on the water concentration in the
transition region.
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Fig. 32. Calculated and measured current—voltage curve for bipo-
lar membrane bm3 (parameters used for the calculation: pK, =
59, Dy ,o=10"% m* s7', cp = 1000 mol m™?).
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Fig. 33. Calculated and measured current—voltage curve of bipolar
membrane bm2 (parameters used for the calculation: pK, = 6.0,
Dy,0=10"% m* s™!, ¢5 = 1000 mol m™?).
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Fig. 34. Comparison between calculated and measured current—
voltage curve for bipolar membrane bml showing the limitation
of water diffusion into the membrane at high current density
(parameters used for the calculation: pK, =62, Dy q=55%
10710 m?2 71, ¢p =1500 mol m™3).

hence the current density is limited by the diffusion
of water into the membrane. Figs. 30 and 31 show
the influence of Dy o on the current density i and
the water concentration cy .

Calculated and measured current—voltage curves
are shown in Figs. 32-34. In Figs. 32 and 33 it can
be seen that by using realistic values for pK, and
cg, the experimentally measured current densities
agree well with data calculated with the suggested
model. It should be noted that this model describes
the electric current due to the water dissociation
process (transport of protons and hydroxyl ions out
of the transition region) and thus predicts the cur-
rent—voltage behaviour of bipolar membranes at
higher current densities quite well. Fig. 34 shows the
measured and calculated limitation of the current
density due to diffusion of water into the membrane
bml.

5. Conclusions

In this paper the properties of bipolar membranes
are discussed. When a low electric field strength is
applied, salt ions removed from the transition region
of the bipolar membrane by migration are replaced
by salt diffusing and migrating from the bulk solu-
tions into the transition region resulting in a steady
state with a constant salt concentration in the transi-
tion region. When the electric field is increased the

migration from the transition region can no longer be
compensated by the diffusive flux into the transition
region which then becomes completely depleted of
salt ions and a limiting current density is reached.
The limiting current density depends on the permse-
lectivity of the bipolar membrane as well as on the
diffusion coefficient of the salt in the membrane.
When the limiting current density is exceeded, water
dissociation begins and the current is now carried by
protons and hydroxyl ions.

The water dissociation can be described by a
model which combines the calculation of the reac-
tion zone thickness, the protonation and deprotona-
tion of weakly basic or acidic groups and the influ-
ence of the electric field on the dissociation rate
constants, i.e. the second Wien effect. The results
indicate that the water splitting in bipolar membranes
takes place in a very small region of the monopolar
ion-exchange layer where uncompensated fixed
charges exist as indicated in the schematic drawing
of Fig. 35.

The protonation and deprotonation can take place
at basic and at acidic groups. The pK, or pK, value
of these groups has to be in a range between 4 and
10. The thickness of the transition region between
the ion-exchange layers, which includes the reaction
zone, is a few nanometers.

Due to the roughness of the polymer surfaces, in
some cases there might be thin neutral regions (water
layer) between the ion-exchange layers as illustrated
in Fig. 36. The presence of these regions depends on
the production of the bipolar membrane. In the case
of the studied commercial bipolar membranes bm1,

j I uncompensated functional groups
@ :\ BH*

BH* + HyO === B + H30*
- \\ BH+

(aat). | ™B + HyO === BH' + OH"
BH*): \\ BH*

\
\BH* +H

© |
© ( +§: \ BHY = SON-R
ChHS Y

( BH"’; I \ concentration of counter-ions
€] \
ol €

A

-—

Fig. 35. Mechanism of water dissociation at uncompensated func-
tional groups of the anion-exchange layer.
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Fig. 36. Presence of a thin water layer between the monopolar
membrane.

bm2, and bm3 the presence of a thin water layer can
be excluded. However, uncertainty exists about the
value of the relative permittivity €, in the reaction
zone and the influence of the electric field on the
rate constants k.

6. List of Symbols

6.1. Roman letter symbols

a activity (mol m™*)

A area (m?)

¢ concentration (mol m~>)

D diffusion coefficient (m? s~ 1)

d half distance between two membranes (m)

E electric field strength (V m™!)

e, elementary charge, 1.602 X 107!° (A s)

F Faraday constant, 96486 (A s mol™!)

I electric current (A)

[ current density (A m™?), (mA cm™?)

J flux (mol m~2 s~ 1)

K equilibrium constant (mol 17!)

K, equilibrium constant of water, 10~'* (mol?
172)

k Boltzmann’s constant 1.38 X 1072* (kg m?
2 K1)

k rate constant (m® mol~' s™1), s71)

N,  Avogadro’s number 6.023 X 10% (molecules
mol —1)

pK, -—log K,

pK, —log K,

gas constant 8.314 (Nm mol™' K™1)
reaction rate (mol m~2 s71!)
area-multiplied resistance ({1 cm?)
temperature (K)

time (s)

transport number

potential difference (V)

mobility (cm? s™! V1)

fixed charge density (mol 17!), (mol m~?)
electric valence

*®

NOBe RO TN Yy

6.2. Greek Letter Symbols

€,  permittivity of free space, 8.85 X 107'*(A s
AV 1 m~ 1)

relative permittivity

K conductivity (A V™! m™")

2A  thickness of the transition or neutral layer (m)
@ electric potential (V)

p.  space charge density (A s m™?)

w valence of the fixed charge

A difference

6,  thickness of anion- or cation-exchange layer
(m)

6.3. Superscripts

aem anion-exchange membrane
cem cation-exchange membrane

b bulk solution

b, bulk solution at the cation-exchange side
b, bulk solution at the anion-exchange side
bm  bipolar membrane

m membrane

tr transition layer

mb  interphase membrane--bulk solution

mtr  interphase membrane-transition region
0 start value at time =0

6.4. Subscripts

J species j

Don Donnan

theo theoretical value
a acid

b base
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