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bstract

Bipolar membranes (BPMs) are catalytic membranes for electro-membrane processes splitting water into protons and hydroxyl ions. To improve
electivity and current efficiency of BPMs, we prepare new asymmetric BPMs with reduced salt leakages. The flux of salt ions across a BPM is
etermined by the co-ion transport across the respective layer of the membrane. BPM asymmetry can be used to decrease the co-ion fluxes through
he membrane and shows that the change of the layer thickness and charge density of the corresponding ion exchange layer determines the co-ion

ux. The modification of a commercial BP-1 with a thin additional cation exchange layer on the cationic side results in a 47% lower salt leakage.
hicker layers result in water diffusion limitations. In order to avoid water diffusion limitations we prepared tailor made BPMs with thin anion
xchange layers, to increase the water flux into the membrane. Therefore a BPM could be prepared with a thick cation exchange layer showing a
2% decreased salt ion leakage through the cationic side of the membrane.

2006 Elsevier B.V. All rights reserved.
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. Introduction

A bipolar membrane (BPM), a laminate of a cation (CEL) and
n anion exchange layer (AEL), allows the electro-dissociation
f water into hydroxide ions and protons without the generation
f gases (Fig. 1a). BPMs are small chemical reactors with inte-
rated separation, which allow the design of unique processes
ike the production and recovery of acids and bases, the variation
f the pH of a process stream, and the separation of proteins [1].

The anion and cation selective layers of a BPM should allow
he selective transport of the protons and hydroxyl ions out of
he transition region into the acid and base chamber and block
o-ions from reaching the contact region and the opposite side
f the membrane (Fig. 1a, full arrows). In addition, the layers
hould allow sufficient water flux into the BPM to replenish the
ater consumed by the water dissociation reaction [2]. In bipo-
ar membrane electrodialysis (ED-BPM), the BPM is stacked
ogether with monopolar anion and cation exchange membranes
nto a membrane module to produce acids and bases from their

∗ Corresponding author. Tel.: +31 53 4894675; fax: +31 53 4894611.
E-mail address: d.stamatialis@utwente.nl (D.F. Stamatialis).
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orresponding salts (Fig. 1b). The salt solution is fed to the cen-
ral compartment, and the ions migrate out of this compartment
nto the neighbouring ones (Fig. 1b, full arrows). Charge com-
ensation because of electro-neutrality occurs due to the water
plitting at the interface of the BPMs [1]. The produced acid and
ase are in contact with the cation and anion permeable layer of
he BPM (Fig. 1b). BPMs are not only permeable to the water
plitting products, but to acid anions and base cations, as well.
hese ions are transported across the bipolar membrane junction

o the other ion permeable layer, where they are transported as
ounter-ions (co-ion leakage) (Fig. 1a, dotted arrows) resulting
n salt impurities of the products of EDBPM processes (Fig. 1b,
otted arrows) [3].

Fig. 2 presents a typical steady state current density–voltage
rop (i–v) curves of a BPM for a neutral salt solution (M+X−)
tarting out of the salt form of the BPM [4,5]. Below the first
imiting current density (ilim1) the current is only transported
y salt ions. At ilim1, the electrical resistance increases signif-
cantly since all salt ions are removed from the BPM junction.

he magnitude of ilim1 is a measure for the selectivity of the
PM towards co-ion leakage [4]. The salt ion fluxes measured

n acid–base electrodialysis are closely related to the salt ion
uxes during measurements in salt solutions [4]. Therefore the

mailto:d.stamatialis@utwente.nl
dx.doi.org/10.1016/j.memsci.2006.10.042
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ig. 1. (a) Water splitting function of a BPM and (b) schematic drawing of a
embrane module for the production of acids and bases, indicating the ion and

he co-ion transport.

lim1 of different membranes can be used to predict and compare
heir co-ion leakage.
Above Udiss, water splitting occurs and the products
JOH−/JH+ ) are also available for the current transport resulting
n a steep increase in i above ilim1 [5]. The operating current den-
ity (iop) should be as high as possible to reduce the relative salt

ig. 2. Schematic i–v curve of a BPM in a salt solution (M+X−), adapted from
4,5].
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on transport and to have a high water splitting efficiency. Above
he second limiting current (ilim2) the water transport toward the
PM junction is not sufficient to replenish the water dissoci-
ted at the interface, leading to water diffusion limitations and
herefore to a dry out of the membrane [6,7].

