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Preface
When I arrived in Twente about four years ago, I did not intend to write the thickest
thesis in the history of the Membrane Technology Group, but rather to work out how
membranes could be applied for advanced separations in chemical processes. Apparently I have achieved the earlier, but I hope the reader can agree that this book
also contributes to the latter.
Thanks to Professor Heiner Strathmann, head of the Membrane Technology Group,
and Matthias Wessling, now succeeding him as professor and head of this group.
Because of them I was able to work on an interesting and challenging project on the
development of bipolar membrane technology in an integrating research environment. These few words implicitly include all I want to say about the last four years
and three months of work resulting in this book. However, I want to be a little more
explicit.
The project was granted funding by the Dutch Science Foundation NWO through
the STW/CW program. The support and interest of the research departments of
Akzo Nobel, DSM, and Solvay Pharmaceuticals ensured and enforced the industrial
relevance of the project. Nevertheless, with three different companies involved, the
project could keep a broad and fundamental scope and did not have to focus on a
single application issue or problem. During the project and discussion with many
people (whom to name would go too far here), it became clear that indeed the development of a basic understanding was required for the improvement of this technology. In that respect it must be understood that I did not include the work of the students I was able to supervise during their independent projects. Nonetheless, these
projects on the use of bipolar membranes and/or electrodialysis for operation at low
electrolyte conductivity (Karin Nordland), with electrolytes of high fouling tendency
(Elsbeth Roelofs) or in methanolic environments (Armand van Daalen) and the literature survey on bipolar membrane applications (Christiaan Zeilstra and Marius
Biewenga) increased the chances for discussion on more fundamental issues. Similarly, the chance to work together with fellow researchers Antonio Alcaraz, Ninel
Berezina, Elena Komkova, Robert Gärtner, and Sebastien Chirié from other backgrounds helped to foster better understanding of electro-membrane processes as
well. One of the issues was the translation of known research results between the
English, German and Dutch literature but more importantly between the different
scientific and engineering disciplines. The many discussions, especially with Nico
van der Vegt, helped to work out the important points and to bring the text into a
comprehensible form.
In that sense, this book may give interface scientists insights into why transport
properties are important and process engineers may be able to see the importance of
material science in membrane applications. In that respect, it may be worthwhile
mentioning that the chapters are rather independent of one another and the reader

may select the interesting topics with the help of the introductory Chapter I and the
summary in Chapter XI. Furthermore, if this preface is the only part a (future)
membrane scientist reads, the message should be that the technical feasibility need
no longer be a problem as long as the known challenges of bipolar membrane electrodialysis are treated appropriately. This technology, integrating separation and
reaction in a unique manner, is on its way towards a mature unit operation.
In the Membrane Technology Group and the locally and scientifically adjacent research groups within the Chemical Technology building, I didn’t say “NO” often
enough to other interesting and “small”, yet in general quite time-consuming projects, tasks or events. Among other things, these diversions consisted of organising a
mini-triathlon and a study tour, management of the group’s internet site and the
membrane discussion service via e-mail, as well as involvement in the organisation
of the ICOM99 conference. To name everyone I had the pleasure to meet would fill
an entire book. Nonetheless, a big thank you to everyone contributing to a interesting, challenging, active environment here in Twente.
The following list should is far from complete with respect to both, the people and
what I got back from them. It can serve as an indication that not all influences on
this work are obvious on the first sight. Thanks to … (for example for …) Nico van
der Vegt (asking questions to get to the point); Heiner Strathmann (writing the
challenging project proposal and not knowing all the answer on my questions);
Matthias Wessling (pushing to relate my findings to engineering problems); Ineke
Pünt (being for a long time the only colleague on electro-membrane research); Antonio Alcaraz (showing how patience can result in high-quality research; suggesting
to let go); Tom Davis (asking why bipolar membranes show different sodium and
chloride transport); Bernd Bauer (not answering all questions); Russ McDonald
(being open for discussion while doing research in industry); Ninel Berezina (ideas
of ion transport in heterogeneous media); Frank Sarfert (asking if current-voltage
curves could be recorded with entire membrane modules); John Krol (leaving bipolar membrane chronopotentiometry for me to investigate); Martin Bitterlich (seeding
the interest in membrane separation techniques); Jason Pickering (preventing the
deterioration of my English); Sebastien Chirié (questioning of the traditionally used
transport descriptions); Dimitri Stamatialis (reminding me of the advantages of
writing by hand); Greet van der Voort Kamminga (her understanding). Last but not
least all the colleagues in MTG and neighbouring groups for the good times at the
University of Twente.
F.G.W.
2000
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I. Electrodialysis with Bipolar Membranes - Possibilities and Limitations

1.

Introduction
Bipolar membranes are a special type of layered ion exchange membrane. They
consist of two polymer layers carrying fixed charges, one is only permeable for the
anions and the other only for cations. Actually, unlike with membranes used for
separation purposes, nothing should be transported from one side to the other. The
desired function is a reaction in the bipolar junction of the membrane where the anion and the cation permeable layers are in direct contact: water is split into hydroxide ions and protons by a disproportionation reaction. The produced hydroxide ion
and proton are separated by migration in the respective membrane layer out of the
membrane. Unlike a water splitting at electrodes during electrolysis, no gases are
formed as a side product to this reaction, nor are gases used up. Electrodialysis with
bipolar membranes (ED-BPM) can replace electrolysis with water splitting at the
electrodes but has a wider variety of applications.
ED-BPM can be used to produce acids and bases from a neutral salt as described in
more detail below. It is a membrane reactor process where a reaction and a separation occur in the same unit or even in the same membrane – water splitting without
gases involved in the reaction is only possible when the reaction products are separated immediately, otherwise the reverse reaction, a recombination to water, can not
be prevented.
Especially the potential to split water without having reactive gases involved made it
a promising technology already fifteen to twenty years ago. However, to replace
membrane electrolysis on a large scale, it was not able to meet the product specifications due to membrane limitations. Like any membrane, also bipolar membranes
do not fulfil all three primary membrane requirements in an ideal way:
- The selectivity should be perfect, but the bipolar membrane layers are also permeable to salt co-ions, not only to the water splitting products in the respective
layer.
- The permeability should be unlimited, but the membrane layers form additional
resistances to ion transport.
- The long term stability should be guaranteed, but the chemical stability, especially against concentrated alkaline solutions is too low at temperatures normally
encountered in electrodialysis.
To move towards a mature technology, these and other limitations of the bipolar
membrane and the extra anion and cation selective and permeable membranes have
to be addressed. To overcome the limitations and treat them as challenges, their
influence on the process performance needs to be evaluated and their origin needs to
be addressed, possibly eliminated. Therefore, both, an understanding of the process
as well as an understanding of the membrane materials and the membrane transport
processes is necessary.
Thus, here and in the following chapters, an overall picture of bipolar membrane
electrodialysis is developed, covering the approximately eight to nine orders of
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magnitude – from the bipolar membrane electrodialysis unit [Chapter VII], down to
the morphology of the bipolar junction [Chapter II]. Of course, not all aspects can
be covered in the same detail. But as a whole, this picture should allow to deduce
design guidelines for both, the preparation of bipolar membranes and the operation
conditions of a bipolar membrane electrodialysis module.
Some but not all work presented in this thesis is directed towards the co-production
of an acid and a base with increased concentrations in a three-compartment membrane arrangement as described below. Investigated is primarily the possibility to
operate at increased product concentrations with reduced impurities in the products.
These investigations sometimes are rather fundamental, however, they range from
polymer modification and characterisation [Chapter III, Chapter IV] up to the operation of a pilot-scale electrodialysis module [Chapter VII], in between investigating the characterisation methods themselves [Chapter V, Chapter VIII] and further
investigating the bipolar membranes with these methods [Chapter V, Chapter VII,
Chapter IX, Chapter X].
This thesis may serve as one step towards operation of bipolar membrane electrodialysis with tailor-made bipolar membranes for different process or application
needs. During the investigations, it was necessary to touch different areas in science
and engineering. In this introductory chapter, first bipolar membrane technology is
placed within other engineering and scientific disciplines. Then, the first major part
will outline the potentials and the function of bipolar membrane electrodialysis. The
second part outlines approaches how some of the limitations can be overcome.

2.

Background

2.1

Membrane technology

Bipolar membrane electrodialysis is one of many possible processes treated in
membrane technology. Membrane technology can be defined as an ‘interface’ technology: It does not only deal with selective interfaces, it also has an interface function between different science and engineering disciplines. For example, membrane
technology utilises principles from the material science and the process engineering
pillars in chemical engineering (Figure 1).
Membrane technology finds applications with great advantages where both, a production and a waste minimisation step are addressed in an integrated process.
Similar to such unique solutions possible with membranes, there are engineering
principles unique to membrane technology. Examples are some of the film- or hollow fibre preparation techniques or the distinct transport mechanisms in the membrane. Thus, it is not surprising that membrane technology reached the weight of an
independent scientific discipline like catalysis in the past decades, no longer just an
interface between other disciplines. Also a membrane itself is not only an interface
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with distribution coefficients describing its function. In general, and for bipolar
membranes in particular, also the third dimension is important: bipolar membranes
are layered structures with distinct properties and considerable finite thickness of the
different components. The properties of these components strongly influence the
transport behaviour across the membrane.

• process engineering
– bulk flow
– apparatus design

• chemical, pharmaceutical,
food engineering
– production

membrane technology
– selective transport
– interface equilibrium

• material science
– chemical stability
– polymer processing

– process integrated
separation

• environmental engineering
– end of pipe
– waste minimisation

Figure 1: Membrane technology as an interface science

For placing bipolar membranes and electrodialysis within membrane technology
several criteria can be used. With respect to its materials and morphology, bipolar
membranes are layered polymeric films without a porous support structure. On the
process side, membrane processes are often grouped by driving force. For electrodialysis, the main driving force is an electric field, but also concentration gradients
that are imposed or built-up during operation can become as important as the electric
field. Compared to membranes only used for separation, the reaction in membrane
is special – this places bipolar membranes in the area of membrane reactors.

2.2

Bipolar membrane electrodialysis

Considering the bipolar membrane electrodialysis unit as a black box, it allows
to produce an acid and a base from a neutral salt feed stream (Figure 2). Bipolar
membrane electrodialysis can become interesting if either the acid or the base is the
desired product. Further, it has certain applications in process integration. Examples are the pH control of fruit juices or fermentation reactors (Figure 3). Reviews
of the possible use of bipolar membrane electrodialysis have become available recently [1, 2, 3].
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salt solution

ED-BPM

diluted salt

water

acid
base

Figure 2: Bipolar membrane electrodialysis, ED-BPM as a black box.

Promising applications have been investigated in acid and base production, in the
acidification of product streams, or for special separations, such as the separation of
amino-acids on the basis of their isoelectric points. The economically most interesting applications are those in the overlap of the areas in Figure 3. Then we can
reduce side products or achieve process schemes not possible before. As an example, sodium lactate from a fermentation step can be converted into lactic acid by bipolar membrane electrodialysis [4]. The side product, sodium hydroxide, can be
used to control the fermentation reaction. Designing bipolar membrane electrodialysis in the areas of overlap provides increasing prospects for its economic feasibility, however, it also increases the complexity and challenges that have to be met.

ACID PRODUCT

BASE PRODUCT

organic (lactic-, ascorbic-,
salicylic-, amino-) acid
inorganic acid (HF,
H2SO4, HCl)

sodium hydroxide
potassium hydroxide
sodium methoxide

PROCESS INTEGRATION

recycling (pickling acid)
purification
pH-stabilization
fermentation
Figure 3: Possible areas of applications for bipolar membrane electrodialysis.

A black box in process engineering is a simplification for combining unit operations.
To find the bipolar membrane in the bipolar membrane electrodialysis unit, the
black box has to be opened. The main parts of an electrodialysis unit are presented
in Figure 4. A bipolar membrane electrodialysis unit does not only contain the
membrane module, but also, for each stream, a buffer and recycling tank. To transport ions across the membranes in the module and for passing the solution between

13

I. Electrodialysis with Bipolar Membranes - Possibilities and Limitations

the membranes, energy has to be provided in the form of electricity. For optimised
operation or to run in a batch mode, the products are recycled until the specifications
are met. To operate the ED-BPM module at optimal conditions, the recycling loops
sometimes include a pre-or post-treatment with standard ED and feed-back loops
integrated with the ED-BPM module. An example is the concentration of the feed
solution before recycling to be able to operate at sufficiently high current density
[4]. In general, bipolar membrane electrodialysis is designed as a discontinuous
process: one batch of feed solution is treated until the specifications are met. To be
complete: The cooling installation is necessary to remove the heat produced by the
ion movement in the stack.

