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Abstract

Chronopotentiometry is used as a tool to obtain detailed information on the transport behaviour of the bipolar
membrane BP-1 in solutions of high sodium chloride concentration above the limiting current density. We discuss
critically the interpretation of the observed transition times. The occurrence of two such polarization times for low
to moderate current densities is explained by the membrane asymmetry: the two membrane layers of opposite
charge in general have different transport properties such as co-ion concentration and diffusion coefficient. The
reversible and irreversible contributions to the transmembrane potential can be distinguished which allows the
bipolar membrane energy requirements to be addressed. The experiments indicate that the increased voltage drop
across bipolar membranes observed with higher solution concentrations can be explained on the basis of stronger
concentration gradients in the membrane layers. The gradients become stronger with increased current density, but
here the ohmic resistance under steady state transport conditions (the transport resistance) contributes to the
increasing electrical potential. The transport resistance decreases with increasing current density due to the ion-
exchange of the salt counter ions with the water splitting products. The experiments show that bipolar membranes
should be operated at low current densities and low concentrations to minimize energy requirements. These findings
are in contrast to the high current densities required to reduce impurities in the produced acid and base.

List of symbols

A anion permeable layer of the bipolar
membrane

C cation permeable layer of the bipolar
membrane

cfix;�ccðcfix;aÞ fixed charge density of the cation- (anion-)
permeable layer (mol l�1)

ci molar concentration of species i (mol l�1)
�ccm;0 averaged ion concentration in the mem-

brane (mol l�1)
Di apparent ionic diffusion coefficient (m2 s�1)
Dav average apparent diffusion coefficient of the

electrolyte (m2 s�1)
F faradaic constant (96 485 A s mol)1)
j current density (mA cm�2)
Ji flux of ion i (positive in direction of positive

current) (mol m�2 s�1)
r area resistance (W cm2)
s membrane layer thickness (m)
t time (s)
t0 switch-on time (s)

t1 switch-off time (s)
tC transition time (s)
tD discharging time (s)
ti (migrational) transport number of the ion i
tP polarization time (s)
U electrical potential difference (V)
zi charge number of the ion i including sign

Subscripts and superscripts
co co-ion
counter counter ion
critical at critical current density
equ equilibrium state
ini initial value
m measured value
max maximum value
mem in or across the membrane
off at current switch off
S solution
stat steady state transport
transp transport state
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1. Introduction

Bipolar membranes, laminates of cation and anion
permeable membranes can split water into protons and
hydroxide ions with the help of an electric field. These
membranes are used in electrodialysis modules to
produce acids and bases from neutral salts. Water
splitting in bipolar membranes is a proton transfer
reaction whereas at electrodes it involves reduction and
oxidation reactions, often resulting in gas production.
The relatively mild chemical environment makes bipolar
membrane electrodialysis (ED-BPM) suitable for the
production or separation of sensitive organic acids [1].
In the early stages of development of bipolar membrane
technology, ED-BPM was seen as a competitive process
to electrolysis and a promising method for the large
scale production of concentrated sodium chloride and
inorganic acids, such as hydrochloric acid or sulfuric
acid. The main reason was the theoretically lower energy
consumption with bipolar membranes because the
energy consumed in producing gases as side products
could be avoided. However, this energy margin shrunk
with the developments in electrolysis, especially with the
introduction of gas diffusion electrodes. Another reason
why bipolar membrane electrodialysis is not used for the
large scale production of inorganic acids and bases is
salt ion leakage across the bipolar membrane especially
at increased product concentrations resulting in unde-
sired salt impurities in the acid and base product [2]. Salt
ion leakage can be reduced by operating at low product
concentrations or at high current densities.
Today, the major advantages of bipolar membrane

electrodialysis are found in process integration, for
instance in fine chemicals production [3] where some
impurities are tolerable, for example, in streams that are
fed back into unit operations before the bipolar mem-
brane unit. If bipolar membrane electrodialysis can
provide the acid and base at sufficient concentrations
and purity, the main advantages lie in the lower amount
of acid and base to be supplied, the reduction of salt
waste streams, and the integrated product purification
or conversion. Indeed, such promising processes need
design guidelines how the bipolar membrane and the
process should be designed for operation at optimised
conditions, such as sufficient product purity and low
energy utilization.
In this paper, the energy requirements of water

splitting with a bipolar membrane exposed to different,
relatively high, salt solution concentrations are investi-
gated using chronopotentiometry. This is a dynamic
electrochemical characterization technique that allows
various contributions to the overall electrical potential
difference under steady state transport conditions of the
bipolar membrane to be distinguished by recording the
dynamic response to a current step function [4]. This
paper focuses on discussion of the observed transition
times and the energy requirements to split water in a
bipolar membrane, both related to the membrane
transport processes. Of special interest is the question

how much energy is lost by undesired transport pro-
cesses and to obtain information as to how closely the
theoretical energy requirements are approached. This is
investigated by characterizing the behaviour of a bipolar
membrane at increased solution concentrations. The
bipolar membrane BP-1 from Tokuyama Corp., Japan,
is used for these studies because it has been widely
available and it is one of the farthest developed
membranes with respect to energy requirements, selec-
tivity and stability.