The total salt ion transport across commercial BPMs is gen-
rally over 0.01 molsalt/molH+/OH− when the concentration of
he produced acids and/or base is above 4 mol/L [8,9]. Therefore
oncentrated acids and bases with purity higher than 99 mol% (of
issolved ions) cannot be produced. ED-BPM can only become
ompetitive for many industrial applications, if the salt impurity
n the product is reduced drastically [4]. In general, the salt ion
eakage into the produced acids and bases is not the same in both
irections [8,10,11]. Hence, BPMs show an asymmetric salt ion
ransport behaviour depending on the transport properties of the
on exchange layers [11]. In fact, the flux of salt ions across the
PM is determined by the co-ion transport across the respective
embrane layer [4].
Wilhelm et al. [4,5] have already shown that an improvement

f the composition of one of the two layers [4] and an increase
f layer thickness [5] can lead to an enhanced selectivity and
herefore to a reduced salt ion leakage. However, if the properties
f the second ion exchange layer (IEL) are not optimised, water
ransport limitations occur. Such a thickness dependence of the

embrane selectivity has not been reported for standard ion
xchange membranes [4].

In this work, we prepare new asymmetric BPMs by optimis-
ng the properties and/or increasing the thickness of one of the
wo charged layers until nearly no water transport occurs through
his side of the membrane. In order to avoid water transport lim-
tation to the interface layer as well, the thickness of the other
on exchange layer is reduced. Our experimental study expands
nto two different directions:

1) Modification of the commercial BP-1 membrane
(Tokuyama Soda). In fact the thickness of the anion
or cation exchange layer is increased by lamination of
either:
• commercial anion (AMX) and cation (CMX) membranes

(Tokuyama Soda) or
• tailor made cation exchange membranes of polymer

blends of sulphonated poly(ether ether ketone) (S-PEEK)
and poly(ether sulphone) (PES).

2) Preparation of tailor made asymmetric BPMs using poly-
mer blends of S-PEEK/PES as cation exchange material
and functionalised poly(sulphone) (Psf) as anion exchange
material. In this case, the properties of both ion exchange
layers can be modified in order to avoid water diffusion
limitations.

. Theoretical background

The flux of salt ions (Ji) across the BPM can be described
ith the actual transport number (t ) and the operational current
i
ensity (iop) [4]:

i = ti
iop

ziF
, (1)
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here F is the Faraday constant and zi is the electrochemical
alence of the ion. If boundary layer effects in the salt solutions
ext to the membrane are neglected, the co-ion concentration
n the membrane will remain constant at the solution interface,
ven with increased ion fluxes. Assuming no influence of the
ater splitting in the bipolar membrane interface on the salt ion

ransport across the BPM, the salt ion fluxes at the iop and at
lim1 are the same [4]:

i = Jilim 1
i = tilim1

i
ilim 1

ziF
. (2)

he ilim1 of a BPM can also be written as:

lim 1 = F (ZM+JM+ + ZX−JX− ), (3)

here M+ is the salt cation and X− is the salt anion (see Fig. 2).
The salt ion flux Ji in a BPM with equal salt concentrations

t the anionic and cationic membrane sides can be described
y the extended Nernst-Plack equations. These equations are
henomenological descriptions of the ion transport by diffusion
ue to a concentration gradient and migration due to an electrical
eld. Neglecting convective transport and bulk movement of the
olution the ion flux can be described as [4]:

i = JDiffusion
i + J

Migration
i = −Di

dci

dx
− Di

ciziF

RT

dU

dx
, (4)

here Di is the ionic diffusion coefficient, ci the ion concentra-
ion, R the gas constant, T the actual temperature, U the electric
otential and x is the location normal to the membrane. Assum-
ng linear concentration profiles at steady state conditions at low
urrent densities and constant electric field strength across the
embrane layer, the use of an average concentration is required

n the migrational term to describe the transport at steady state.
herefore the average concentration in the membrane layer at

he solution interface and the inner membrane interface is used
4]. The co-ion leakage through the AEL can be written as:

M+ = −Dm
M+,AEL

�cm
M+

dwet,AEL
− Dm

M+,AEL

c
m,av
M+ F

RT

�UAEL

dwet,AEL
, (5)

nd

X− = −Dm
X−,CEL

�cm
X−

dwet,CEL
− Dm

X−,CEL

c
m,av
X− F

RT

�UCEL

dwet,CEL
, (6)

or the CEL, with dwet as the wet thickness of the membrane
ayer. The superscripts ‘m’ and ‘av’ denote the membrane phase
nd average value across this phase, respectively.