ED-BPM

salt solution
water
membrane 1
module
3

2

salt
1

diluate

2

acid

acid

3

base

base

cooling

el. power

~

=

Figure 4: Parts of a bipolar membrane electrodialysis unit.

The recycling loops and the utilities can be treated with process engineering principles. The membrane technology is found in the membrane module, Figure 5. In
this module, the salt, acid, and base streams are distributed between membranes that
are stacked up in repeating sequences, the so called repeat units. The polymeric ion
exchange membranes are often compared to form-stable hydro-gels with respect to
their transport behaviour: they contain enough water to allow ions to penetrate the
membrane and to give them enough mobility to move within the membrane phase.
The anion exchange membranes carry fixed positive charges, the cation exchange
membranes carry fixed negative charges. These electrical charges are compensated
by the presence of mobile counter-ions: these carry a charge opposite to that of the
fixed charge. The counter-ions are transported in the applied electric field. In bipolar membrane electrodialysis, the electric field is applied with one pair of electrodes for around twenty to sixty repeat units, each including one bipolar membrane.
Therefore, the influences of the electrode reactions can be neglected in economical
considerations and mass balances because the electrode reactions occur at the ends
of the stack only once.
14

Desired in the bipolar membrane module are the transport of anions across the anion
permeable membrane, the cations across the cation permeable membrane, and the
production of protons and hydroxide ions in the bipolar membrane. These hydroxide ions and protons move towards the (positive) anode and the (negative) cathode,
respectively, by means of migration in an electrical field. In the ideal case, they are
trapped in the compartments adjacent to the two sides of the bipolar membrane in
the respective base and acid compartment which results in the concentration of these
products. The concentrated acid and base, and the diluted salt solution are collected
and leave the module.

1 salt
2 acid
3 base

Membrane
Module

CEM

base
M+ OH-

acid
H+ XAEM
BPM

CEM

BPM

AEM

CEM

desired
OH -

H+

OH -

XO2

H+

M+
H2

H2O
H2O
M+

OH -

H+
OH-

H2 O

X-

OH -

undesired
phenomena

H2O

salt
M+ X-

rinse
1 salt
2 acid
3 base

rinse

repeat unit

Figure 5: Membrane module for bipolar membrane electrodialysis with one repeat unit and

typical membrane arrangements at the ends for limited electrode influences.

Thus, in the electrodialysis repeat unit, the bipolar membrane is in contact with concentrated acid on its cation permeable side and with concentrated base on the anion
permeable side. By its nature, the membranes also contain co-ions, resulting in undesired fluxes. These reduce the process efficiency and result in impurities in the
products, already indicating some of the limitations of the bipolar membrane electrodialysis.
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2.3

Bipolar membrane function

The function of a bipolar membrane can be explained by looking at the concentration profiles in the membrane during operation, Figure 6. As mentioned above,
the bipolar membrane consists of two ion exchange layers of opposite charge in intimate contact. In the applied electric field, the hydroxide ions and the protons produced in bipolar junction move towards the respective electrode in the electric field.
Water is replenished in the interface by diffusion through the gel-like membrane
layers. According to the respective interface equilibrium with the surrounding solutions, not only hydroxide ions and protons but also the acid anions and the base cations are present in the membrane phase. This leads to the undesired transport of
these anions and cations across the membrane. The driving forces for the transport
of these ions are both, the electrical potential and the concentration gradients. The
water splitting requires energy that is supplied by the applied electrical field.
The separating feature of the membrane layers is mainly necessary to prevent ions of
the same charge as the fixed charge (co-ions) from reaching the reactive bipolar
junction and to allow the produced ions of the opposite charge (counter-ions) to
move out of the membrane. This holds also for the extra membranes in the module.

BPM
base

a

Water dissociation
acid

c

H2 O

H 2O

OH-

c

H+

Transport of water

++++++
cFIX

cFIX

M+ OH-

– catalytic reaction at contact,
– separation in electric field.

H+X-

– concentration gradient.

Interface equilibria
X-

M+

X-

XM+

M+

Transport of ions
– concentration gradients,
– electric field.

Figure 6: Schematic concentration profiles in a bipolar membrane in contact with an acid

and a base on its two sides.

Bipolar membranes are often modelled as homogeneous phases but most membranes
are actually heterogeneous, similar to the simpler cation and anion permeable membranes [5]. For ED-membranes, only few transport descriptions start to be applied
for transport in heterogeneous membranes [6]. For modelling, pressure terms may
be negligible in first approximations because the fluids are non-compressible. However, the stagnant membrane phase can expand and the transport properties of the
16

membrane can change. One indication of that is the change of water content with
changed solution concentrations or different counter ion for the fixed charges.
For the description of transport in bipolar membranes as well as other ion permeable
membranes, two somehow different approaches are possible. Mostly the phenomenological description with the extended Nernst-Planck equations is used because it
relates measurable physical properties such as an electric potential difference or
concentration gradients directly to ion fluxes. However, it suffers from the fact that
the main transport parameters, the ion diffusion coefficients, are not fixed values but
depend on the entity of the environment the ion encounters. In the other description,
based on the Maxwell-Stefan approach, binary diffusion coefficients or friction coefficients are used between all the pairs of the substances present in the system [7,
8]. The Maxwell-Stefan description has the advantage that the binary diffusion coefficients are constant over wider concentration ranges, however, they need to be
determined for all the binary interactions between the species present in the system.
Some of these are not directly accessible, the determination and interpretation is not
straight-forward for all binary pairs [7].

2.4

Limitations

With the function of a bipolar membrane in the electrodialysis module described
above, it is clear that the limitations of the bipolar membrane itself form limitations
of the bipolar membrane electrodialysis process. The main limitations are (1) the
chemical stability, especially against the concentrated base on its anion permeable
side, (2) the co-ion transport, and (3) the membrane layer resistance against ion
transport. Other factors influencing its behaviour are the catalyst stability, the possibility to withstand the increased pressure in the membrane when hydroxide ions
and protons recombine to water as soon as the current is switched off, and an eventual poisoning or scaling of the membrane by complex formation of the fixed charge
with multivalent metal salts. Also a reduced water content is not favourable – at
high current densities, the water used up in the water splitting reaction has to be replenished through diffusive transport across the membrane layers.
These limitations are subject of the chapters of this thesis. In the following, after
short economical considerations, an overview is presented how these limitations can
be approached.

2.5

Economics considerations

If bipolar membrane electrodialysis is applied as an “end of pipe” processes for
waste stream cleanup, it mainly increases the costs of the overall process: Additional
equipment and related capital investment is necessary, also the power requirements
are increased, with electrical energy not being the cheapest form of energy, and the
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membrane replacement and maintenance of an extra unit adds to the operating cost.
Cost reduction are possible by generating less waste in a process, i.e., the disposal
costs are reduced; sometimes the products of the electrodialysis step can be recycled
elsewhere in the process, reducing chemical costs [9].
Again, an integrated process design is economically most favourable, but in parallel
increases the complexity of the process – from design to control. Thus, in such
cases the economic analysis has to consider many factors. Most favourable are production processes with products of high economical value that can not be produced
by other means; then such considerations can become less important.
For optimisation of the ED-BPM design, the operating current density affects the
investment and operating costs most directly and can be used as primary design and
optimisation parameter. Further, the design and, thus, the costs are influenced also
by the fluid velocity of the streams parallel to the membrane, the operating temperature, and the minimum and maximum concentrations in the module.

3.

Approaching some Challenges
To be able to address the limitations, the correlations between material properties and transport behaviour are investigated first. In Chapter II the literature on
materials, structures, and preparation procedures of the bipolar membrane components is reviewed. In Chapter III, the selectivity and resistance of cation permeable
layers from different polymer blends are measured.

3.1

Long term operation

The acid and base next to the bipolar membrane and the extra anion and cation
permeable membranes make it obvious that for a long term operation the chemical
stability against attack from these substances is substantial. The chemical stability is
approached by investigating the base stability of anion and cation permeable membranes in Chapter IV.
In the batch-wise operation of a bipolar membrane electrodialysis module, also the
start-up and shut-down procedures are a threat to the membrane stability; the acid
and base next to the membrane can recombine to water in the membrane and increase the water content and pressure to values that can destroy the membrane by
separating the membrane layers. The processes occurring at current switch-on and
switch-off can be understood by investigating bipolar membranes with chronopotentiometry as done in Chapter VIII to Chapter X.
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3.2

Product purity

As seen above, the flux of co-ions across the bipolar membrane is a major reason for impurities in the produced acid and base. However, full electrodialysis experiments are rather complex. To investigate the influence of membrane properties
on the salt ion flux, first a simple measurement method and model are necessary. It
allows to investigate the (self prepared) bipolar membranes separately, without the
influence of all the other membranes. In Chapter V current-voltage curves are recorded for the bipolar membrane in contact with identical salt solutions at its two
sides. Increasing the current from very low values, initially the electric potential
increases only slightly; the current is transported exclusively by the salt ions present
in the membrane. Then a plateau is observed, the limiting current density is
reached. The electrical potential increases without increasing the current density
considerably. Due to internal concentration polarisation, not enough salt ions are
present in the bipolar junction to allow an increase in the current density. When the
so-called water dissociation potential is reached, the electric field at the contact of
the two bipolar membrane layers is strong enough to separate the hydroxyl ions and
the protons. This activation barrier has to be crossed, but now enough mobile ions
are present to conduct the current. For steady state conditons, the model shows that
the salt impurity concentration is directly dependent on the measured limiting current density. Thus, we can use this measurement technique to investigate the selectivity of our membranes. An extension of the model, based on the diffusional and
migrational contributions to the salt ion transport, shows that the concentration of
these salt ions is dependent on the diffusion coefficient, the product concentration,
and further, the inverse of the current density, the membrane layer thickness, and the
fixed charge concentration.
The tendencies mentioned above can be determined with a quasi-symmetric model.
However, the two layers of a bipolar membrane in general have different transport
properties and geometry. Thus, in Chapter VI, the model is further extended to account for differences in solution concentrations, fixed charge density and layer
thickness, and the apparent diffusion coefficients for all the co-and counter ions in
the two membrane layers. With an asymmetric membrane, increased purity of one
of the products can be obtained separately. In Chapter VII, experiments in a pilotscale electrodialysis module verify the theoretical findings. With an simple layer
modification, the layer can be optimised to obtain a high product purity of one product while sustaining a low membrane potential and high water permeability.

3.3

Energy usage

To achieve a reaction or a separation, always a minimum, theoretical energy is
required. All other processes not directly related to this desired process result in a
higher energy usage. The energy requirements with commercial bipolar membranes
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are said to be close to the theoretical minimum by employing catalysts and / or an
additional “interface” layer between the two standard ion exchange layers [4].
The measured current voltage curves of bipolar membranes only give the overall
electric potential difference. To investigate the contributions to this voltage, an improved characterisation technique is necessary. In Chapter VIII, the technique of
chronopotentiometry is introduced for investigating the dynamic electric responses
of electrodes and standard ion permeable membranes. It is used in Chapter IX to
investigate the behaviour of bipolar membranes at increased solution concentrations
and in Chapter X to compare different bipolar membranes.

4.

Conclusions and Outlook
Bipolar membrane electrodialysis as a unit operation can be used for the integrated production of acids and bases. To make this process technically and economically feasible for more applications, the three major membrane propoerties are
addressed. The base stability of the bipolar membrane is of highest priority. Second
is the selectivity – some products may tolerate salt contents, however, usually the
salt ions form undesired impurities. Here the technical and economical feasibility
considerations meet. The permeability for ions is mainly an economical question; in
contrast, if the permeability for water is too low, then the process also suffers from
its technical feasibility.
Based on fundamental investigations, strategies for improved bipolar membranes
can be given. The material selection focuses on the chemical stability. With a
transport model, the salt ion impurities in the products can be reduced; interesting is
the design of asymmetric bipolar membranes for improved product purity of one
product selectively. And, finally, with bipolar membrane chronopotentiometry, the
permeability investigations are no longer limited to overall electric potential difference measured in steady-state current-voltage curves. Process engineers now start to
dare to use bipolar membrane – however, they are well advised to seek advise from
membrane specialists and membrane manufacturers for not to overlook some of the
challenges.
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1.