2. Theory

2.1. BPM chronopotentiometry: principle and
characteristic values

Before chronopotentiometric measurements the mem-
brane should be equilibrated in a salt solution. In one
chronopotentiometric sequence, the electrical potential
drop across the bipolar membrane is recorded with time
after setting the current or the current density to a fixed
value at time t0 and switching it off at time t1. When
switching on the current, the potential drop across the
membrane is changing until a steady-state value is
reached. When the current is switched off, this potential
drop relaxes back to zero.
Two current density regions are distinguished when

the bipolar membrane is operated in a salt solution of
neutral pH. At sublimiting currents, only salt ions are
transported and the salt ion concentration in the bipolar
membrane junction has a finite value, much higher than
the concentration of protons and hydroxide ions in the
interface which lies in the same range as found in free
water (10�7 mol l�1). When the limiting current density
jLIM is applied, the overall electrical resistance of the
bipolar membrane reaches a maximum. Due to internal
concentration polarisation, the co-ion concentration in
the membrane at the junction of the two ion conductive
layers approaches zero while no extra protons and
hydroxide ions are available yet for conduction of the
current [2]. In the over-limiting region, water splitting
occurs in the junction of the two ion conductive layers of
the bipolar membrane. Switching on such a current, first
the salt co-ions are removed from the bipolar membrane
junction and, as soon as water splitting starts, addition-
ally the counter-ions in the membrane layers are
partially exchanged with the water splitting products [4].
A typical chronopotentiometric curve obtained in the

over-limiting region (see Figure 1) shows certain char-
acteristic values. The initial switch-on jump of the
electrical potential difference across the membrane at t0
and the immediate breakdown after switching off the
current at t1 are due to the ohmic resistances of the
membrane layers in equilibrium with the surrounding
solution and the ohmic resistance in the transport state,
respectively. In the beginning the concentration profiles
of the salt ions in the two layers of the bipolar
membrane are horizontal (outside the electrical double
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layers), Figure 2(a). In contrast, the concentration
profiles show strong gradients under steady state trans-
port conditions which result from salt co-ion depletion
and production of hydroxide ions and protons in
significant amounts by the water-splitting reaction in
the bipolar junction, Figure 2(b). The salt ion depletion
of the membrane layers increases the electric resistance

whereas the water splitting products can reduce it due to
the relatively high ionic mobility. The transition time tC,
as outlined in more detail below, is the intermediate time
after switching on the current at which the ion exchange
material next to the bipolar junction is virtually com-
pletely depleted of co-ions.
The electrical potential Uoff remaining after switching

off the current is also called the reversible potential,
in contrast to the irreversible potential (Ustat–Uoff)
which represents the energy loss due to the ohmic
resistance of the bipolar membrane in the transport state
[4]. The reversible potential is a result of the strong
concentration gradients of the mobile ions and, for its
main part, the recombination reaction of protons and
hydroxide ions in the bipolar junction. The transport
processes occurring after the current switch-off allow
the recombination reaction to proceed until it terminates
due to the lack of reactants. The discharging time sD
at which the steepest drop in the dynamic electrical
potential is observed after switching off the current,
is related to this termination of the recombination
reaction.

2.2. Transition times

The transition time is one of the characteristics we can
read from the chronopotentiometric response curve of a
bipolar membrane when an overlimiting current density
is applied. Its relation with the membrane layer trans-
port properties is complex for such a two-layer system
whereas the considerations about the reversible and
irreversible energy usage of bipolar membranes are
rather straightforward. In the chronopotentiometric
response curve, the transition time is the time with the
steepest increase of the electrical potential. First, the
interface region is depleted of co-ions and the potential
increases steadily until water splitting products become
available when the electrical potential difference across
the bipolar junction is large enough. As a result of this,
the electrical conductivity is reduced and then increases
again. In fact, at high current densities the water
splitting can be strong enough to cause a reduction of
the electrical potential so that the curve with the current
imposed shows a distinct maximum as indicated in
Figure 1.
Analytical solutions to calculate the transition times

have been presented for some special cases: (i) the
dynamic transport equations in the homogeneous diffu-
sion boundary layer at electrodes or cation and anion
permeable membranes, and (ii) the internal concentra-
tion polarization in a quasi-symmetric bipolar mem-
brane having two layers only differing in sign of the fixed
charges have been solved with the help of Laplace
transformations [5–8]. The transition time tC for the
depletion of the bipolar membrane layers has been
determined with quite similar assumptions as for the
diffusion layer of the solution in case (i), such as
homogeneous and constant layer properties and semi-
infinite layer thickness as discussed below [8]:

Fig. 1. Schematic potential response of a bipolar membrane with a

constant current in the over-limiting range switched on at time t0 and

off at time t1. Overshoot potential Um,max is observed at high current

densities only.