At ilim1 the co-ion concentration at the inner interface is zero
nd the co-ion concentration difference across a layer is equal
o the co-ion concentration next to the solution. This difference
quals the concentration difference of the counter ions due to
lectroneutrality requirement. At ilim1 the arithmetic averages
f the co- and counter-ion concentrations in the IELs become
4]:
m,av s

M+ = 0.5cM+,AEL (in the AEL), (7)

nd
m,av
X− = 0.5cs

X−,CEL (in the CEL), (8)

t
t
i
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here the superscript ‘s’ denotes the layer next to the solution.
aking the electroneutrality in the membrane into account, the
rithmetic average of the counter ion concentration in the IELs
re:

c
m,av
X− = c

m,av
M+ + cchar,AEL = 0.5cs

M+,AEL + cchar,AEL

(in the AEL), (9)

nd

c
m,av
M+ = c

m,av
X− + cchar,CEL = 0.5cs

X−,CEL + cchar,CEL

(in the CEL), (10)

here cchar is the charge density of the corresponding IEL [4].
By introducing the averages and differences into the Nernst-

lack equations and eliminating the potential drop across the
ELs (it is the same for anion and cation flux equation) the
ernst-Planck equations for the ion fluxes at ilim1 (J lim

i ) can
e simplified [4]. Because the ion fluxes in steady state have to
e the same in both layers of the BPM the ion fluxes can be
escribed by the following equations:

lim
M+ = DM+,AEL

dwet,AELcchar,AEL
(cs

M+,AEL + cchar,AEL)cs
M+,AEL, (11)

lim
X− = DX−,CEL

dwet,CELcchar,CEL
(cs

X−,CEL + cchar,CEL)cs
X−,CEL. (12)

o relate the content of co- and counter ions in the membrane
o the concentration in the electrolyte solution the Donnan equi-
ibrium is used leading to a further simplification of the ion
ransport equations [4]:

lim
M+ = DM+,AEL(cs)2

dAELcchar,AEL
, (13)

lim
X− = DX−,CEL(cs)2

dwet,CELcchar,CEL
. (14)

y inserting Eqs. (13) and (14) into Eq. (3) the first limiting
urrent density can be expressed as:

lim1 = F

(
DM+,AEL(cs)2

dwet,AELcchar,AEL
+ DX−,CEL(cs)2

dwet,CELcchar,CEL

)
. (15)

he ilim1 and the salt transport across a BPM are directly depen-
ent on the square of the solution concentration, the diffusion
oefficients in the membrane layers, the fixed charge density and
hickness of the IELs of the BPM.

Wilhelm et al. [4,5] developed models to simulate ion fluxes
hrough BPMs and to relate them to ilim1 using either a symmet-
ical (assuming that the transport in both layers is the same) or
n asymmetrical (assuming different transport in the two layers)
pproach. The measurements and simulations showed [4,5], that
oth the anionic and the cationic co-ion leakage change, if one
f the two layers of the BPM is changed.
In this study, we assume asymmetrical ion transport through
he layers of the BPM, assuming that a change of one layer of
he BPM reduces the ion flux through both layers symmetrically,
.e. when the Cl− flux through the BPM is reduced about 30%
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ig. 3. Schematic drawing of the BPM preparation by the casting technique,
dapted from [6].

ecause of a change of the CEL layer, we assume that also the
a+ flux is reduced about 30%. With this method we can use the

atio of the measured ilim1 of the BPMs to estimate the co-ion
uxes.

. Experimental

.1. Commercial membranes

The commercial BPM Neosepta BP-1 from Tokuyama Soda
td. (Tokyo, Japan) was used in this study. In order to increase

he asymmetry, commercially available Neosepta CMX (cation
xchange) and AMX (anion exchange) membranes (also from
okuyama Soda Ltd.), or tailor made S-PEEK/PES membranes
ave been laminated to the BP-1 to the corresponding side of
he membrane by a frame.

.2. Tailor made membranes

S-PEEK was prepared by sulphonation of poly(ether ether
etone) (PEEK) 450PF from Victrex as described in [12]. The
-PEEK and S-PEEK/PES blends (indicated as S/P in the text)
ere prepared by adding the desired amount of polymers to

he solvent (NMP, 10 or 20 wt.% polymer in solution), stirred
or a minimum of 24 h and filtered over a 40 �m metal filter.
or the contact region of the BPM, a pure S-PEEK layer with
sulphonation degree (SD) of 80% on the cationic side and
poly(4-vinyl pyridine) (P4VP) layer were used. The AEL
as prepared from aminated Psf in NMP (10 wt.% polymer

n solution) obtained from FuMA-TECH GmbH (St. Ingbert,
ermany).
Single ion exchange films as well as the BPMs were pre-

ared by the evaporation technique [13]. In order to have a
ood contact between the different layers the casting method
as used (see Fig. 3) [14]. The polymer layers were cast with

he desired thickness and sequence onto a glass plate. After
he solidification of one layer the next layer was cast on top
f the former, which then was allowed to dry. This procedure
as repeated until all desired layers (CEL, two intermediate

ayers, AEL) were cast onto each other. Because all polymer
olutions were prepared in the same solvent, the contact at
he interface layers was firm. The prepared membranes were

ried in N2 atmosphere at 40–80 ◦C for 1 week, then immersed
n water and subsequently dried under vacuum at 30 ◦C for

week. The membranes were finally stored in a 2 M NaCl
olution.
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.3. Characterisation of the ion exchange membrane layers