Introduction
The bipolar membrane functionality is already given for a cation exchange
membrane in loose contact with an anion exchange membrane placed in an electric
field with the correct polarity and sufficient strength. Water is dissociated where the
two membranes are in close contact, and the dissociation products OH- and H+ are
transported away from this interface through the anion and cation exchange membrane, respectively. At the respective side a base and an acid can be produced in an
electrodialysis repeat unit as drawn schematically in Figure 1. For practical applications such membrane arrangements are not used as bipolar membranes; they do
not meet the major requirements or membrane properties of a good membrane.
Well-designed bipolar membranes show high water dissociation efficiency, low energy requirement, and good chemical and mechanical stability. Therefore, it is interesting to know the materials and the production processes to manufacture bipolar
membranes. That allows to optimise their properties, tailored for certain application
environments.

bipolar membrane (BPM)
- anion permeable layer
- cation permeable layer

cation exchange
membrane (CEM)
repeat unit
diluate
(feed)
hydroxide ion
salt cation

base
chamber

M+ OH-

acid
a
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+
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M+X-
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Figure 1: Bipolar membrane in a three-compartment repeat unit under production conditions

for the introduction of definitions and nomenclature. Included are desired and undesired
transport processes during production of a completely dissociated acid and base.
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The three membrane properties of major interest allowing the use of a certain membrane in a process are (i) selectivity, (ii) permeability, and (iii) stability. They influence the energy consumption, product concentrations, product quality, and longterm operation of a bipolar membrane process. These properties determine if such a
technology can be applied economically. These membrane properties must be
evaluated for the bipolar membrane as well as for the additional cation and anion
exchange membranes separating the base and acid compartment from the feed compartment, respectively. For different applications, some process properties are more
important than for others. For example, in the production of an acid and a base from
a neutral salt, the salt contamination of the products often can not be tolerated,
whereas the salt transport over the bipolar membrane plays a smaller role in the production of ultrapure water. The different requirements eventually can lead to tailormade bipolar membranes for different applications, similar to the variety of available cation and anion exchange membranes.
(i) A selective bipolar membrane is characterised by an acceptably low anion flux
from the acid into the base compartment and a low cation flux from the base into the
acid compartment. Furthermore, it should show a limited transport of neutral, nondissociated salt, acid, or base molecules and other uncharged molecules except water. These substances are transported by diffusion due to a concentration gradient.
(ii) The permeability of the bipolar membrane layers should be high for both, water
and the ions resulting from the splitting of water in the contact region. Water must
diffuse into the contact region where it is split into OH- and H+. The water dissociation products must be transported out of the contact region into the respective acid or
base chamber (see Figure 1). A high permeability for ionic species is characterised
by a low electrical resistance of the separate membrane layers. Further, a high water
permeability of the bipolar membrane layers is indicated by a high upper limiting
current density of the bipolar membrane current-voltage curve. At the upper limiting current density, the water flux into the membrane is not sufficiently high, either
limiting the water dissociation or ion transport – a question still under discussion.
Finally, lowering the over-potential or activation energy for the water dissociation
reaction in the contact region can also reduce the electrical potential difference
across the membrane. Such a reduction of the activation energy for the water dissociation is not related to an increased permeability of the membrane but is an effect of
the reaction occurring in the contact region. However both, an increase in ion permeability and a reduction in activation energy result in a decrease of the energy requirements.
(iii) A bipolar membrane has to meet several stability criteria. In general, a bipolar
membrane has to be chemically stable against the bases and acids produced during
operation at its two sides. Moreover, depending on the application, other substances
can affect the stability or long term operation of a bipolar membrane. Such substances are organic solvents present even at trace levels, foulants such as organic
matter, scalants such as multivalent metal ions, cleaning agents, and materials that
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may leach out of membrane materials such as plasticisers in PVC. To improve the
mechanical stability, several aspects have to be addressed. These are the dimensional changes in different media, the sensitivity against layer delamination or ballooning, the ease of handling, the shear forces in the flow-through compartments,
and the stress induced by swelling differences. In addition, the bipolar membrane
should be thermally stable, which means that chemical and mechanical stability criteria are met at elevated temperatures as well. Critical changes at elevated temperatures can be the loss of functional groups or catalysts, thermal expansion of the
membrane and increased swelling, eventually resulting in the breakdown of the film
structure.
The materials used for its components determine most of the bipolar membrane
properties. However, the influences of the membrane layer geometry on the selectivity and the resistance are often under-estimated. For example, if the thickness of
the membrane layers is increased, the co-ion leakage can be reduced considerably,
resulting in an improved selectivity [1]. The materials selection and the applied
preparation procedures as described in this chapter influence both, the material
properties and the membrane geometry. For available bipolar membranes, knowing
which materials are used and which preparation procedures are employed helps to
understand the function and some limitations of bipolar membranes. Finally, it will
also allow us to design satisfying bipolar membrane processes.
The focus of this chapter lies on the preparation of the bipolar membrane. First, the
necessary components of bipolar membranes and the actually used materials are described. Then, the necessary steps to prepare bipolar membranes are presented together with information on procedures used in literature.

2.

Bipolar Membrane Components
The three major components of a bipolar membrane are the anion selective
layer, the cation selective layer, and the contact region between the two layers. The
specific water dissociation function of a bipolar membrane in an electrical field results from the close contact of the ion selective layers. This dissociation reaction is
enhanced by a careful design of the contact region, i.e., by the interface structure and
by the introduction of immobilised catalysts. In general, the contact region is not a
well-defined separate layer; for some membranes it is part of one or both ion selective membrane layers. The anion and cation selective layers have the same function
as stand-alone anion or cation exchange membranes, allowing the selective passage
of anions and cations, respectively. With detailed knowledge of the bipolar membrane components, the membrane behaviour can be understood and the membranes
can be further improved.
In the following sections, we first discuss the materials and the resulting properties
of the ion permeable layers, and, second, the contact region with its catalytic activity
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and specific interface structure. This discussion of the bipolar membrane components is rounded off with a short comparison of bipolar membranes with other multilayered ion permeable membranes and an overview over the components of bipolar
membranes that are, were, or may become commercially available.

2.1

Ion permeable layers

The anion and cation selective layers of a bipolar membrane allow for the selective transport of the water splitting products, i.e. the transport of hydroxide ions and
protons out of the contact region into the base and acid chambers respectively.
Furthermore, the membrane layers have to allow for a sufficient water flux from the
base and/or acid chamber into the contact region to replenish the water consumed by
the water dissociation reaction. However, the membrane layers should block coions (i.e., the acid anion in the cation selective layer and base cation in the anion
selective layer) from reaching the contact region and the opposite side of the membrane. The fluxes of co-ions are responsible for the salt contamination of the products.
With regard to the transport properties, commercially available anion or cation exchange membranes with a high selectivity and a low electrical resistance can be used
for the respective ion selective layer of the bipolar membrane. In fact, many bipolar
membranes are prepared using commercially available ion exchange membranes as
a precursor for one or both bipolar membrane layers [2, 3, 4, 5, 6]. A complete review on materials and preparation procedures of anion and cation exchange membranes is beyond the scope of this chapter but have been reviewed elsewhere [7, 8,
9]. Using them as bipolar membrane layers, such membranes have to meet additional stability criteria, particularly stability towards bases. Further, the bipolar
membrane selectivity is often not sufficient for the production of pure acids and
bases. This is the reason why bipolar membrane development is still focussing on
layer improvements. For adjusting the properties of ion exchange membranes, a
suitable polymer and the type of fixed charge groups have to be selected. For some
materials this can be done separately, however, most polymeric materials are more
easily functionalised with certain types of fixed charge groups. Also the discussion
of the polymer chemistry is beyond the scope of this review and will only be mentioned where appropriate.

2.1.1

Ion exchange membranes as ion permeable layers

Various types of membranes have been used for bipolar membrane layers.
When bipolar membrane research started, only heterogeneous ion exchange membranes were available. Heterogeneous ion exchange membranes consist of small ion
exchange resin particles in a polymer matrix acting as a binder and allowing to form
flat films or membranes. An early example are the bipolar membranes prepared
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from the Permutit membranes Cation 1373 and Anion 1373 [10]. This is one of the
first published bipolar membranes. The bipolar membranes MB-1, MB-2, and MB3 developed in Russia are prepared with layers identical to heterogeneous commercial ion exchange membranes. These are identical to the cation exchange membranes MK-40 with sulfonic acid groups as fixed charge, MK41 with phosphonic
acid groups and the anion exchange membranes MA-40 with secondary, tertiary,
and quaternary amine groups, and MA-41 and MA43, both with different quaternary
amine groups [11, 12].
Also different types of homogeneous membranes have been widely employed as
bipolar membrane layers. The so-called homogeneous membranes show an equal
distribution of ion exchange functionality throughout the entire film. However, ion
exchange and non-functional domains still can be distinguished; their typical dimensions are much smaller than in heterogeneous membranes [7, 9]. Moreover, homogeneous membranes often require the inclusion of a reinforcement textile for the
form-stability. That introduces heterogeneity in the form of non-functional domains
with even larger dimensions. Homogeneous, non-reinforced perfluorinated membrane types are often used ([3, 4, 5, 13]) because they show a relatively smooth surface. Examples of such membranes are the anion and cation exchange membranes
R4030 and R4010, respectively, from Raipore (with the ownership being passed on
to various companies, lately discontinued by Pall-Gelman) or the anion exchange
membrane ADP from Solvay. The reinforced membrane CM-1 (Tokuyama Corp.,
Japan) has been used as the basis of the development of the bipolar membrane BP-1
[2]. The surface of this cation exchange membrane is not smooth due to the support
cloth and further roughened by sand paper. However, the tailor-made anion exchange layer applied as a paste can, in fact, follow the surface roughness and fill
also the lower parts of the surface [2].

2.1.2.

Custom-design ion permeable layers

By using other base materials than complete ion exchange membranes, more
parameters are available to design bipolar membranes. Mainly the chemical stability
and the transport properties of the membrane layers can be improved with the material choice. This choice also influences the mechanical stability of the membrane
layers and the strength and topology of the contact region in between. Typical
measures for optimisation of the membrane materials are:
• selecting different base polymers and functional groups,
• varying the content of ion exchange groups in the functional polymer,
• changing the mixing ratio in co-polymers, polymers in blends, or heterogeneous
membrane layers,
• varying the amount or kind of crosslinking agents.
The chemical stability of the membrane layers is directly related to the choice of
materials: the different polymers, crosslinking agents, and functional groups show
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different resistance against various chemicals. Some membranes contain low molecular weight substances added during membrane formation, such as plasticisers [7]
that can leach out over time. Further, the use of non-crosslinked polymers can cause
destructive swelling of the membrane layers. Summarising, the material stability
determines the use of a bipolar membrane for a certain process, depending on the
environment it encounters. Therefore, membranes must be subjected to intensive
testing before being used in aggressive environments.
Rather early, bipolar membranes were prepared layer by layer, thereby trying to optimise various properties such as electrical potential, reproducibility, stability against
ballooning (see below in the section “Contact region”), or the base stability. The
materials mostly used for the ion selective layers of such bipolar membranes are the
same as used for separate anion or cation exchange membranes. Heterogeneous layers incorporate highly crosslinked ion exchange particles in a film-forming polymer
in both layers [14, 15], or in the cation selective layer only [16, 17]. In earlier membranes, poly-vinyl-chloride (PVC) was used as film-forming polymer [15]. However, more recently base-stable polymers have been used such as poly-vinylidene
fluoride (PVDF) [16], poly-sulfone (PSf) [17], or poly-ether-sulfone (PES). Another heterogeneous type of membrane has layers prepared from a porous, preformed poly-ethylene (PE) membrane that is soaked with the precursors of the ion
exchange polymer, i.e., styrene and divinylbenzene [18], being functionalised in
consecutive steps during membrane preparation.
Various materials have been used for preparing homogeneous bipolar membrane
layers (Table 1). Some are prepared from crosslinked styrene-divenylbenzene copolymers [19] similar to ion exchange resins. After the crosslinking, each polymer
layer becomes insoluble and the next layer can be applied. When using solutions of
non-crosslinked polymers, such as sulfonated poly-ether-sulfone (PES) for the cation selective layer and chloromethylated PES as precursor for the anion exchange
layer, the solvent of the second layer should be a non-solvent for the material of the
first layer [20]. This solvent selection can be a difficult task for some polymer combinations. More often, a homogeneous layer is cast from solution as the second
layer on a pre-formed film that either has been crosslinked [21, 22, 2] or is of heterogeneous nature, i.e., contains ion exchange particles in a non-conducting matrix
polymer [16, 17]. Both, the presence of crosslinks or heterogeneous materials in one
or both layers of a bipolar membrane usually result in bipolar membranes with
higher mechanical stability. Homogeneous membranes without such inherent stabilisation require the use of additional reinforcement, such as woven cloths [7, 2].
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Table 1: Ion exchange polymers of bipolar membrane layers presented in literature
polymer(s)

ion exchange
group

remarks

reference

Anion exchange layer
poly-styrene-codivinylbenzene

tertiary and
quaternary amines

crosslinked resin,
heterogeneous

[14, 23, 24]

poly-sulfone

di-amines

crosslinked
homogeneous

[25]

poly-sulfone

quaternary amines

homogeneous

[20, 2, 17]

poly-vinylidene fluoride
blend with poly-vinyl benzyl
chloride

different diamines

crosslinked

[14]

anion exchange resin

not specified

PVC binder

[15]

poly-ether sulfone

quaternary amines

homogeneous

[20]

poly-divinylbenzene-codimethylamino propyl
methacrylamide
poly-methyl methacylate-coglycidyl methacrylate
Cation exchange layer
poly-styrene-codivinylbenzene