Fig. 2. Schematic concentration profiles in the anion and cation

permeable layers of a bipolar membrane (a) in equilibrium at switch-

on and (b) under steady state transport conditions at switch-off.
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tC ¼ pDav;m
�ccm;0F

2j ti;C � ti;A
� �

 !2

ð1Þ

Here, Dav,m is the average diffusion coefficient in the
membrane layer and j is the current density. The
transport numbers ti,C and ti,A of the ionic species i
(salt anion X or salt cation M) in the cation and anion
permeable layer, respectively, are assumed to be sym-
metric to the interface according to ti,C ¼ 1 ) ti,A and,
with the closing condition, for example, tX,C ¼ tM,A.
The concentration �ccm;0 ¼ ðcco;0ccounter;0Þ0:5 is the initial
virtual salt concentration at time t0 in the bipolar
membrane layers [8]. At the transition time this concen-
tration reaches zero in the bipolar junction and,
according to theory, the co-ion concentration also
reaches zero (but with a different exponent as seen in
the defining equation for the virtual salt concentration).
This equation yields a linear relationship between the
transition time against the inverse current density
squared (also known as a Sand plot) when all the
assumptions hold [5, 8]. The average diffusion coefficient
used in this equation is obtained from:

Dav ¼
2DcoDcounter

Dco þ Dcounter
ð2Þ

Equation 1 has been derived with the questionable
assumption of constant migrational transport numbers
that correspond to the state of the membrane in
equilibrium with the surrounding salt solution. The
migrational transport number ti of any ionic species
(traditionally just called the transport number [9]) can
be estimated from ion concentrations and the apparent
ion diffusion coefficients in solutions of a 1:1 electrolyte
from the Nernst–Planck equations [9]. When concen-
tration gradients are absent it reads:

ti ¼
ciDiP

k
ckDk

ð3Þ

This indicates that the migrational transport number
depends on the diffusion coefficients but also on the
ratios of the ion concentrations. In ion permeable
membranes the latter effect is dominant. With an
increasing concentration of electrolyte in the surround-
ing solution, both the co-ion and the counter-ion
concentrations in the membrane increase by the same
absolute amount; however, the ratio of co- to counter-
ion concentration in the membrane changes, it ap-
proaches unity. Hence the migrational transport number
is not a membrane constant. The same holds for the
generalised or actual transport number which is calcu-
lated from the fluxes at the actual transport conditions,
including ionic concentration gradients [10].
Thus, it is obvious that determining transport num-

bers (and hence, a measure of the membrane selectivity)
from measured transition times tC can not be straight-

forward. In spite of the critical notes, transition times
are well suited as qualitative measures of bipolar
membrane selectivities as we will show below. Therefore,
we compare the observed transition times with selectiv-
ity criteria obtained from the limiting current density of
a current voltage curve. A high limiting current density
indicates a high salt ion flux [2].
Another critical issue is the thickness of the diffusion

layer. The derivation of the transition time is based on
the assumption of infinitely thick diffusion layers, the
semiinfinite boundary layer [6, 8, 11]. In contrast, the
diffusion layers encountered in electrochemical systems
in general have a finite thickness. For a bipolar
membrane, not only the depletion process at the bipolar
junction but also the salt fluxes across the membrane–
solution interfaces cause changes in the concentration
profiles in the membrane layers. To have a negligible
influence of such a second boundary, the effective
thickness of the diffusion layer at time t must be smaller
than the thickness of the actual membrane layer. The
semi-infinite layer assumption holds if the root of the
mean square displacement at the transition time, hx2i1=2
is smaller than the layer thickness s [6]:

s > x2
� �1=2� 2Dav;mtC

� �1=2 ð5Þ

To use this equation, we eliminate the transition time
with Equation 1. Then a critical current density can be
calculated, above which a bipolar membrane layer can
be regarded as semiinfinite:

j >
p
2

� 	1=2
Dav;m

�ccm;0F
s ti;C � ti;A
� � � jcritical ð6Þ

When the two layers of a bipolar membrane show
different transport properties two different critical cur-
rent densities can be calculated. It becomes clear that the
derivation of Equation 1 includes many simplifying
assumptions. However, this equation is useful when
studying trends and to explain phenomena observed in
the membrane transport behaviour. In this paper, we
use it to investigate bipolar membranes at increased
electrolyte concentrations where the transport processes
are even less ideal.