The commercial AMX and CMX membranes and the tai-
or made ion exchange membrane layers were characterised
y measurements of the ion exchange capacity (IEC), water
ptake (w), permselectivity (P) and electrical resistance (R).
hese properties were used to calculate the SD, the specific
embrane conductivity (Cond), and the cchar of the membranes

more details in [12,13]).

.4. Characterisation of the BPMs

The i–v curve measurements were performed in a six-
ompartment membrane stack as shown schematically in Fig. 4a
see more details about the procedure in [4] and the experimental
etup in [15]). The central BPM was the one under investiga-
ion. The other membranes were auxiliary membranes, which
ere necessary to maintain well-defined, constant concentra-

ions in the two central compartments. During the experiment,
he applied current density was increased stepwise and the sys-
em was allowed to reach steady state. The voltage drop across
he membrane was measured with calomel electrodes at a fixed
istance from the membrane surface by Haber-Luggin capillar-
es filled with concentrated KCl solution, followed by the next
ncrease in current density. The temperature was held constant
t 25 ◦C.

Generally, in such measurements, the solution resistance is
ubtracted. However, because the limiting current density is not
ffected by the solution resistance [4] and the solution resis-
ance close to the BPMs decreases at higher current densities
ecause of the generation of H+ and OH− (the conductivity next
o the membrane changes), the i–v curves in this article were not
orrected for the solution resistance.

The current efficiency and the purity of the produced acids
nd bases are directly related to the M+/X− leakages through
he BPM. The co-ion leakage results in product contamina-
ion and reduces the efficiency of the H+/OH− generation.
he current efficiency of the BPMs was measured with the
rrangement shown in Fig. 4b. The experiments were per-
ormed in batch mode measuring the base concentration in
ompartment 3 over time. The current efficiency was calculated
16] as:

= (c0 − ct) × V × F

I × t
, (16)

here c0 and ct are the equivalent concentration of the pro-
uced base at time 0 and t respectively, V the circulated
olume of solution per compartment, and I is the applied
urrent.

The salt ion leakage measurements were performed in a
our-compartment cell configuration (Fig. 4c). A 0.5 M NaSO4
olution was used as electrode solution, a 2 M NaCl solution was
ed to the acid compartment and a 0.1 M NaOH solution to the

ase compartment. The experiments were performed in batch
ode with a constant current density of 100 mA/cm2 and the
l− concentration in the base compartment was measured by

itration. The corresponding Cl− flux (JCl− ) through the mem-
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Fig. 4. Schematic drawing of: (a) a six-compartment measurement module
for i–v curve measurements, taken from [5]; (b) a six-compartment mea-
surement module for the efficiency measurements, adapted from [5]; (c) a
f

b
t
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4.1.1. Lamination of commercial anion (AMX) and cation
(CMX) exchange layers

Table 1 presents the properties of the commercial CMX and
AMX membranes laminated on the BP-1 membrane. Fig. 5
our-compartment measurement module for the salt leakage determination.

rane was calculated from the change of Cl− concentration in
ime (dcCl−/dt) in the base compartment 2:
Cl− = V × (dcCl−/dt)

A
, (17) F

(

e Science 287 (2007) 246–256

here A is the membrane area. Transport numbers of Cl− (tCl− )
ere calculated from the corresponding Cl− fluxes:

Cl− = JCl− × F

i
, (18)

here i is the applied current density.

. Results and discussion

.1. Modification of the commercial BP-1 membrane
ig. 5. i–v curves of BP-1 and BP-1 + CMX laminates, measured in 2 M NaCl.
a) Full curves and (b) focusing at low current density.
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Table 1
Properties of the commercial ion exchange membranes

Membrane dwet (�m) Cond (mS/cm) IEC (mol/kgdry) w (kgwater/kgdry) cchar (mol/L) P (%)

CMX 163 4.8 1.65 0.26 6.4 97
AMX 146 5.4 1.42 0.26 5.5 96

Table 2
Characteristics of the different BPM arrangements

Membrane ilim1 (mA/cm2) ilim2 (mA/cm2) Udiss (V) Rdiss (� cm2) Rop (� cm2)

BP-1 0.61 298 0.9 4.3 8.1
BP-1 + CMX 0.31 43 0.9 67.3 125.4
BP-1 + 2CMX 0.31 30 1.3 86.5 201.3
B 1.1 5.1 10.7
B 1.3 6.5 14.9

s
c
p
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o
t
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s
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b
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t
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4

b
b
p

P-1 + AMX 0.46 193
P-1 + 2AMX 0.43 182

hows the effect of the lamination of CMX membranes to the
ationic side of the BP-1 membrane and Table 2 presents the
roperties of the new BPMs. Fig. 5a presents the entire i–v curves
nd Fig. 5b focuses at the low current density region.