[22]

quaternary amines

[26]

sulfonic acid

heterogeneous (polyvinylchloride binder)

[14, 23, 15,
21, 2]

poly-styrene-codivinylbenzene

phosphoric acid

poly-ethylene binder

[14]

Nafion

sulfonic acid

homogeneous

[5]

grafted perfluorinated
polymer membranes

sulfonic acid

[3, 5]

poly-butadiene-co-styrene

sulfonic acid

[27]

poly-phenylene oxide or
poly-styrene

sulfonic acid

homogeneous

[22]

poly-ether sulfone

sulfonic acid

homogeneous

[20, 22]

poly-sulfone

sulfonic acid

homogeneous

[26, 25]

poly-ether ether ketone

sulfonic acid

homogeneous

[25]

Separate contact layer
poly-vinyl amine

[28]

poly-viylbenzylchrloride-codivinylbenzene resin

sulfonic acid

heterogeneous (polyvinyl benzyl chlorideco-styrene binder)

[14, 21]

poly-sulfone

aminated

also with CE-resin

[21]
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Apart from the base polymers, the nature of the charged groups that carry the ion
exchange functionality determines the transport behaviour of an ion exchange membrane. For two reasons this has not yet been treated in this review in depth. First,
the charged groups in most common membranes are the same: the sulfonic acid
groups provide the fixed negative charge of the cation permeable layers and quarternary amine groups carry the positive charge in the anion permeable layers. These
groups are permanently dissociated over almost the entire pH range and allow for a
high conductivity of the ion selective layers. Second, many other ion exchange
groups are not completely dissociated into a fixed charge and a mobile ion over a
wide pH-range. It has been found that such “weak” ion exchange groups show
catalytic activity for the water dissociation reaction. Examples for weak cation exchange groups are the carboxylic acid or the phosphoric acid groups; weak anion
exchange groups are tertiary and secondary amines. Such materials are used in the
contact region to enhance the water dissociation reaction in the electric field as discussed in the following section.

2.2

Contact region

The so-called contact region of the bipolar membrane is the region where the
desired reaction occurs: water is dissociated into hydroxide ions and protons. As
mentioned before, this water splitting region can be part of either the anion or the
cation selective layer at contact interface of the two layers. However, in many cases
it is an additional layer between the anion and cation selective layers designed for
improved water dissociation behaviour. In the bipolar membrane, the water dissociation rate is accelerated due to the high electric field strength and catalysts present
in the contact region of the two layers as discussed below. By the separation of the
produced hydroxide and proton in the electric field and their selective transport
across the two membrane layers, the re-association to water is avoided. Thus, the
water dissociation reaction in a bipolar membrane can not reach equilibrium.
In addition to an optimised catalytic activity, the contact region should be tailored to
minimise electric resistance and to attain a mechanically stable contact of the bipolar
membrane layers. Both require a firm bonding of the two layers. The electric resistance will rise when a depleted liquid film is developed between the two layers
during operation. In addition, with only a loose contact, the layers can separate easily when no sufficient current is applied [29]. This may result in so-called ballooning of the membrane. This effect is caused by the osmotic pressure in the contact
region when it is not depleted of ions. It occurs especially at low or zero currents
when an acid and a base are present on the respective sides of the bipolar membrane.
Another mechanism for delamination or ballooning can also occur during operation
[4]. Bases easily absorb carbon dioxide from air and form (hydrogen-) carbonate
ions in solution according to the following overall equilibrium reaction.
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CO2 (g) + H2O + OH- ó CO2 (aq) + H2O + OH- ó H2CO3 + OH- ó HCO3- + H2O
(1)
Due to the strong concentration profiles, this equilibrium can be shifted to the left
side in the bipolar membrane close to the contact region. Here, the carbon dioxide
gas is trapped and can form blisters between the membrane layers. Thus, the contact
region also affects the mechanical and long-term stability of a bipolar membrane.

2.2.1

Catalysts

Most researchers now agree that catalysts are required to reduce the electric potential of a bipolar membrane. The water dissociation rate is increased for a fixed
electric potential difference across the contact region including a catalyst because
the activation energy for the overall dissociation reaction is reduced [30]. The activation energy of the direct water dissociation reaction is very high. Catalysts provide alternative reaction paths for the dissociation reaction by forming very reactive,
activated complexes [31, 4]. The water dissociation is a disproportionation or proton-transfer reaction that is catalysed by weak acids and bases. The overall water
dissociation reaction into hydroxide ion and proton or, better, hydronium ion is described by the water equilibrium.
2H2 O


→
←


+

H3 O + OH

−

(2)

With an immobile weak neutral acid AH or the corresponding acid BH+ of a weak
neutral base B as a catalyst, this reaction can be split into two consecutive reactions
[31], here simplified for the proton H+ instead of the hydronium ion H3O+.
A − + H2 O
B + H2O


→
←



→
←


AH + OH −
+

BH + OH

−


→
←



→
←


A− + H + + OH
+

B + H + OH

−

−

(3)
(4)

In an electric field, the charged mobile ions OH- and H+ are removed from the reactive sites in the contact region. Their mobility is significantly improved due to the
proton and hydroxide ion tunnelling similar to aqueous solutions [30].
By solving the model equations including the chemical reaction with a catalyst, the
best catalytic activity has been found for sufficient amounts of a weak acid (and the
corresponding base) with an acid constant pKa between 6 and 8 [31, 32]. Apparently, an acid-base buffer molecule with a pKa around neutral pH is appropriate. For
pH-buffer solutions it is known that in equilibrium, when the pH of an aqueous
electrolyte solution is equal to the pKa value of the acid or base, the ratio of the acid
to the corresponding base equals unity. A buffer solution can accept a relatively
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large addition of hydroxide ions or protons without changing its pH due to the
“abundant supply” of acid and corresponding base, respectively [33]. The opposite
function is used in a bipolar membrane: hydroxide ions and protons are removed
from the equilibrium. When pKa = pKb = 7 = pH are approximately valid, the acid
as well as the corresponding base form of the acid/base pair are present in the same
amounts, each about half of the weak ion exchange groups. Under these circumstances, both, protons and hydroxide ions are quickly replenished if they are removed from the contact region in the electric field. However, it should be noted that
the known theories for the acid-base equilibrium are derived for free, dilute solutions and may require adjustments for polymeric membranes with increased charge
concentrations.
Because the polymer chain influences the activity of the attached functional group,
the dissociation constant or pKa values for the analogous free acid only can give an
indication of the actual dissociation constant of the fixed group. This is similar to
the changes of dissociation constants of tertiary and secondary amine groups that are
derivatives of ammonia NH3 with two or three hydrogen atoms substituted by organic groups. For example, the corresponding acid to ammonia, the ammonium ion
NH4+ has a pKa value of 9.24 at 25˚C [34], however, the corresponding acids of tertiary alkyl amines such as (CH3)3NH+ or (CH3CH2)3NH+ have pKa values ranging
from 9.8 to 10.8 [34] – this range of dissociation constants is about the same for the
bound tertiary amines in ion exchange polymers.
Some weak ion exchange groups show the required dissociation constants or pKa
values. The phenomenon that tertiary amines reduce the water dissociation potential
of bipolar membranes has been reported previously [14, 12, 22]. Other weak ion
exchange groups that can be used as catalyst are included in Table 2. Some characteristic examples of weak ion exchange groups are:
- phosphoric acid as used in the membrane MB-3 with the a pKa = 7 for the RPO3H- / -PO32- group at the polymer R [11] (similar to the pKa of 7.2 for H2PO4[34]),
- carboxylic acids and derivatives with suitable pKa values; acetic acid has a pKa
of 4.75 [34] that is already at the low end for suitable catalysts; polymers of
acrylic acid apparently show a catalytic activity [25];
- pyridine (pKa = 5.2 [34]) as used in [25].
A different group of catalysts are immobilised heavy metal ion complexes (Table 2).
Examples are the zirconium phosphate as proposed in [14], iron(III) as presumably
introduced in the cation permeable layer of the Tokuyama membrane [2], and the
chromium(III) ion as used in the WSI membrane [3, 4, 5]. However, there are numerous other suitable metal ions [2, 3, 6]. The metal ions or complexes are immobilised by either including an insoluble salt in the casting solution of the interface
layer between the ion permeable layers [6], or by converting a soluble form by a
follow up treatment. When the materials are too soluble, the catalytic activity is lost
after a few hours or days of operation [35]. Good catalysts should be stable over

33

II. Bipolar Membrane Preparation

many years and should remain at the location where they are most active. A very
characteristic example is the immobilisation procedure used by Simons [3, 4] where
the membrane layers are boiled in sodium hydroxide solution after immersing them
in chromium chloride. The most suitable multivalent metal ion hydroxides are immobilised due to their low solubility. For example, the chromium(III) and iron(III)
hydroxides show a solubility constant K of 6.7 x 10-31 (at 25˚C) and 3.8 x 10-31 (at
18˚C) [36]. These solubility constants are many orders of magnitude lower than for
other “insoluble” metal salts such as silver chloride (Ksol = 1.8 x 10-10 at 20˚C) or
calcium hydroxide (Ksol = 7.9 10-6 at 25˚C). As indicated by these low solubility
constants, the chromium and iron hydroxides are stable, i.e., insoluble even in acidic
environments as encountered in the cation permeable layer of a bipolar membrane.

Table 2: Materials used as catalysts in bipolar membranes presented in literature
Material

pKa (of similar
acid or base)

Cr3+ (complexed)
2+

Fe (complexed)
+

-NR2 / -NH R2
(tertiary amines)

~ 9-10

remarks

reference

after treatment in OH-

[3, 4, 13]

applied in cation permeable layer

[2]

tertiary amine fixed groups in
anion permeable layer

[34, 24]

Sn or Ru ion
-

[2, 3]
23

R-PO3H / -PO

7

phosphoric acid groups (in cation
permeable layer)

[11]

R-COOH / -COO-

4.8

[34, 25]

pyridine

5.2

[34, 25]

The actual location of the water dissociation and, thus, the preferred location of the
catalyst are still subject of theoretical considerations. Most mono-functional anion
exchange membranes show higher water dissociation than cation exchange membranes when they are operated above the respective limiting current density [31].
Thus, it can be speculated that the water splitting reaction in a bipolar membrane
also occurs preferentially in the anion permeable layer. This water splitting in anion
exchange layers has been attributed to the degradation of quaternary amines to tertiary or secondary amines showing the catalytic activity. On the other hand, some
catalysts such as multivalent metal complexes or phosphoric acid groups are present
in the cation exchange material (see also Table 2). In the membrane MB3, the
phosphoric acid groups are the fixed charges of the cation permeable layer [11]. In
Simons’ membrane, chromium ions are introduced in soluble form as chromium(III)
chloride preferably in the cation permeable layer; consequently, by the treatment in
hydroxide solution [4], the chromium hydroxide preferably will precipitate in this
layer. Also the iron(III) ions in the bipolar membrane from Tokuyama Corp [2] are
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introduced in the cation exchange layer and will precipitate there as iron hydroxide.
Furthermore, if an additional interface layer is present, the anion and cation exchange materials have increased interface areas with the respective other functional
material as discussed below. It may be less important in which layer the catalyst is
located compared to the requirement that it is available with a sufficient number of
active sites at the contact of the two materials.

2.2.2

Interface structure

For the bipolar membranes presented in literature, we can classify the contact
region into three major types (details and examples will be discussed below):
(I) A smooth, sharp interface is formed when the anion and cation permeable layers are in contact without penetrating each other (Figure 2a). For the mathematical description of such a plane, a one-dimensional approach is sufficient
and frequently used [37].
(II) A corrugated interface is characteristic for membranes with a first layer showing a roughened surface and the following layer filling up this surface roughness (Figure 2b).
(III) A heterogeneous or mixed interface layer is present when the resin particles of
one ion exchange type are almost completely surrounded by a matrix (Figure
2c) or resin particles (Figure 2d) of the opposite type. This layer is in direct
contact with the anion permeable layer on one side and the cation permeable
layer on the other.
From the smooth, planar interface to the heterogeneous interface layer, the actual
area of contact between the two opposite ion exchange materials increases. In the
bipolar membranes with the smooth and with the corrugated interface types, the entire surface area can be depleted of co-ions and sufficiently high electrical field
strengths can build up as required for the charge separation in the bipolar membrane.
An ion exchange resin particle in a heterogeneous or mixed contact region can increase the effective interface area for water splitting only when it is not completely
surrounded by neutral polymer or ion exchange material of the opposite charge.
Both, the anion and the cation permeable phases have to provide ion-conducting
paths from the interface to each of the respective ion permeable membrane layer.
For example, in an anion exchange resin particle surrounded entirely by a cation
exchange polymer matrix, hydroxide ions can be formed at the depleted side, i.e.,
the side facing the cathode. These hydroxide ions recombine to form water at the
opposite side of the particle with protons that are formed at the next interface of the
two ion exchange resins in the direction of the anode. The recombination of hydroxide ions with protons does not only increase the energy requirement for a bipolar membrane by reducing its efficiency but also will lead to an increased temperature inside the interface layer thereby affecting the stability of the bipolar
membrane.
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Figure 2: Different interface structures of the contact region. The length scales and structures

presented are only indicative. The actual dimensions can vary by a factor of ten or more for
different membranes.