3. Experimental details

The six compartment membrane module used for the
experiments is described in more detail in [4]. It utilises a
four electrode arrangement with working electrodes of
stainless steel (cathode) and platinum coated titanium
(anode). Calomel electrodes with salt bridges (Haber–
Luggin capillaries) are used as reference electrodes. The
temperature of the solutions next to the membrane
under investigation is controlled at 25 �C within 0.2 �C
with a laboratory thermostat and two glass-coil heat
exchangers. The power supply is controlled by a
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computer through an analogue interface to follow the
desired measurement program. Both, the current
through the cell and the voltage across the reference
electrodes are measured through separate isolation
amplifiers and recorded with the computer in time with
a rate of 10 samples per second. At very high current
densities, the switch-off characteristics of the power
supply (power source without load functionality) do not
allow for an accurate reading. The response of the
power supply, a Delta Electronica ES 030-5 for the
current to reach zero at switch-off is slow for current
densities of about 30 mA cm�2 and above. At switch-off
below this current density and for all current densities at
switch-on, the characteristics of the power supply are
well suited for these experiments.
Series of chronopotentiometric measurements are

recorded by imposing the desired current density for
the desired time-span of about 20 min, then switching
off this current by setting the cell voltage to 0 V for
another twenty minutes to allow the membrane to reach
equilibrium with the surrounding solution. After such a
period of the current imposed and then switched off, the
next current is applied with an increased current density.
The length of the time interval with zero cell voltage has
been chosen long enough to reach equilibrium, that is,
until the potential drop across the membrane reaches
zero.
A second set of experiments is performed to investi-

gate the influence of the current-on time on the switch-
off characteristics. This is done by imposing the same
current density in consecutive switch-on periods for a
different time-span in an irregular series of 120 s, 600 s,
60 s, 300 s, 31 s before switching off. Because the
present reactants determine the discharging time, it
should not change if a steady transport state has been
reached. In contrast, if the current is switched off before
the steady state is reached, the discharging time tD
should decrease with shorter switch-on times as a
consequence of the reduced extent of ion exchange in
the membrane. However, an increasing tD in consecutive
experiments in this irregular series indicates changes in
solution properties (e.g., a pH shift) or a poor reequil-
ibration between consecutive experiments. Thus, we can
distinguish if a change in discharging time from one
experiment to the other is due to changes of the solution
concentration from one experiment to the next or due to

a different transport state of the membrane itself. We
studied the effect of different switch-on time-spans for
current densities of 1.4, 4.3, 33 and 102 mA cm�2 for a
solution containing 1.0 mol l�1 sodium chloride.
The membrane investigated is the bipolar membrane

BP-1 from Tokuyama Corporation, Japan. The proper-
ties of the anion exchange membrane AMX and the
cation exchange membrane CMX (both Tokuyama
Corp.) [12] are used as the transport parameters for
the layers of the membrane BP-1 (Table 1). With the
exception of the membrane thickness, we assume the
properties of the separate layers of BP-1 to be equal to
the ones of the monopolar membranes since they are
prepared of very similar materials [12, 14].

4. Results and discussion

4.1. Steady state current–voltage curves

Steady state current–voltage curves of the membrane
BP-1 at different solution concentrations are shown in
Figure 3(a). They are recorded by the current-sweep
method; how closely they approach the steady state
is discussed in [4]. The measured electrical potential has
been corrected for the solution resistance to obtain
the electrical potential difference over the membrane.
(The measured area solution resistance is 9.084, 5.148
and 3.367 W cm2 for the sodium chloride concentrations
of 1.0, 2.0 and 4.0 mol l�1, respectively.) These steady
state current–voltage curves show the typical behav-
iour with three distinct areas, easily distinguished in
Figure 3(b): (i) At low current densities the current is
conducted by the salt ions, (ii) the limiting current
density plateau corresponds to internal concentration
polarization, and (iii) in the overlimiting region the
desired water splitting occurs in parallel to the undesired
salt ion transport.
As discussed above, at the limiting current density the

electrical charge is transported across the bipolar
membrane entirely by the salt ions. The limiting current
density should depend on the solution concentration in
a quadratic manner assuming constant and symmetric
membrane properties and omitting ion activity coeffi-
cients in the considerations [2]. The measured limiting
current densities (see Table 2) do not follow such a

Table 1. Characteristic values of the bipolar membrane BP-1 in sodium chloride solutions according to [12, 13]

dlayer
/mm

1012 DNaþ

/m2 s�1
1012 DCl�

/m2 s�1
cFIX
/mol l�1

cS
/mol l�1

cNaþ

/mol l�1
cCl�

/mol l�1
tCO
/-(*)