The addition of one CMX membrane leads to a significant
ecrease of the ilim1 of about 50% (from 0.61 to 0.31 mA/cm2)
orresponding to lower salt leakage through the cationic side
f the membrane. The Rop however, increases more than 15
imes from 8.1 to 125.4 � cm2 (Table 2). In addition, the water
ransport through this membrane side is reduced and the ilim2
ecreases sharply (see Table 2 and Fig. 5a). The addition of a
econd CMX layer on the cationic side of the BP-1 does not
esult in further decrease of ilim1 (Fig. 5a), it only causes further
ecrease of ilim2 and further increase in Rop (Table 2).

Fig. 6 presents the i–v curves of the BP-1 membrane when
MX membranes are laminated to the anionic side. In com-
arison to the single BP-1, the ilim1 decreases about 25% by the
ddition of one AMX membrane and 30% by the addition of two
MX membranes (see Table 2). The Rdiss of the new membrane

ncreases about 32% (from 4.3 to 5.1 � cm2) and 84% (from
.3 to 6.5 � cm2) by the addition of one or two AMX mem-
ranes, respectively. The ilim2 of the new membranes decreases
oo (35% for the lamination of one and 37% for the lamination
f two AMX membranes, see Table 2).

The results of Figs. 5 and 6 indicate that the cationic side
f the BP-1 membrane contains more water and co-ions than
he anionic side. Therefore the ilim1 and the water transport into
he BP-1 can be significantly reduced by adding extra CMX

embranes, leading to lower co-ion leakage, but also to water
iffusion limitations.

The reduction of the co-ion leakage through the anionic side
f the BP-1 membrane can be achieved by the lamination of
MX membranes. In this case, the new laminates have accept-

ble resistances.

.1.2. Laminates of S-PEEK/PES blend membranes

In this section, we laminate 60 wt.% S-PEEK/40 wt.% PES

lends (indicated as S/P) on the cationic side the BP-1 mem-
rane. Table 3 presents the properties of the blends. For the
reparation of the blends, we used two S-PEEK polymers with

Fig. 6. i–v curves of BP-1 and BP-1 + AMX laminates, measured in 2 M NaCl.
(a) Full curves and (b) focusing at low current density.
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Table 3
Properties of the prepared CELs

Membrane Blend composition SD S-PEEK (%) dwet (�m) Cond (mS/cm) IEC (mol/kgdry) w (kgwater/kgdry) cchar (mol/L) P (%)

S/P-3.8 60% S-PEEK, 40% PES 80 80 1.9 1.3 0.34 3.8 96
S/P-6.4 60% S-PEEK, 40% PES 62 65 0.1 0.9 0.14 6.4 97

Table 4
Characteristics of the tailor made BPM arrangements

Membrane ilim1 (mA/cm2) ilim2 (mA/cm2) Udiss (V) Rdiss (� cm2) Rop (� cm2) ηNaOH (%) JCl− (×10−9 mol(cm2 s)) tCl− (%)

Measured Estimated

BP-1 0.61 298 0.90 4.3 8.1 90 5.1 – 0.49
B 8.7 89 3.5 3.4 0.34
B 10.4 89 – 2.7 0.26

S
f
a

b
F
l
l
a
d
p
a
F
(
b
w

b
B
t
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r
i
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1
i
t
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b
B
(
3
t
t
c
d
f
b
a
a

P-1 + S/P-3.8 0.41 217 0.95 4.4
P-1 + S/P-6.4 0.32 184 0.96 5.3

Ds of 80% and 62%. Therefore we prepared blends of two dif-
erent charge densities, 3.8 and 6.4 mol/L (indicated as S/P-3.8
nd S/P-6.4, Table 3).