(I) A smooth interface is usually present when pre-formed membranes are used as
the ion permeable layers. The catalyst is found in both ion permeable layers [3] or
only in one [5, 38]. The membranes used for such bipolar membranes must have a
smooth surface such as the anion exchange membranes R4030 and R1030 (Pall
Inc.), ADP (Solvay S.A.) and the cation exchange membranes R1010, R4010 (Pall
Inc.), and CDS (Solvay S.A.) [3, 5, 38]. Heterogeneous anion or cation exchange
membranes and homogeneous membranes with surface heterogeneity [7] can not
form perfect smooth bipolar membrane interfaces. Due to the partially nonconductive membrane surface the contact area is reduced, resulting in an increased
electrical membrane potential [10, 18]. With an extra hydrophilic interface layer
with single ion exchange functionality between membranes with heterogeneous surfaces [28], the contact can be improved and electric potential difference across the
membrane can be reduced.
A smooth interface is also present when a second layer is cast as a polymer solution
on top of a pre-formed flat film or membrane and then dried, reacted, and / or
crosslinked [22]. The surface of the pre-formed film determines the shape of the
final interface in the bipolar membrane with the same restrictions as above. How36

ever, by casting the second layer from solution instead of using a pre-formed film,
the contact of the two layers can be firmer and macroscopic ripples in the surface,
e.g., introduced by the reinforcement textile in the first layer can be filled. Most of
such macroscopic ripples result in surface areas only slightly larger compared to a
smooth, planar surface. However, the interface properties are improved compared to
loosely laminating two separate membranes because the two ion exchange materials
are in contact over the entire surface and not only at the elevated points.
(II) Corrugated interfaces have been introduced in various membranes. For some
membranes, the main objective was to increase the strength of the contact [2].
However, the increased area of contact also reduces the electrical potential. The
surface of membranes with corrugated interfaces is roughened with sandpaper or
similar tools like steel brushes [14, 2, 22]. Also a partial de-mixing of the polymer
solution during formation of the first membrane layer has the same effect [39]. Both
treatments result in membrane structures with continuous ion permeable layers and
increase the contact area considerably as drawn schematically in Figure 2b.
(III) Many bipolar membranes show a more or less heterogeneous interface layer.
When pouring ion exchange resin particles of same charge on the first layer and then
coating this layer with the second layer of opposite charge [14, 21], the resulting
contact region is similar to the corrugated interface (Figure 2c). The ion exchange
resin particles are in direct contact with the layer of the same charge and extend the
surface area of the original layer. Another type of heterogeneous interface layers is
prepared with a mixture of anion and cation exchange resin in a matrix polymer [40,
15, 6] (Figure 2d). It has been claimed that the smallest particle size of the ion exchange resin particles applied as a monolayer on the first membrane resulted in the
best bipolar membrane [40]. Even though it is said to have a thickness of only few
nanometers, the mixed poly-electrolyte layer in [25] also can be seen as a heterogeneous interface. The mixed poly-electrolytes do not only introduce the catalytic activity, but increase the contact area between the different ion exchange materials.
Although the increased contact area is present in most membranes, most theoretical
models still assume a perfectly smooth bipolar membrane interface. The advantage
of smooth interfaces in the mathematical treatment is their description by onedimensional equations. A step towards improved modelling should include the correction for the effective contact area to allow for realistic simulations of activation
energies or electric potential differences.

2.3

Other multi-layered ion permeable membranes

Bipolar membranes are not the only multi-layered ion permeable membranes.
Such multi-layered structures allow for improving the characteristics of anion or
cation exchange membranes by retaining some properties of the base membrane.
Such membranes are designed to allow the selective passage of ionic species from
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one side to the other. In contrast to this, the multi-layered structure of a bipolar
membrane is necessary to exclude ion transport from one side to the other and to
generate the ionic species inside the membrane.
For membrane electrolysis, cation exchange membranes have been developed with
reduced hydroxide permeability, allowing the production of sodium hydroxide solutions of up to 32% by weight [9]. These membranes are made of perfluorinated base
polymers that can withstand high base concentrations and temperatures present in
the electrolysis cells. The polymer in the bulk of the membrane carries sulfonic acid
groups for good conductivity. On the side facing the high base concentration, the
sulfonic acid groups are converted to carboxylic acid groups by a sequence of reactions, resulting in a multi-layered membrane as shown schematically in Figure 3a.
The carboxylic acid group is dissociated completely only at high base concentrations. The layer with carboxylic acid groups has a lower water content. This is the
main reason for introducing such a layer: the transport of water into the compartment with the concentrated sodium hydroxide is reduced significantly. Even though
these membranes are known to perform less well when they are used in conditions
different from those found in chlor-alkali cells [9], they could be used for increased
base concentrations with bipolar membranes in processes designed accordingly.
The use of these membranes as cation exchange layer with catalytic activity is not
recommended due to the low acid constant (pKa = 3-4 [9]) and the high price of
these membranes.
Other anion or cation exchange membranes are designed in a layered structure to
increase the current that can be applied without reaching the limiting current density
and, thus, avoiding water dissociation at the mono-functional membranes. Even
though the limiting current density mainly depends on the concentration of the solution next to the membrane and the hydrodynamics next to the membrane cell, different membranes can show different limiting current densities. This discrepancy lies
in the different selectivity and in the membrane area actually available for conducting a current. With heterogeneous membranes or heterogeneous interfaces of homogeneous membranes as discussed above, the local current density at the conductive parts of the surface is higher than the current density averaged over the entire
membrane. Thus, also when the apparent or averaged limiting current density of the
membrane is reached, the local current density is significantly higher. In other
words, the apparent limiting current density of the membrane is lower than the local
limiting current density of the actually conductive spots on the membrane surface. It
follows that the operating current density of anion and cation exchange membranes
can be increased significantly if this high local limiting current density could be
reached for the entire membrane area. This has been achieved by applying a thin,
hydrophilic, ion-conductive layer on ion exchange membranes with initially heterogeneous surfaces [41]. The resulting membrane is depicted schematically in Figure
3b. Such an additional functional layer makes the entire surface permeable to ions
and allows operating it at increased current density. The hydrophilic surface chemistry also reduces the fouling of anion exchange membranes [42, 41] because the
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interactions between organic molecules such as proteins and the hydrophobic parts
of the membrane surface are reduced.

high base concentration

low polarisation
heterogeneous
membrane

cation exchange
membrane

(a)

ion exchange
resin

carboxylic
acid
groups

sulfonic acid
groups

feed / acid
chamber

base
chamber

hydrophillic
coating

neutral matrix

concentrate
chamber

diluate
chamber

(b)

anion-anion selective
anion exchange
membrane

concentrate
chamber

negatively
charged coating

diluate
chamber

(c)
Figure 3: Composition of other multi-layered ion exchange membranes.

The effect of increasing the active surface area of mono-functional membranes by a
hydrophilic layer is similar to the developments for the interface of the layers inside
a bipolar membrane. Laminating commercial heterogeneous membranes with a hydrophilic intermediate layer [28] has the same effect: the effective area for ionic
conduction is increased. Only at the conductive area the water splitting can occur.
Further, focussing on the application of bipolar membrane technology, such improved mono-functional membranes could be used for separating the product chambers from the feed compartment. They allow the operation of the electrodialysis
module at higher current density because of the reduced concentration polarisation.
In bipolar membrane applications, a high current density in the module is desired to
allow for smaller membrane modules (decreased investments in installed membrane
area) and increased product purity. Additionally, the reduced fouling behaviour of
such membranes can be an advantage for applications in the field of food processing
and bioengineering.
Thin, additional layers of low charge density with opposite ion exchange functionality on anion or cation exchange membranes have been applied to introduce selectiv39
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ity between ions of the same charge as drawn schematically in Figure 3c [43]. In
general, ion exchange membranes intrinsically already show a limited selectivity
between ions of the same charge due to differences in the ion exchange equilibrium
at the membrane surface and the transport properties in the membrane materials [9].
However, an increased anion-anion or cation-cation selectivity is required for applications such as the selective removal of nitrate ions from brackish water and for the
selective transport of sodium versus calcium ions. With thin, dense surface layers
carrying ion exchange groups of opposite charge as the base membrane, such selectivities have been achieved for various membranes. Examples are anion exchange
membranes designed for the preferential transport of nitrate over sulfate ions, or cation exchange membranes with selectivity for sodium and potassium over calcium
[43]. The extra layer at the membrane surface influences the ion exchange equilibrium: ions with a high charge density that would preferably penetrate the untreated
base membrane are now rejected by electrostatic repulsion at the oppositely charged
layer. When such a layer contains crosslinks, an extra design parameter is available.
In denser materials, ion-ion selectivity can be improved by reducing the passage of
larger ions [43]. Membranes with an oppositely charged layer show a higher resistance but remain permeable to ions of the same charge as the additional layer due to
the low co-ion exclusion and due to kinetic effects.
However, this co-ion exclusion in such a layer with opposite charge results in increased concentration polarisation at the inner membrane with an applied current
compared to an untreated membrane. At moderate current densities – below the
limiting current density of the untreated membrane – the additional layer at the inner
interface can already be completely depleted of co-ions due to the added diffusion
barrier with low co-ion content. Thus, the limiting current density of such a membrane is reduced compared to the base membrane. Under these conditions, a large
fraction of the current is still carried by the co-ions in the thin extra layer, but the
electrical field at the inner membrane interface can be strong enough to allow for
charge separation of water dissociation products. These membranes can act like
bipolar membranes at high current densities but have a salt ion transport that will not
allow their use for this purpose. Further, in the bipolar membrane module, they will
not be suitable as separators between feed and product chambers for most bipolar
membrane processes due to parasitic effects. Due to the high current densities desired for bipolar membrane processes, water splitting will occur also at these supposedly mono-functional membranes. The re-association of water dissociation
products in the product chambers reduces the current efficiency and, further, increased fouling and scaling in the diluate chamber can be expected due to additional
pH shifts next to these membranes.
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Table 3: Materials and geometry of selected (once) commercial bipolar membranes

Aqualytics
anion permeable layer

cation permeable layer
contact region

FuMA-Tech
anion permeable layer
cation permeable layer
contact region
Tokuyama
anion permeable layer
cation permeable layer
contact region
WSI
anion permeable layer
cation permeable layer
contact region
Asahi Glass
anion permeable layer

cation permeable layer
contact region
Tosoh
anion permeable layer

cation permeable layer
contact region
Russian membranes
anion permeable layer

cation permeable layer

contact region

2.4

composition

reference

AQ-BA-06 (PS) or AQ-BA-04 (PSf)
poly-styrene/vinylbenzoyl-chloride co-polymer,
diamines for charge and crosslinks
Sulfonated polystyrene and Kraton G
cation microbeads in polystyrene/vinylbenzoyl
chloride co-polymer (PS) or in polysulfone (PSf) with
tertiary and quaternary amines

[19, 21]

[19, 25]
polysulfone with bicyclic amines
sulfonated, crosslinked poly-ether ether ketone
poly acrylic acid/poly vinylpyridine salt complex
BP-1
aminated polysulfone
CM-1 Membrane
roughened with sand paper, Fe(III) ions

[19, 2]

[4]
Pall / Raipore R1030
Pall / Raipore R1010
chromium(III), immobilised as hydroxide
Selemion BP-1
styrene/divinylbenzene co-polymer with quaternary
amines including poly propylene support
perfluorinated polymer with sulfonic acid groups
inorganic ion exchange layer such as zirconium
oxide or aluminosilicate
B-17
perfluorinated polymer with quaternary and
secondary amines
perfluorinated polymer with sulfonic acid groups
not reported
MB-1; MB-3
ion exchange resin with secondary to quaternary
amine groups (MB-1) or with quaternary amines
(MB-3) in poly-ethylene binder
ion exchange resin with sulfonic acid groups (MB-1)
or with phosphoric acid groups (MB-3) in polyethylene binder (similar to cation exchange
membrane MK-41)
not reported

[6]

[27]

[44, 24]

Components of commercial bipolar membranes

Various bipolar membranes are or have been available from different companies. The information given in Table 3 on the components of such commercial
membranes are not necessarily exact. Most of them are based on the cited patents
issued to the respective companies. However, the information on the actually used
components and preparation procedures of these bipolar membranes is not directly
41

II. Bipolar Membrane Preparation

accessible. Not only are important details like layer thickness, the used polymer
composition, and processing times often missing, but after the initial literature report
or patent, most bipolar membranes will have undergone further optimisation. Thus,
the data presented here can primarily serve as background information – the respective companies have to be contacted directly if material compatibility or instability is
an issue when applying the membrane.