Anion 0.06 40 70 1.5 1.0 0.07 1.57 0.026

Permeable 2.0 0.19 1.69 0.059

Layer 4.0 0.44 1.94 0.114

Cation 0.15 90 60 1.5 1.0 1.563 0.06 0.023

Permeable 2.0 1.63 0.13 0.052

Layer 4.0 1.85 0.35 0.111

*Calculated with Equation 3.
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quadratic relation, that can indicate that the limiting
current in the high solution concentrations is over-
predicted with the simplified model where it should
follow a quadratic relation. This discrepancy stems from
the overestimation of the co-ion concentration with the
Donnan equilibrium. Membranes are non-homogeneous
and have high local concentrations of ion exchange
groups, resulting in a better co-ion exclusion than what
is expected from the overall fixed charge density cFIX in
the homogeneous model. Furthermore, many of the

membrane properties (diffusion coefficient, fixed charge
density etc.) change at increased solution concentrations
due to lower water contents in the membrane layers.
The steady state electrical potential for currents above

the limiting current density is clearly higher for the
higher concentrations (Figure 3(a) and (b)). This has
also been found with an appropriate theoretical model
in [12]. With chronopotentiometry, we can separate the
contributions to the steady state electrical potential and
relate them to specific concentration profiles and trans-
port conditions in the membrane layers.

4.2. Chronopotentiometric response curves

All the curves in Figure 4(a)–(c) are chronopotentio-
metric responses with currents above the limiting
current density for the respective sodium chloride
concentration in the solution. The measured electrical
potential Um displayed in these graphs is not yet
corrected for the solution resistance (see above) to yield
the electrical potential of the membrane, Umem. The
characteristics of some curves can only be distinguished
in the numerical data, however, all show the typical
shape (Figure 1) with an initial jump, then a slowly
increasing electrical potential, up to the transition time
with a maximum slope.
Above a current density of 11 mA cm�2, all the curves

show an overshoot in the electrical potential after the
transition time tC. As discussed in [4], the overshoot is
an indication of the sequential processes occurring in a
bipolar membrane: first the concentration profiles of co-
ions develop, then water splitting starts and the salt
counter-ions are partially exchanged against water split-
ting products. The shape of the overshoot is similar for
the curves with about the same current density inde-
pendent of the solution concentration. The maximum
voltage across the membrane at about 100 mA cm�2,
presented in Table 2 is higher for the higher solution
concentration. The polarization voltage, that is, the
difference between the maximum and the initial voltage
shows an even stronger concentration dependence; thus,
the polarization becomes stronger for higher solution
concentrations.
After the transition time or the overshoot, the

electrical potential reaches a stable value except for the
four molar solution with the current densities 2.4 and
3.2 mA cm�2 (Figure 4(c)). For the other curves, the
time to reach the steady state can be determined from
the chronopotentiometric curves. This time is different
for the different regions in the current–voltage curve.
With the high solution concentrations used in these
investigations, the steady state electrical potential in the
vicinity of the limiting current density is not reached after
five minutes. The time to reach steady state increases
with increasing solution concentration because the num-
ber of ions to be transported out of the membrane layers
is higher. For the curve with 2.4 mA cm�2 significant co-
ion depletion next to the bipolar junction does not occur
within 20 min.

Fig. 3. Steady state current voltage curves of bipolar membrane BP-1

in different concentrations from current–voltage sweeps (points above

100 mA cm�2 are the final values of the chronopotentiometric

response curves with the respective current density). (a) Entire curve;

(b) detail at low current densities.

Table 2. Polarization behaviour of the membrane BP-1 at a current

density of about 100 mA cm�2 in concentrated sodium chloride

solutions

cS/mol l�1 1.0 2.0 4.0

jLIM/mA cm�2 0.33 1.0 2.3

jactual/mA cm�2 102 102 101

requil,av/W cm2 10.2 8.5 7.1

Umem,ini/V* 1.04 0.87 0.72

Umem,max/V 1.54 1.64 1.83

Umem,max – Umem,ini/V 0.50 0.77 1.11

*Calculated with the average membrane resistance requil,av and the

actual current density jactual.
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4.3. Transition time

The transition times determined from the numerical
data for all the runs are presented in Figure 5 in a Sand-
type plot. In general, as expected, the longer transition
times are observed for higher solution concentrations
and lower current densities. Approximately linear rela-
tionships are obtained for the sodium chloride concen-
trations of 1.0 and 2.0 mol l�1 with high current
densities. However, most of these transition times are
obtained for current densities where the semiinfinite
layer assumption obviously is violated (Equation 6, see
Table 3). Nonetheless, the linear relationship indicates
that the influence of the interface with the solution does
not influence the ion transport in the membrane

significantly. The nonlinear behaviour in Figure 5 at
the high concentration of 4.0 mol l�1 and with the other
concentrations at very low current densities indicates
that the changes of transport properties in the mem-
brane layers (e.g., the apparent diffusion coefficient or
the activity coefficients) in time are no longer negligible.
In Table 3 we compare the transition time for current

densities where the semi-infinite layer thickness assump-
tion is valid. The slope tC j2 of the Sand-plot is reported.
The data points taken from Figure 5 to estimate the
slope of the measured data, the ‘measured tC j2 ’, include
only the ones above the calculated critical current
density (including the origin). This slope is listed next
to the slope calculated according to Equation 1 on the
basis of the given membrane properties, the ‘calculated