Fig. 7 shows the effect of the lamination of S/P-3.8 mem-
ranes of different thickness to the cationic side of the BP-1.
ig. 7a shows the complete i–v curve and Fig. 7b focuses on the

ower current density region. The addition of the 80 �m S/P-3.8
eads to a reduction of ilim1 of 33% (from 0.61 to 0.41 mA/cm2),
n increase of Rop of only 7% (from 8.1 to 8.7 � cm2) and a
ecrease of ilim2 of 27% (from 298 to 217 mA/cm2) in com-
arison to the BP-1 membrane (see Table 4). The addition of
150 �m S/P-3.8 results in water diffusion limitations (see

ig. 7a). The operable current density is reduced drastically
97%, from 298 to 9 mA/cm2 compared to the initial BP-1 mem-
rane and 96% compared to the thinner BP-1 S/P 3.8 laminate),
hereas ilim1 is only reduced to 0.39 mA/cm2.
Fig. 8 and Table 4 show the effect of the addition of S/P mem-

ranes with different charge density to the cationic side of the
P-1. Fig. 8a shows the complete i–v curve and Fig. 8b focuses at

he lower current density region. The S/P-6.4 swells less in water
nd has lower conductivity than the S/P-3.8 (see Table 3). As a
esult, its lamination to the BP-1 leads to a stronger decrease of
lim1 (48%, from 0.61 to 0.32 mA/cm2) higher resistance (28%,
rom 8.1 to 10.4 � cm2) and a lower ilim2 of about 38%.

Table 4 also presents the leakage of Cl− through the BP-
and BP-1 + S/P laminates. The Cl− flux through the BP-1

s 5.1 × 10−9 mol/(cm2 s). When the S/P-3.8 layer is added to
he BP-1, the Cl− flux decreases to 3.5 × 10−9 mol/(cm2 s).
t is important to note, that the Cl− flux through this mem-
rane estimated by the change in ilim1 (0.61 mA/cm2 for the
P-1 and 0.41 for the BP-1 + S/P-3.8 laminate), using Eq.

3) (assuming a symmetrical decrease of the co-ion fluxes) is
.4 × 10−9 (mol/(cm2 s)) and it is in excellent agreement with
he measured value 3.5 × 10−9 (mol/(cm2 s)), indicating that
he assumption of symmetrical flux decrease is valid in this
ase. When the S/P-6.4 layer is added to the BP-1, the ilim1
ecreases further to 0.32 mA/cm2. The measurement of the Cl−

or this laminate was not possible, because the values were
elow the detection limit of our method. However, using the ilim1
nd the symmetrical flux decrease assumption like described
bove, we estimate that the Cl− flux is 2.7 × 10−9 mol/(cm2 s).

Fig. 7. i–v curves of BP-1 and BP-1 + S/P laminates, measured in 2 M NaCl.
Influence of the layer thickness. (a) Full curves and (b) focusing at low current
density.
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ig. 8. i–v curves of BP-1 and BP-1 + S/P laminates, measured in 2 M NaCl.
nfluence of the layer composition. (a) Full curves and (b) focusing at low current
ensity.

t seems that the charge density of the S/P blend has a signifi-
ant impact on the BPM selectivity. The BP-1 + S/P-6.4 laminate
as lower ilim1 and Cl− leakage due to the Donnan exclusion
echanism.
It is important to note that the CMX and S/P-6.4 blend

embrane have the same charge density (cchar = 6.4 mol/L,
ables 1–3) but the CMX membrane is thicker (163 �m in com-
arison to 65 �m of S/P-6.4). When laminated to the BP-1, they
oth cause nearly the same decrease of ilim1. The thicker CMX
embrane results in higher Rop and lower ilim2 in comparison to

he S/P-6.4 (see Tables 2 and 4). This indicates that the achieved

l− leakage using the S/P-6.4 layer is probably close to the
aximum achievable reduction through the cationic side of the
P-1. A further increase in the layer thickness of the cationic

ide of the BP-1 leads to water diffusion limitations.

h
n
c
T
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In summary, the results of the modification of the BP-1 mem-
rane show that the salt ion fluxes through the BP-1 can be
educed by the addition of extra layers. The reduction of the salt
uxes depends on the charge density and the thickness of the lay-
rs. The maximum reduction of Cl− flux (47%) can be achieved
ith the BP-1 + S/P-6.4 laminate. Because the cationic layer of

he BP-1 contains more water than the anionic side, the increase
n CEL thickness leads to a strong reduction of the co-ion flux,
ut also to a reduction in water flux into the BP-1 and therefore
o water diffusion limitations. In order to achieve lower co-ion
eakages through the cationic side of a BPM, tailor made BPMs
ave to be prepared with thinner anion exchange layers to avoid
ater diffusion limitations.