3.

Bipolar Membrane Preparation Procedures
The preparation of good bipolar membranes does not only involve the selection
of optimal components. Suitable techniques allowing the formation of the membrane layers and to obtain the desired interface structure are also required. Furthermore, the ion exchange and catalytic functionality must be introduced with the chosen materials. With many different membrane preparation procedures available,
different materials can be used and various geometries can be achieved. Using different procedures to prepare bipolar membranes from basically the same materials
can be used to obtain different properties of the layers and interfaces, e.g., thickness,
structure, mechanical strength. Thereby, the transport properties and stability of the
obtained bipolar membrane are determined by the materials, the internal structure,
and the final macroscopic geometry of the bipolar membrane components and not by
the procedures used to prepare it.
In the following sections, we first present the steps necessary to prepare a bipolar
membrane with its two different ion exchange layers and a suitable contact region.
Then, the combination or integration of steps in operational processes is discussed;
sometimes only such combinations allow the use of certain materials or the preparation of certain structures. Finally, a few different methods are outlined how the bipolar membranes actually can be formed.

3.1

Processing steps

The bipolar membranes presented in literature are made from polymeric materials. Inorganic ion exchange materials can show similar transport properties as
polymeric ion exchange resins but, in general, they still lack the mechanical and,
partially, the chemical stability required for their use in bipolar membranes. Up to
now they are only used selectively for their weak inorganic ion exchange properties
as catalysts in the contact region [6].
Three major tasks have to be accomplished by a number of steps that are necessary
to prepare a well-composed bipolar membrane (see also Table 4). Polymers with the
different ion exchange functionality have to be prepared, the membrane layers
formed, and the contact of the films has to be established. As it will be shown later,
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a few membranes actually are prepared in that order. In the following, first the different steps necessary in the bipolar membrane preparation process are presented.
Subsequently the order of steps and the restrictions of changing it are discussed.

Table 4: Necessary steps during bipolar membrane preparation.
task

anion and cation permeable layer

contact region

material preparation

polymerisation
charge introduction
blending or mixing
crosslinking

polymerisation
charge introduction

layer formation

film formation
introducing support

catalyst immobilisation
film formation

layer attachment

surface treatment
contacting layers
drying or curing

surface treatment
contacting layers
drying or curing

catalyst introduction
blending or mixing

Note: Some steps can be combined or avoided, depending on the chosen materials as discussed in the text

In general, the desired functional polymer is not available having the desired or optimal properties. Few procedures presented for bipolar membrane preparation include also the polymerisation step such as the styrene-divinylbenzene based polymerisations inside a porous poly-ethylene film [18, 23] or to prepare anion exchange
membrane layers with improved properties [22, 2]. In the other cases, either available polymers are used and further functionalised [21, 20, 25] or fully functional,
crosslinked ion exchange resin particles of a suitable size are mixed with a nonfunctional polymer to prepare heterogeneous ion exchange films. Polymer blending
of neutral and functional polymers also is a well-suited technique to obtain modified
material properties in a wider range than possible with single polymers [2, 7, 9].
Crosslinking of the polymer chains plays a major role to improve the stability of the
material and its selectivity [22, 25]. However, ion exchange materials are fixed in
their shape as soon as they are crosslinked. This is the reason why crosslinked ion
exchange resins are often bound in neutral matrix polymers to form membrane layers. Otherwise the crosslinks are introduced during or after shaping the film [22,
25].
If polymers are selected and available, the subsequent task is to shape them into
films to obtain the characteristic membrane layers. When a reinforcement of a
membrane layer is desired, it has to be introduced during the film-forming step.
Naturally, ion exchange membranes have often been used as available layers for
bipolar membranes. Accordingly, all methods used for preparation of ion exchange
membranes can also be applied in forming the bipolar membrane layers. The meth-
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ods include casting a solution of low viscosity in a frame, stabilised by polymerisation [22], casting polymer slurries [14] or polymer solutions [25] and evaporating
the solvent, or the (co-)extrusion of polymer films [26]. The two or, if required,
more membrane layers can also be formed by differing methods, depending on the
materials and precursors selected for the respective layers.
The actual bipolar membrane formation, i.e., forming the laminate structure with
water splitting activity involves unique steps compared to other ion exchange membranes: The interface structure must be shaped, the catalyst introduced, and the close
contact has to be established. This is actually the sequence how some successful
bipolar membranes have been prepared [14, 21, 2]: first the initial ion exchange
membrane is roughened, next the catalyst (weak ion exchange groups, i.e., tertiary
amines [14], iron(III) ions in [2]) is introduced, and last the ion exchange layer with
opposite charge is applied as a slurry or a viscous solution of the polymer blend or
mixture. For most other bipolar membranes presented, one or the other step is left
out or some steps are combined – the latter being subject of the following section.
After first experiments with membranes in loose contact [10], improved bipolar
membranes with separate layers were repeatedly reported until recently [3, 4, 5, 38].
The first firmly attached membranes were heterogeneous membranes fused by heat
and pressure [10]. Also the heterogeneous Russian membranes MB-1, MB-2, and
MB-3 were reported rather early and have been available for a long time. However,
it is not known how their layered structure is formed. Later bipolar membranes have
been built up layer by layer through casting polymer solutions or slurries on an existing ion exchange membrane layer [14]. Also membranes with up to four layers
have been reported; then two of them are part of the contact region [15].

3.2

Integration of processing steps

Some of the tasks described above and in Table 4 can be combined to reduce the
number of steps during membrane preparation. For some materials, it is even necessary to integrate the steps or to reverse their sequence in order to allow their processing in the first place. Here a number of combinations are presented and the impact on the resulting bipolar membrane is discussed.
The steps of polymerisation, functionalisation, and crosslinking are combined for the
preparation of most ion exchange resins and many anion or cation exchange membranes. For such procedures, the non-functional monomer, the functional monomer,
the crosslinking agent, and the polymerisation initiator have to be chosen and provided in sufficiently high concentration under specified conditions. Such systems
are used to prepare bipolar membrane layers [22, 2]. In order to obtain the desired
layer properties, much experience with these polymerisation reactions is necessary –
usually collected by preparing separate anion and cation exchange membranes with
specific properties. A somewhat easier pathway to form crosslinked membrane lay-
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ers with similar materials only combines the polymerisation and crosslinking; the
obtained polymers then can be functionalised subsequently for the different layers
[18, 23, 45].
Also the steps of crosslinking and functionalisation of readily available or slightly
modified polymers have been combined. The crosslinking agents for the anion exchange layer presented in [25] introduce two functional charge groups when they
react with the modified polymer. The optimisation of this combination requires a
large extent experience as well because the degree of functionalisation and
crosslinking can not be changed independently. With different degrees of
crosslinking, also the amount or the activity of functional groups is changed.
The layer formation and interface structure modification often are combined. This is
mostly unintentional by using readily available membranes [3] or membrane layers
as they are present after film formation without surface modification [20]. The introduction of surface roughness is purposefully introduced by letting the membrane
casting solution partly de-mix in a humidity-controlled atmosphere [25].
For many bipolar membranes, the catalyst and the interface structure are introduced
in one step. This is established by embedding polymeric ion exchange resin particles with weak functional groups [14, 40, 15, 21], by the use of inorganic ion exchangers [6], or by using an extra layer of non-crosslinked poly-electrolytes [25].
The steps of interface formation and layer functionalisation is combined for the
membranes prepared from single polymeric sheets [18, 23, 45]. The reactants introducing anion or cation exchange functionality diffuse into a pre-functionalised sheet
from one side; if the functionalisation reaction is very fast, this step is diffusion
controlled and determines the thickness ratio of the ion permeable layers. Finally,
the remaining reactive sites in the entire film are converted to the opposite functionality. The contact of the two ion permeable layers is mechanically very strong – the
interface actually is located inside the bulk of the polymeric membrane layer. However, the structure of the interface can not be controlled directly during functionalisation, it only can be localised and characterised in the finished membrane by microscopy of the cross-section of such a membrane.
The list of processing-task combinations presented above is by no means complete.
It only should indicate the possibilities and limitations of combining certain steps
during membrane formation. Such combinations in general result in more complex
preparation procedures, being more difficult to control and optimise. However, if
combining tasks allows the use of advanced materials or the formation of optimised
structures, the resulting membranes can show improved properties compared to sequential processing.
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3.3

Applied preparation techniques

The necessary steps to prepare a bipolar membrane can be followed in various
sequences and combinations require different techniques. The overview in Table 5
includes the major processing schemes and sketches the used techniques without
including all details. Some techniques have certain advantages over others. Besides
the straightforward methods for building bipolar membranes layer by layer with appropriate interface treatment, also other methods result in promising membrane
structures.

Table 5: Membrane preparation procedures.
membrane type

by

attachment scheme

references

Multi layer, multiple sheet

loosely
laminating

[3, 4, 5, 38]

Multi layer, single sheet;attach
membranes permanently

(hot)
pressing

[10, 40, 6]

gluing

[28]

Multi layer; form layers
sequentially

casting

[14, 21, 25,
39, 22]

Multi layer; one step formation

co-extruding

Single layer bipolar membrane

modifying

∆p

[26]

[15, 45]

The order of preparing the anion and cation permeable layers may seem irrelevant.
However, especially for the “casting” procedure, the used functional polymers or
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polymer blends may require one or the other sequence. One of the restrictions is the
use of precursors for the anion exchange layer, i.e., polymers carrying reactive
groups that are functionalised and/or crosslinked after the membrane film is formed.
The procedures “loosely laminating”, “pressing”, and “gluing” in Table 5 all start
with pre-formed membranes or films. The sequence of the steps during preparation
can be identical: First the films are formed from functionalised polymers; then, these
are laminated by various methods to the final bipolar membrane. Similar to the
“casting” method, the different procedures allow for the preparation of defined
structures of the contact region with only few restrictions. However, the stability of
the membrane layer contact and the resistance of the junction during electrodialysis
can be significantly different for membranes prepared by different methods.
Some other techniques do not result in well-defined contact region structures. One
example are the bipolar membranes formed from a polymer single film as discussed
above, introducing the different ion exchange functionality of the two sides by controlled diffusion and reaction, are one example. It is reported that the transition of
the two layers is sharp due to an observed diffusion front and at least one layer will
be continuous due to the preparation mechanism; this was supported by investigating tinted crossections under a light microscope [45]. However, for the second layer
functionality, the remaining reactive sites in the entire membrane will be converted
to the opposite fixed charge type. This can result in inclusions of charged domains
similar to heterogeneous interfaces and to corrugated interfaces down to the molecular level.
Also bipolar membranes formed by co-extrusion of the anion and cation exchange
layers simultaneously [26] do not show well-defined interface structures. Depending on the rheology during membrane preparation, e.g., the velocity differences and
resulting shear forces, the bipolar membrane contact region can be of any type, from
a smooth, plane interface up to a heterogeneous interface layer.

4.