Fig. 4. Chronopotentiometric response curves of the membrane BP-1 (sodium chloride, 25 �C) at different applied current densities j/mA cm�2 as

indicated, not corrected for the solution resistance. Legend order corresponds to the order of the curves; arrows indicate an increasing current

density. Switch-on: (a) 1, (b) 2, (c) 4, and switch-off, (d) 1, (e) 2 and (f) 4 mol l�1.
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tC j2’. For both, the measurements and the calculations,
the slope is larger with an increased solution concentra-
tion. A larger slopes indicates a longer transition time
for the same current density and, as discussed above, a
lower membrane selectivity. This is in agreement with
the lower selectivities for higher concentrations indicat-
ed by the increased limiting current densities in Table 2.
For the two layers, different critical current densities

are calculated due to the different layer properties.
Therefore, we use different sets of measurement points
to estimate tC j2 and it is different for the two membrane
layers at the same concentration. In contrast, the
calculated slopes differ for the two layers because the
ion concentrations and the diffusion coefficients differ in
both layers (the membrane is asymmetric). The calcu-
lated dependence of the transition time on the concen-
tration represents the measured data well, considering
the measurement accuracy and despite the assumptions
made for the calculation.
Some of the chronopotentiometric response curves

show an interesting phenomenon in the switch-on period
of the electrical current: After the initial jump, they
show a double-S shape; in Figure 6 this becomes more
obvious by zooming in. The slope of the first inflection
point at time tP is lower than the slope of the second

inflection point, the actual transition time tC. For
example, for the 4 mol l�1 solution with a current
density of 6.2 mA cm�2, the two corresponding times
are tP ¼ 45 s and tC ¼ 77 s or for the 2 mol l�1 solution
with a current density of 1.8 mA cm�2, the two corre-
sponding times are tP ¼ 51 s and tC ¼ 96 s. In the
chronopotentiometric response curves in Figure 4(a)–
(c), such a double-S shape is also observed with other
concentrations and current densities, that is, this phe-
nomenon is reproducibly recorded. In the numerical
data, the two times can be distinguished with current
densities between approximately 2 and 10 times the
limiting current density. Below two times the limiting
current density, the curves do not show a steady increase
but some low-frequency noise; above about ten times
the limiting current density, the resolution of the
measurement in time is not high enough.
These two characteristic times can be considered as

the different polarization times of the depletion regions
in the two membrane layers next to the bipolar junction.
The membrane-solution interfaces are not involved
because they do not show depletion behaviour at such
low current densities and high salt concentrations. The
two polarization times are a result of the bipolar
membrane asymmetry. In the first layer, the co-ion

Fig. 5. Transition time of the membrane BP-1 for different solution

concentrations depending on the current density in a plot according to

Sand.

Table 3. Comparison of calculated and measured relation of transition times with current density

cS
/mol l�1

Layer d

/mm

jcritical
/mA cm�2(\)

Points at or

above jcritical

Measured tC j
2

/mA2 s cm)4 (�)

Calculated tC j
2

/mA2 s cm)4 (�)

ðtCj2 ÞA
ðtCj2 ÞC

1.0 A 0.06 37 2 530 490 0.96

C 0.15 18 5 470 510

2.0 A 0.06 66 1 2900 1500 1.07

C 0.15 31 3 940 1400

4.0 A 0.06 122 0 – 5300 0.95

C 0.15 60 1 4500 5600

*Calculated with Equation 6 using the data in Table 1 for the respective membrane layer.
�Obtained by a linear fit of measurements for currents above the critical current density for the respective layer through the origin.
�Calculated with Equation 1 using the diffusion coefficients and co-ion concentrations in Table 1.

Fig. 6. Chronopotentiometric response curves with two transition

times of the bipolar membrane BP-1 in sodium chloride solutions at

25 �C.
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concentration reaches approximately zero at the polar-
ization time tP and the resistance increases significantly.
However, the co-ions in the second layer are still
available to transport the current and, thus, the resis-
tance increase is limited. Water splitting starts only
when the second layer is depleted as well and the
electrical potential difference across the junction be-
comes large enough. The ratio of the calculated transi-
tion times of both layers (Table 3) is almost unity
(within the experimental error), thus, it is much smaller
than the ratio of the observed two polarisation times.
The model with averaged diffusion coefficients and the
virtual salt ion concentration in the membrane fails to
predict these two times (i.e., it does not account for
differences of co- and counter-ion transport). If we
suppose mainly the co-ion transport to be responsible
for the polarization behaviour and considering the
coupling with the counter ions only by the averaged
diffusion coefficient, the average concentration �cc2m in
Equation 1 should be replaced by c2co. The squared ratio
of the measured co-ion concentrations in the cation
permeable layer over the one in the anion permeable
layer (see Table 1) is 0.63 for 4 mol l�1 solutions and
0.47 for 2 mol l�1 solutions. These are approximately
the ratios of the characteristic times in Figure 6. Thus,
we take this as evidence that the hypothesis of asym-
metric co-ion depletion is plausible. Based on the lower
co-ion content of the cation permeable layer (Table 1)
we thus conclude that this layer is depleted of co-ions
first. Water splitting starts as soon as the anion
permeable layer is fully depleted as well.