.2. Tailor made asymmetric BPMs

.2.1. Effect of the AEL thickness
Tailor made BPMs were prepared as described in Section

.2. The cation exchange layer was always the same (S/P-3.8,
0 �m) while the thickness of the anion exchange layer (ami-
ated Psf) was varied. The interface layer was always a thin film
f S-PEEK SD80 and P4VP. Fig. 9a shows the influence of the
EL thickness on the ilim1 and the shape of the plateau in the cor-

esponding i–v curves. The ilim1 decreases with increasing AEL
hickness, as expected. Additionally, the shape of the plateau
s better defined (more horizontal) at high AEL thickness. The

embrane with the very thin layer (0.4 �m) does not have a
ell-defined limiting current region. This is probably due to the
igh co-ion leakage through this layer [4]. With increasing the
EL thickness, the co-ion flux through the BPM and therefore

he difference in co-ion depletion decreases, leading to a distinct
lateau. Fig. 9b shows that both the ilim1 and the ηNaOH seem to
each a plateau for AEL thicker than 4–5 �m. In order to avoid
igh co-ion leakage and having better efficiency, AEL thick-
ess higher than 5 �m should be used. To avoid water transport
imitations, the AEL should not be too thick. Therefore a BPM
aving the 10 �m AEL is chosen for further investigations.

.2.2. Effect of the CEL composition and thickness
In these experiments, the anion exchange layer was always

he same (aminated Psf, 10 �m) while the composition and the
hickness of the CEL was varied. Fig. 10a shows the i–v curves
nd Table 5 shows the ilim1 and Cl− fluxes of asymmetric BPMs
repared using S/P-3.8 and S/P-6.4 blends as CEL (see Table 3).
he BPM with the S/P-6.4 CEL has a lower ilim1 and a lower Cl−
ux compared to the BPM with the S/P-3.8 CEL. The Cl− flux

hrough the BPM with the S/P-6.4 CEL is 31% lower than the
ux through the BPM with the S/P-3.8 CEL, while Rop increased
bout 23%.

Fig. 10b shows the i–v curves of BPMs containing S/P-
.8 CELs of different thickness. The membrane with 230 �m
hickness has 62% lower ilim1 than the membrane with 80 �m
hickness (5.6–14.6 mA/cm2, respectively Table 5) and a 29%

igher Rop. For the 230 �m S/P-3.8 membrane, the Cl− flux was
ot detectable. However, if we use Eq. (3) (assuming symmetri-
al flux decrease), we estimate the Cl− flux at 1.9 mol/(cm2 s),
able 5).
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Table 5
Influence of the cation exchange layer composition and thickness

CEL dCEL (�m) ilim (mA/cm2) Rdiss (� cm2) Rop (� cm2) JCl− (×10−9 mol(cm2 s))

Measured Estimated

S
S
S

c
t
m
S
3
o

F
w
o

t
P
dependence of JCl− normalised for the cchar versus the mem-
brane thickness (see Fig. 11). Our experimental (measured and
/P-3.8 80 14.6 11.4
/P-3.8 230 5.6 13.1
/P-6.4 65 8.2 12.2

For the tailor made BPMs, it is interesting to check the appli-
ability of Eq. (14), which relates the Cl− flux to the layer
hickness and cchar, and the comparison between estimated and
easured Cl− fluxes. Using the measured properties for the

/P-3.8 layer, (JCl− , 5.1 × 10−9 mol/(cm2 s); dwet, 80 �m; cchar,
.8 mol/L), Eq. (14) gives Cl− diffusion coefficient (DCl−,S/P)
f 3.8 × 10−14 cm2/s. Assuming that DCl−,S/P is the same for

ig. 9. Effect of the AEL layer thickness on the properties of tailor made BPMs
ith constant CEL, measured in 2 M NaCl. (a) i–v curves and (b) dependence
f ilim1 and current efficiency on the AEL thickness.

e
f

F
w
(

54.2 5.1 –
59.8 – 1.9
66.6 3.5 –

he S/P layers (all layers contain the same materials: 60% S-
EEK and 40% PES), one can get a master curve showing the
stimated) JCl− fluxes for the tailor made BPMs (see Table 5)
ollow nicely this master curve. This comparison shows that Eq.

ig. 10. Effect of the S/P blend properties of the i–v curve of tailor made BPMs
ith constant AEL, measured in 2 M NaCl. (a) Influence of charge density and

b) influence of layer thickness.
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ig. 11. Dependence of JCl− normalised for cchar on dwet of the S/P CEL.
omparison of the calculated (line based on Eq. (14)) and experimental fluxes

symbols).

14) is suitable to predict well the properties of the tailor made
PM and can be used as a tool to design a BPM with tailor made
roperties and selectivity.

In summary, the tailor made BPMs show a reduced Cl− leak-
ge compared to the commercial BP-1 membrane. The Cl−
eakage depends on the charge density and the thickness of the
EL and can be predicted by the master curve based on Eq. (14).
ecause of the thin AEL (10 �m) and therefore the high water
ux through the anionic side of the BPM, the thickness of the
EL could be increased to 230 �m without having water diffu-

ion limitations. The principle of asymmetry can therefore be
sed to tailor BPMs to achieve high purity products at one side
f the BPM process, while reducing the purity of the product at
he other side.