Summary and Outlook
A bipolar membrane is not only the sum of its single components. Bipolar
membranes can be seen as small chemical reactors with integrated separation by the
membrane layers:
• In the contact region the catalytically enhanced dissociation reaction of water
occurs,
• the reaction products are separated in the electric field,
• the membrane layers reduce unwanted side effects such as transport of salt ions
into the bipolar membrane interface.
The interactions and dependencies of the polymeric materials and their structures on
the transport properties are complex. Very few of these dependencies are directly
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accessible for systematic studies. Some improvements of bipolar membranes such
as chemical stability or interface structure modifications can be based upon the experience preparing mono-functional anion and cation permeable membranes. Other
relations and improvements can be investigated better and triggered by applying
suitable theoretical modelling. That includes the influence of catalytic activity on
the electric membrane potential, or the membrane layer geometry on the membrane
selectivity.
The preparation of a well functioning bipolar membrane requires the optimisation of
its different components. The choice of a suitable preparation route for the desired
materials should be an integral part of this optimisation. Some bipolar membranes
presented in literature apparently have not yet undergone such an optimisation step.
For some material combinations, an optimisation is possible only with strong restrictions on the independent parameter variation. That is also true for the bipolar
membranes presented in patents over the last two decades.
The number of commercially available bipolar membranes is still very limited.
Moreover, they can not yet be used for all the desired processes due to shortcomings
even in the basic membrane properties permeability, selectivity, and stability. By
the introduction of the various catalysts, the water dissociation potential itself is already very close to the theoretical value. The actual potential difference at the applied current density is actually slightly higher due to the ohmic resistance of the
membrane layers, but in general the permeability is the best optimised parameter.
With respect to the membrane selectivity, the salt ion transport across most bipolar
membranes is too high. It does not yet allow producing acids and bases of a competitive quality to membrane electrolysis because of the salt impurities in the products especially at high acid and base concentrations. Furthermore, it is desired to
operate bipolar membrane modules at high temperatures to increase the conductivity
of the solutions and membranes. However, commercially available bipolar membranes are limited to operating at temperatures below 40 to 50 ˚C. Additionally
there are still constraints on the use of bipolar membranes in aggressive liquids and
non-aqueous systems due to limited chemical stability of the polymers or functional
groups.
The available bipolar membranes can be used in applications that run beneficially at
the rather low operating temperature, the salt ion transport from one into the other
product compartment, or, on the other hand, low product concentrations. For other
processes it would be advantageous if bipolar membranes could be prepared with
improved properties. That means, the bipolar membrane development should become application oriented. The chemical stability or the fouling tendency can be
changed due to a special materials selection. Such bipolar membranes made on demand require a close and open cooperation of membrane manufacturers and membrane users, possibly facilitated by the knowledge accumulated with equipment
manufacturers.
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III
Cation Permeable Membranes from Blends of
Sulphonated Poly(ether ether ketone), S-PEEK
and Poly(ether sulphone), PES

III. Cation Permeable Membranes from Blends of S-PEEK and PES

1.

Introduction
Cation permeable films with high permeability and high selectivity are important for various electrochemical applications. For example, they serve in electrodialysis modules as separators between concentrate and diluate compartments, in fuel
cells as proton conductors, and as cation permeable bipolar membrane layers they
must be selectively permeable for protons and water while retaining other ions. The
basic requirements are the same in the different applications: the selectivity, the
permeability, and the stability must be sufficient. However, in different processes,
some of these requirements are more important for the function than others. This is
one reason why also recently the development of new or modified cation exchange
materials for cation permeable films continues. The incentive of this study was to
evaluate one system of materials for cation permeable films for modifying the properties of the cation permeable layer of a bipolar membrane. Such a material is preferably homogeneous to allow to test the validity of the mathematically simple models such as one-dimensional approximations of ion transport such as the NernstPlanck equations.
Sulphonated aromatic polymers can provide the functionality of the ion exchange
material. The material most widely used as ion exchange resin in particle form is
sulphonated polystyrene, however, it is too brittle to make suitable polymer films for
ion exchange membranes, even when it is crosslinked with divinylbenzene during
polymerisation. With such material, mainly heterogeneous membranes can be
formed, embedding ion exchange resin particles in a matrix of a film-forming stable
polymer such as polyethylene (see also [1]). Sulphonated engineering polymers
such as sulphonated poly(sulphone), S-PSf, sulphonated poly(phenyleneoxide), SPPO, or sulphonated poly(etheretherketone), S-PEEK, have been used to prepare
homogenous membranes [2]. To improve and modify the film properties, they are
blended with non-functional polymers or cross-linked by different means [3, 4].
Blends of S-PEEK and PES have also been proposed as material for polymer electrolyte fuel cells [5], however, the characteristics of the films as ion permeable
membranes are not available from this reference.
The mentioned membrane properties are actually cumulative properties. That
means, for example, the ion permeability of an ion exchange membrane is influenced by the materials (polymers, functional groups), by the morphology (miscibility of blends, domain sizes and shapes), and by the actual process environment (solvent, electrolyte type and concentration, temperature). Only few of these
dependencies are accessible with quantitative descriptions.
The cation exchange materials investigated in this paper are blends of randomly sulphonated poly(ether ether ketone), S-PEEK and non-functional poly(ether sulphone), PES, with the structure formulas as shown in Figure 1. The main objective
is to evaluate the use of S-PEEK/PES blends for preparing ion permeable and ion
selective films for possible use as cation permeable layer of a bipolar membrane.
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During these studies, it was found that the properties of the prepared films changed
in time; thus, also the influence of the membrane history on its transport properties
is investigated.
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Figure 1: Repeat units of sulphonated poly(ether ether ketone), S-PEEK and poly(ether sulphone), PES.

2.

Methods

2.1

Polymer modification

The precursor polymer used is PEEK 450PF from Victrex. It is randomly sulphonated with sulphuric acid according to the following procedure [6, 7]: The
polymer is dried for more than 24 h in a vacuum oven at room temperature; concentrated sulphuric acid (95-98 wt-% extra pure, as received) is heated to 55˚C. 60 g
polymer is dissolved carefully by adding small portions to one litre of the stirred
acid. The reaction mixture is stirred for up to 7 hours at controlled temperature to
achieve the desired conversion. Then the reaction is stopped by immersing the reaction vessel in an ice bath. The polymer is precipitated in demineralised water of max
5 ˚C and washed until the pH is nearly 7. Then the polymer is dried subsequently on
the lab table and in an oven at 100˚C. To allow easier handling, the sulphonated
poly(ether ether ketone), S-PEEK is characterised only after a membrane is prepared.
The degree of sulphonation has a strong influence on its processability and stability.
If the sulphonation degree is too high (above about 0.9), S-PEEK is water soluble; in
contrast, if the sulphonation degree is too low (below about 0.4) it is not soluble in
standard solvents used for membrane formation like the precursor polymer PEEK
itself.
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2.2

Film formation

To form a film or a membrane of the desired S-PEEK/PES blend, N-methyl-2pyrrolidinon (NMP) is used as a solvent. The films are prepared by the evaporation
technique according to the following procedure: The solvent is added to the base
polymers in the desired weight ratio, ranging from 10 to 100 wt-% S-PEEK in a
blend with polyethersulphone, PES; the final concentration of polymer is 20 wt-% in
the casting solution. This viscous solution is cast on a glass plate with casting knife
of a fixed opening of 0.50 mm. The film is dried in a convection oven, the air is
streaming tangential from the side; the temperature of the oven is programmed to
remain at 40˚C for 4 hours, subsequently increased to 60˚C and maintained at this
temperature for 2 h, and next the temperature is increased to 90˚C and kept constant
for another 4 h. After this treatment, the films can be handled but still contain NMP.
Therefore, the film is placed in a vacuum oven for more than 2 weeks, at 100 ˚C.
After this time it is removed from the glass plate by immersion in sodium chloride
solution (0.5 mol/l). During further storage in this solution, the material is transferred into the sodium form, i.e. the proton of the fixed sulphonic acid group is exchanged with a sodium ion.

2.3

Membrane characterisation

The measured properties of the films are the ion exchange capacity, the water
uptake, the wet thickness, the electrical resistance, and the apparent selectivity.
These properties are used to calculate the degree of sulphonation, the fixed charge
density, the ion conductivity, and the apparent co-ion transport number.
The ion exchange capacity is measured by titration after ion exchange of the counter
ions: The functional groups are brought into the proton-form by immersing the film
in 0.5 mol/l hydrochloric acid, HCl (solution 3 times replaced for complete ion exchange, in total longer than 16 hours); the excess acid is extracted by immersion in
demineralised water until the rinse water is free of Cl- (tested with AgNO3 for AgCl
precipitate). Then the film is brought back into the sodium-form by immersion in
2mol/l NaCl; the solution is replaced 2 times and collected quantitatively. The collected solution is titrated with fresh 0.1 mol/l sodium hydroxide solution on its proton content. The mole number of protons in the solution amounts to the charge of the
membrane sample. After determining its dry weight (immerse the sample in demiwater to extract co-ions and dry in vacuum) the ion exchange capacity IEC is calculated as the ratio of total charge by its dry weight. The degree of sulphonation is
calculated according to:
x=
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Mw, p IEC
1 − Mw, f IEC

(1)

Here, Mw,P is the molecular weight of the non-functional polymer repeat unit, and
Mw,f is the molecular weight of the functional group with the counter ion (-SO3Na).
To determine the water uptake also the wet weight mwet of the sample is measured.
The water uptake then is the ratio of the difference of wet and dry weight to the dry
weight mdry:
w=

mwet − mdry
m dry

(2)

With the ion exchange capacity and the water uptake, the fixed charge density can
be calculated by
c FIX =

(1 ρ

IEC
dry

+ wH 2 O ρ H 2 O

(3)

)

Here, the density of the dry sulphonated polymer is approximated with the density of
the base polymer ρdry = 1350 kg/l.
The resistance is measured in sodium chloride solutions with concentrations of 0.5
or 2 mol/l. The film is equilibrated in a solution of the respective concentration for
more than 12 hours. Then it is mounted in the four electrode measurement cell with
six compartments as described in [8]. The measurement solution is added in the
compartments next to the investigated membrane with the reference electrodes and
in the block compartments that reduce the influence of the electrode reactions at the
working electrodes; the solutions are recirculated, the temperature of the solutions in
the compartments next to the investigated membrane is controlled at 25 (+/- 0.2) ˚C.
A current-voltage curve is measured with more than 10 points at a current density of
up to 10 mA/cm2. The area resistance between the reference electrodes is determined from the current-voltage curves and is measured with and without the membrane. The difference of the two resistances is the membrane area resistance under
direct current conditions. The specific conductivity is the inverse of the area resistance multiplied by the measured membrane thickness in the wet state (measured
with a micrometer screw).
The apparent selectivity is measured with the static method between solutions of
potassium chloride of different concentration. The film is equilibrated in a solution
with the high concentration for more than 12 hours. Then it is mounted in the diffusion cell with two calomel reference electrodes on each side of the membrane. The
solution temperature is controlled at 25˚C. The two compartments are rinsed once
with solutions of the same concentration as used in the actual measurement to reduce influences on the solution concentrations and to test the membrane integrity.
The difference in the electric potential Em between the reference electrodes is measured and the apparent selectivity S is calculated as:
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Em
Eth

S=

(4)

Here, the theoretical electrical potential Eth for the ideal case with no co-ion transport is calculated from the activities of the solution:
Eth = E2 − E1 =

RT
zcounter F

ln

a1
a2

(5)

Here, zcounter is the electrochemical valence of the counter ion in the membrane. The
theoretical electrical potential Eth calculated with data from [9] for 0.5 and 0.1 mol/l
potassium chloride solutions is 36.9 mV and 16.4 mV for 2.0 and 1.0 mol/l solutions, respectively.
The apparent selectivity is a measure for the preferable transport of counter-ions in
the membrane, thus, it is related to the ion fluxes in the membrane. The apparent
selectivity is defined as [10]:
S=

tcounter, mem − t counter,sol
1 − tcounter,sol

(6)

Here, tcounter,sol is the transport number of that ion in the solution that is the counter
ion in the membrane. For potassium chloride with a solution transport number of
approximately 0.5 for both, its anion and its cation [9], the apparent transport number tco of the co-ion in the membrane under these circumstances is calculated with
the apparent selectivity as
tco = 1 − t counter,mem = 0.5 − 0.5S

(7)

The co-ion transport number allows to estimate the flux of the co-ions Jco with respect to the total ion transport according to its defining equation [11] for a binary
electrolyte.
tco =

zcoJ co
zco Jco + zcounter J counter

(8)

The co-ion flux in standard electrodialysis occurs from the concentrate into the diluate compartment, directly reducing the process efficiency. However, the above determined apparent or migrational transport numbers, give also information on the
concentrations and diffusion coefficients in the membrane phase [11, 12]:
tco =
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ccoDco
cco Dco + ccounterDcounter

(9)

Because the transport numbers in the solution are approximately tco,solution = 0.5 for
potassium chloride, also the diffusion coefficients are approximately the same for
both ions in solution. As a rough estimate, it can be assumed that the diffusion coefficients of the co- and counter-ions in the membrane phase are also equal. Thus, the
ratio of the co-ions to counter ions in the membrane can be determined from the apparent co-ion transport number:
cco
ccounter

=

t co
1 − t co

(10)

3.