4.4. Discharging time

The times for discharge tD depend on the solution con-
centration and current density as shown in Figure 7(a).
The discharge times have been determined by analysis of
the numerical data and were identified with the extrema
in the slopes in Figure 4(d)–(f). The discharging time is
longer for low concentrations and high current densities.
As discussed in [4], two main transport processes are
responsible for the relaxation of the concentration
profiles in the bipolar membrane layers: (i) counter
ions are exchanged across the membrane–solution
interface; for example, in the anion exchange membrane,
hydroxide ions are replaced by chloride ions; (ii) in the
bipolar junction, the hydroxide ions in the anion
exchange layer can recombine to water with the protons
from the cation exchange layer because co-ions cross the
bipolar junction. Only with this co-ion flux discharging
is possible at zero-current conditions. Both processes are
faster with an increased salt concentration in the
solution.
The discharging times in Figure 7(b) are determined

from curves with the current applied for different times.
For curves where the steady state has been reached, the
discharging time does not change anymore with an
increasing current-on time. This can be used as a sharp
criterion to decide if steady state conditions have been

reached. As a criterion it is more precise than inspecting
the chronopotentiometric switch-on curves for the
steady transport state. The results in Figure 7(b) indi-
cate that the steady state is reached faster for high
current densities.

4.5. Ohmic resistances

The equilibrium resistance determined from the initial
jump in the chronopotentiometric response curves is
10.2, 8.5 and 7.1 W cm2 for the 1.0, 2.0 and 4.0 mol l�1

solution concentrations, respectively. It is lower with
higher solution concentrations because the total ion
content in the membrane is higher. A reduced water
content in the membrane as expected with increased
solution concentration apparently is not enough to
counterbalance this effect.
The resistance of the membrane in the transport state

is calculated with the irreversible potential drop when
the current is switched off (Figure 1) according to
rtransp ¼ ðUmem;stat � Umem;offÞ=j as derived in [4]. The
ratio of this transport-state resistance over the equilib-
rium resistance is presented in Figure 8. The transport
resistance is reduced with increasing current density due

Fig. 7. Discharging times of the bipolar membrane BP-1 (a) for

different solution concentrations after the current was applied for

20 min, and (b) for the current applied for different times with a

solution concentration of 1 mol l�1.
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to the ion exchange of salt counter ions with water
splitting products. The ratio of transport over equilib-
rium resistance drops below unity for current densities
above 20 mA cm�2 for all three concentrations. As
discussed in [4], at this current density the increase of the
resistance due to salt ion depletion is balanced by the
reduction of the resistance due to the ion exchange with
water splitting products. For all three concentrations,
this coincides with the current density where the
overshoot is observed first in the chronopotentiometric
response curves. It is not yet clear if these current
densities coincide for every bipolar membrane. How-
ever, both phenomena are a result of the same processes
in the membrane: co-ion depletion and ion exchange
(i.e., salt counter-ion substitution by protons and
hydroxyl ions in the respective layers).
The ratio of resistance in the transport state compared

to the equilibrium state is higher for higher solution
concentrations. To reach full co-ion depletion of the
membrane layers at the bipolar junction with increased
solution concentrations, more salt ions have to be
removed, thus, the resistance increases more due to this
stronger depletion.

4.6. Reversible and irreversible potential

The reversible and irreversible contributions to the
steady state electrical potential in the over-limiting
current density region are presented in Figure 9. The
irreversible potential of the membrane, Umem;irreversible ¼
ðUmem;stat � Umem;offÞ is the one actually used for calcu-
lating the transport resistance discussed above.
For the 4.0 mol l�1 solution, the internal concentra-

tion polarization is not yet significant after 20 min with
a current density of 2.4 mA cm�2 (the overall electrical
potential does not increase significantly within 20 min,
Figure 4(c) and (f)), even though this current density is
above the limiting current density. Both, the reversible
and the irreversible contributions to the electrical
potential difference are very small (Figure 9, triangles

at the lowest current density). The irreversible contri-
bution is already slightly higher than in equilibrium
(Figure 8) but no water is dissociated and the reversible
contribution is not significant. For the same solution
with a current density of 3.2 mA cm�2, the polarization
is much stronger. At this current, the reversible contri-
bution in Figure 9 indicates the presence of water
splitting products. The irreversible contribution is very
high due to the strong co-ion depletion. For higher
current densities, this irreversible contribution is re-
duced because the water splitting products reduce the
layer resistance as discussed above.
The curve with the 2.0 mol l�1 solution concentration