. Conclusions

In this work, we have shown that BPM asymmetry can be used
o decrease the co-ion fluxes through the BPM. The thickness
nd charge density determine the co-ion leakage through the
orresponding ion exchange layer.

Experiments with the commercial BP-1 membrane have
hown that the cationic side of the membrane contains much
ore water and more co-ions than the anionic side. Therefore

he limiting current density is more affected by the lamination
f CELs. The addition of a thin S/P-6.4 CEL (65 �m) onto the
ationic side of the BP-1 membrane (BP-1 + S/P-6.4) produced
he best BPM with a decrease in co-ion leakage of 47%.

Tailor made BPMs have also been prepared showing a
educed Cl− leakage compared to the commercial BP-1 mem-

rane. The Cl− leakage depends on the charge density and the
hickness of the CEL. Because of the thin AEL (10 �m) and
herefore the high water flux through the anionic side of the
PM, the thickness of the CEL (S/P-3.8) could be increased to

z

G
η
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30 �m leading to low Cl− flux without water diffusion limita-
ions.

The increase in bipolar membrane asymmetry decreases the
o-ion leakage, but also causes an increase in membrane resis-
ance leading to higher energy consumption for the production
f acids and bases. However, the decrease in co-ion leakage
nd therefore the increase in product purity are higher than the
orresponding increase in membrane resistance.
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ist of symbols
membrane area (m2)

EL anion exchange layer (also as subscript)
PM bipolar membrane

concentration (mol/L)
char charge density (mol/L)
EL cation exchange layer (also as subscript)
ond conductivity (mS/cm)
wet thickness of the wet membrane layer (�m)

diffusion coefficient (m2/s)
D-BPM bipolar membrane electrodialysis

Faraday constant (96,485 A s/mol)
applied current density (A/m2)
applied current (A)

EC ion exchange capacity (mol/kgdry)
EL ion exchange layer

flux (mol/(m2 s))
+ salt or base cation (also as subscript)

number of repeat units
MP N-methyl-2-pyrrolidinone

permselectivity (%)
EEK poly(ether ether ketone)
ES poly(ether sulfone)
sf polysulfone
4VP poly-(4-vinyl pyridine)

area resistance (� cm2)
-PEEK sulphonated poly(ether ether ketone)
/P S-PEEK/PES blend, 60/40 (also as subscript)
D sulphonation degree (%)

time (s)

Cl− transport number of chloride (%)
temperature (K)
potential difference (V)
Circulated volume (L)
water uptake (kgwater/kgdry)
location normal to the membrane (m)

− salt or acid anion (also as subscript)

valence

reek symbol
current efficiency (%)
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12] J. Balster, O. Krupenko, I. Pünt, D.F. Stamatialis, M. Wessling, Prepa-
ration and characterisation of monovalent ion selective cation exchange
membranes based on sulphonated poly(ether ether ketone), J. Membr. Sci.
263 (2005) 137–145.

13] F.G. Wilhelm, I.G.M. Punt, N.F.A. van der Vegt, H. Strathmann, M.
Wessling, Cation permeable membranes from blends of sulfonated
poly(ether ether ketone) and poly(ether sulfone), J. Membr. Sci. 199 (2002)
167–176.

14] B. Bauer, Bipolare Mehrschichtmembranen (bipolar multilayer mem-
branes), Fraunhofer-Gesellschaft zur Förderung der Angewandten
Forschung e.V (FhG) (Germany), DE Patent 4026154 (1992).

15] J.J. Krol, M. Wessling, H. Strathmann, Concentration polarization with
dissociation, J. Membr. Sci. 162 (1999) 145–154.
16] X. Tongwen, Y. Weihua, Effect of cell configurations on the performance

of citric acid production by a bipolar membrane electrodialysis, J. Membr.
Sci. 203 (2002) 145–153.


	Asymmetric bipolar membrane: A tool to improve product purity
	Introduction
	Theoretical background
	Experimental
	Commercial membranes
	Tailor made membranes
	Characterisation of the ion exchange membrane layers
	Characterisation of the BPMs

	Results and discussion
	Modification of the commercial BP-1 membrane
	Lamination of commercial anion (AMX) and cation (CMX) exchange layers
	Laminates of S-PEEK/PES blend membranes

	Tailor made asymmetric BPMs
	Effect of the AEL thickness
	Effect of the CEL composition and thickness


	Conclusions
	AcknowledgementList of symbolsGreek symbolSuperscripts/subscripts
	References