shows a similar behaviour (open squares in Figure 9).
Just above the limiting current density of 1.0 mA cm�2,
the irreversible potential is rather high, reaching a
minimum at moderate current density and increasing
again with further increasing currents. The reduction
in transport resistance with increasing current (by the
increased concentration of water splitting products) is
enough to reduce the irreversible potential or to keep
it stable for moderate current densities up to about
10 mA cm�2; however, at high current densities the
irreversible electrical potential difference increases – the
reduction of the resistance (Figure 8) is of a smaller
order than the increase of the current density. The
phenomenon of ion exchange of the salt counter-ions
occurs because the membrane is immersed in a neutral
salt solution. In electrodialysis with the acid next to
the cation exchange side of the bipolar membrane and
the base next to the anion exchange side, such an
ion exchange will not occur. The transport resistance
will more likely be constant and the irreversible poten-
tial is expected to increase linearly with the current
density.
At high current densities of comparable values, the

irreversible contribution increases with the salt ion
concentration. This is in contrast to the equilibrium
resistance which is lower for increased concentrations.
We attribute this to the amount of salt ions that are
transported across the bipolar membrane: The flux of

Fig. 8. Ratio of transport resistance over equilibrium resistance of BP-

1 in sodium chloride solutions at 25 �C. Note: Steady state was not

reached for 4 mol l�1 with 2.4 and 3.2 mA cm�2.

Fig. 9. Contributions to the transport-state electrical potential of the

membrane, Umem,stat for different concentrations in the overlimiting

current range. Note: Steady state was not reached for 4 mol l�1 with

2.4 and 3.2 mA cm�2.
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salt ions is higher with increased concentration as
indicated by the limiting current density, thus, fewer
water splitting products are produced and available for
ion transport. With the lower diffusion coefficients of the
salt ions compared to the water splitting products, the
overall resistance is higher and a higher electrical
potential is necessary to conduct the imposed current.
The reversible potential slightly increases with in-

creasing current density. This is interpreted as a result of
the increasing content of water splitting products as the
respective counter-ions in the membrane layers. For 1
and 2 mol l�1 solutions, the reversible potential appears
to level off. This is due to the limited ion exchange
capacity of the membrane layers. It happens earlier for
the lowest solution concentration, whereas the current
density for the full ion exchange has not been reached
for the 4.0 mol l�1 solution (Figure 9, full triangles).
Further, the reversible contribution is higher for the
higher solution concentration, also in the areas where
the potential has levelled off. We can attribute that to
the higher contribution of the concentration gradients of
co- and counter-ions in the membrane layers according
to the electrochemical potential. The counter-ions are
mainly the water splitting products with a high ionic
diffusion coefficient compared to the salt ions.

5. Conclusions and recommendations

With chronopotentiometry it is possible to obtain
insights in the transport behaviour of bipolar mem-
branes at increased solution concentrations. The tran-
sition time, indicating the start of the water splitting in
the chronopotentiometric response curves, is useful for
indicative purposes. However, the two depletion regions
on the two sides of the bipolar junction with different
transport properties do not allow a quantitative analysis
with the current theory. The transport processes are
more complex as indicated by the observed second
polarization time.
This experimental study allows an explanation of the

increased electrical potential differences across the
bipolar membrane with increased current density or
increased solution concentrations. It is mainly due to the
transport processes in the membrane layers and not
directly in the membrane junction. In the membrane
layers, the concentration profiles become stronger de-
veloped for higher concentrations and for higher cur-
rents. Only at very high currents, the salt counter ions
next to the bipolar junction are completely exchanged
with the water splitting products.
The concentration profiles influence both, the revers-

ible and the irreversible contribution to the transport-
state electrical potential difference. The increase of the
reversible contribution is attributed to the increased
electrochemical potential with increased concentrations

and concentration gradients. The increase of the irre-
versible energy becomes higher with higher current
densities or higher solution concentrations due to the
energy losses at the ohmic resistances of the membrane.
The reduction of the transport resistance observed with
increased current density – not enough to reduce the
irreversible potential – is not to be expected during acid–
base production because then the discussed ion ex-
change of counter-ions does not occur.
Thus, from an energy point of view, bipolar mem-

branes should be operated at low current densities. This
is in contrast to the recommendations in [2] to obtain
high membrane selectivity by increasing the current
density. The irreversible energy losses can be reduced by
operating bipolar membranes at low solution concen-
trations. This is in line with the recommendations for
reduced salt ion transport. For the design of a bipolar
membrane electrodialysis process, these two recommen-
dations have to be balanced with the desire to operate
with the highest possible current density and solution
concentrations for low investment costs due to less
required membrane area.
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