Results and Discussion

3.1

Blend ratio

The measured ion exchange capacity (IEC) of the S-PEEK used for the series
with modified S-PEEK/PES blend-ratio is 2.14 molcharge/kg. This corresponds to a
degree of sulphonation x of 0.70 mol/mol. The maximum degree of sulphonation
with concentrated sulfuric acid is 1.0 mol/mol because the first substituted functional group influences on the ring-system such that only one fixed charge can be
introduced in each monomer repeat unit [7].
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Figure 2: Measured ion exchange capacity compared to the calculated ion exchange capacity; the used S-PEEK has IEC of 2.14 mol/g.
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The measured ion exchange capacity of the films prepared from polymer blends of
PES with increasing S-PEEK content is presented in Figure 2. Only for S-PEEK
content of 50% and above, the measured ion exchange capacity is approximately the
capacity anticipated on the basis of the blend ratio. At low blend ratios, the measured IEC is considerably lower than the theoretical IEC for these blends. Apparently, not all of the fixed charges in the film are participating in the ion exchange
during the measurement, thus, the measured IEC gives an indication of the number
of accessible functional groups.
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Figure 3: Water uptake of S-PEEK/PES blends measured in pure water. Crosses: membrane
in sodium form; diamonds: membrane in proton form. Theoretical lines are based on a linear
mixing rule with the water uptake of PES (wS-PEEK = 0) and S-PEEK (wS-PEEK = 100%)

In general, the water uptake is higher with the proton as counter ion compared to the
sodium as counter ion (Figure 3). This is also observed for ion exchange resins [13].
The reduction of the water uptake with increased content of neutral PES is not linear. The water content of pure PES was measured to be 1%, whereas all the blends
of S-PEEK and PES have a water content lower than the theoretical value from the
mixing rule. This can be explained by the physical crosslinking with the PES: The
two polymers interact with each other. If the polymers are not forming a blend on
the molecular level, both, S-PEEK and PES can form a continuous phase. Due to
this, the swelling of the S-PEEK phase is restricted due to the rigidity of the less
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swollen PES network. Because all these films are transparent, the domain size of
the polymers in the blends is below the wavelength of visible light, thus, below
about 400 nm.
Figure 4 shows the fixed charge density and the number of water molecules per
fixed charge in the cation exchange films. These properties were calculated with the
measured ion exchange capacity and the water uptake with the membrane in the sodium form. The fixed charge density does not increase linearly because the water
uptake changes as well. Remarkable is the high value of the number of water molecules associated theoretically with a fixed charge group at low S-PEEK contents.
The reason is that the water distributed in the PES matrix polymer (approximately 1
%) is assigned to the very low number of ion exchange functionalities present. In
this limit, the majority of water molecules is not involved in hydrating the ion exchange functionality. From about 40% to 70% S-PEEK content, the number of water molecules per fixed charge is constant, then increasing slightly. This is a result
of the non-linear swelling behaviour: with increasing S-PEEK content, the water
uptake increases more than the ion exchange capacity. The constant number of water molecules per fixed charge in the range of 40 to 70% S-PEEK content implies a
linear relationship for the water uptake. This linear region is observed in Figure 3 at
approximately the same blend ratios.
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Figure 4: Fixed charge density and the ratio of water per fixed charge density, depending on

the S-PEEK content. At 10 wt-% S-PEEK, cH2O/cFIX = 249 (not shown on this scale).
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The specific electrical resistance of the blends changes over several orders of magnitude with increasing S-PEEK content. Its inverse, the specific conductivity presented in Figure 5 allows to discuss the influence of the underlying material properties. In the solution with the higher sodium chloride concentration of 2.0 mol/l, the
films have a higher conductivity than in the low concentration. This is a result of
the increased co-ion content of the ion exchange material with increased solution
concentration and, thus, the availability of more ions in total to carry the electric
current.
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Figure 5: Ion conductivity measured in NaCl (0.5 and 2.0 mol/l) as a fraction of the S-PEEK

content in the S-PEEK/PES blend.

Below 50% S-PEEK, the conductivity increases much stronger compared to the increase of conductivity at higher S-PEEK contents (Figure 5). This effect has the
same origin as the non-linear behaviour of the measured ion exchange capacity observed in Figure 2. Below 50 % S-PEEK, not all ion exchange functionalities are
accessible but exist as isolated domains in a non-functional PES matrix. Such a distribution of ion exchange groups hampers the conduction of mobile ions. Above 50
%, ion conductive channels formed by neighbouring ion exchange functionalities
might occur. Above 60%, the increase in conductivity becomes approximately exponential (linear in the log-scale of Figure 5). In this range, the conductivity mainly
increases due to the increase of the fixed charge density (and thus the number of
counter ions present in the membrane).
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The apparent transport numbers in Figure 6 do not show a monotonous behaviour.
The co-ion transport through the films has a minimum for about 50 to 60% S-PEEK.
For these films, the transport number of 0.025 is in the range of transport numbers of
commercial ion exchange membranes [10]. The films prepared from blends with a
S-PEEK content below 80% have a higher co-ion transport number in the concentrated salt solutions compared to the dilute solutions; for S-PEEK contents above
80% it is the other way round. Below 80%, higher co-ion transport numbers with
increasing salt concentration in solution is due to a less effective co-ion exclusion of
the membrane (Donnan effect). At high S-PEEK contents, the membrane takes up
more water in dilute solutions compared to concentrated salt solutions due to an osmotic effect [14], hence, the fixed charge density is lower in dilute solutions, rendering the co-ion exclusion less effective.
This can be explained by the stronger osmotic effect for the membranes with high SPEEK content: For low salt concentrations in solution, a higher water uptake is observed [14]. This reduces the effective fixed charge density and the co-ion exclusion, and the co-ion concentration increases.
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Figure 6: Apparent co-ion transport number measured in 0.1/0.5 mol/l and 1.0/2.0 mol/l po-

tassium chloride solutions as a function of the S-PEEK content.

The co-ion transport number in Figure 6 has its minimum at the same S-PEEK content where the minimum is observed in the ratio of water to fixed charge (Figure 4).
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The high co-ion transport number for low S-PEEK contents (below 40%) can be
attributed to the non-specific water distribution in the membrane. With very low SPEEK content, the water is not found at the ion exchange groups only. Instead, the
water is dispersed over the entire PES/S-PEEK matrix, and, hence, co-ions can be
transported along with this “non-bonded” water. Also the measurement error in the
co-ion transport number at low S-PEEK content is large: The voltage signal at very
low ion exchange capacity is not very stable, it fluctuates because only few ions are
transported due to the low conductivity.
At high S-PEEK contents (above 80 %) the co-ion transport numbers increase
abruptly (Figure 6), despite an increase of the fixed charge density (Figure 4). In
this range, the number of water molecules per fixed charge increases relative to its
stable value between 40 to 70 %, resulting in a worse co-ion exclusion. Above
about 80% S-PEEK in the film, the formation of larger, connected water clusters in
the range of nanofiltration membranes can be assumed in the highly swollen material. In such channels, charge-shielding at high solution concentrations can increase
the ion transport [15]. Apparently it is not the overall charge density that determines
the co-ion exclusion but the local conditions in the ion conductive material.
The properties of films with an S-PEEK content between 40 and 80% make them
suitable for use as ion permeable films for bipolar membranes. In this range, both,
the S-PEEK and the PES properties influence the transport properties positively:
The ion conductivity is high enough, whereas the swelling is reduced by the PESnetwork, resulting in acceptably low co-ion content and transport. In this range,
however, also a trade-off between selectivity and resistance is observed: the resistance is higher for the membranes with the lower co-ion transport.
For S-PEEK contents of 60% and above, the resistance of this material comes in the
range of commercially available ion exchange membranes. For example, for the
material with 70% S-PEEK, the area resistance of a membrane with 0.1 mm thickness in 0.5 mol/l sodium chloride solution is about 8 Ωcm2. The co-ion transport
number of this film is 0.03, which means the apparent permselectivity is 94 %. For
comparison, the transport number and the resistance of the cation exchange membrane CMX from Tokuyama Corp. have been measured. These are 95 % and 3
Ωcm2; the thickness of this membrane is about 0.15 mm. Thus, the commercial
membrane seems to be superior to this fresh membrane; however, as shown in the
next section, the selectivity of the S-PEEK/PES blends increases with increasing
time, bringing the membrane closer to the range of these commercial membranes.

3.2

Time dependence of transport properties

The history of an ion exchange film from a S-PEEK / PES blend influences its
transport properties. The selectivity and the resistance of the same samples of the
cation permeable films have been measured after storing the samples for one year in
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0.5 mol/l sodium chloride solution. For each sample, both, the conductivity and the
apparent co-ion transport number improved during this period (Figure 7). The coion transport number is less than 2/3 of the initially measured value. The reduction
is even larger at higher S-PEEK contents. However, the trends remain: with increased ion exchange capacity or S-PEEK content, the co-ion transport number increases. An increasing conductivity is also observed for all samples but is not very
strong. The water uptake was also measured after one year. It did not change for all
membranes within the measurement accuracy.
The reason for the changes are relaxation phenomena of the polymers. For PES
films for gas-separation, prepared by phase inversion from highly viscous polymer
solutions in NMP (35-37 wt-% polymer in solution), also relaxation phenomena
have been observed [16]. It can be speculated that the amorphous structure of the
polymer chains is frozen in by a fast phase inversion process (in [16]) or by a quick
solvent evaporation. During time, these states can relax and change the polymer
properties. Similar effects are expected for the sulphonated PEEK – it is also amorphous and no longer semi-crystalline as the original PEEK [3].

0.15

0.5 M, fresh
0.5 M, +1 year

90% S-PEEK

t co [-]
0.10

0.05

80%

40%
50%

70%
60%

0.00
0.01

0.1

1

10
Cond [mS/cm]

Figure 7: Changes in conductivity (0.5 mol/l NaCl) and co-ion transport number (0.1 resp.

0.5 mol/l KCl) with time; membranes were stored in 0.5 mol/l sodium chloride solution.
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3.3

Degree of sulphonation

The series with changed S-PEEK/PES ratio indicated the importance of the
polymer morphology. A transition between morphologies with ion exchange functionalities isolated by a surrounding non-functional PES matrix to continuous phases
of the functional material appears to occur at around 40 wt-% S-PEEK. To reduce
the influence of the blend morphology, the ion exchange capacity of polymer films
is also varied with a series using a constant polymer ratio (70% S-PEEK and 30%
PES) but using S-PEEK with different degrees of sulphonation. The properties of
these S-PEEK polymers are presented in Table 1.

Table 1: Properties of different S-PEEK batches

S-PEEK

IEC
[mol/kgdry]

X
[molcharge/molmon]

wdemi (*)
[kgwater/ kgdry]

I

1.66

0.52

0.186

II

1.89

0.60

0.210

III

2.09

0.68

0.256

IV (**)

2.14

0.70

0.253

V

2.27

0.76

0.286

(*) water uptake of a film with 70% S-PEEK and 30% PES;
(**) used for the series with varied blend ratios.
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Figure 8: Co-ion transport number (0.1/0.5 M KCl) versus the ion exchange capacity of dif-

ferent membranes (all after storage in 0.5 mol/l sodium chloride solution for one year). Arabian numbers: S-PEEK content in wt-% (batch No. IV); Roman numbers: S-PEEK batchnumber (70 wt-% S-PEEK).

The apparent co-ion transport number of the films with a fixed S-PEEK/PES ratio
shows a slightly different behaviour than the films with varied S-PEEK content
(Figure 8): For the lowest ion exchange capacity for the blends with 70% S-PEEK
prepared with the different S-PEEK batches, the co-ion transport number is significantly lower than for the film from the first series with 50 or 60% S-PEEK having a
similar IEC. For the film with the highest IEC in the 70% series, the co-ion transport number is slightly higher than for the 80% S-PEEK sample (with an even
higher IEC). Thus, from these results it appears that the influence of the S-PEEK
base polymer on the co-ion transport is stronger than the influence of the blend ratio
in this range of IEC and the ion exchange capacity is not the only factor determining
the co-ion transport.
In contrast, the conductivity of both series appears to follow the same correlation
with the ion exchange capacity (Figure 9), the increase in conductivity with IEC
falls on the same line. Within the measurement accuracy, the ion exchange capacity
primarily influences the conductivity. These results and the apparent co-ion transport numbers indicate that both series behave very similar. Differences are only
visible for ion exchange capacities below 1.2 mol/kgdry where the conductivity is
much lower than generally observed for ion exchange materials.
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Figure 9: Conductivity (0.5 M NaCl) versus the ion exchange capacity of different membranes

(all after storage in 0.5 mol/l sodium chloride solution for one year). Arabian numbers: SPEEK content in wt-% (batch No. IV); Roman numbers: S-PEEK batch-number (70 wt-% SPEEK).

4.

Conclusions and Recommendations
Some of the films prepared from S-PEEK and PES show conductivity and selectivity properties comparable to commercial ion exchange membranes. The tradeoff between selectivity and ion conductivity for increased ion exchange capacity has
to be considered when the membrane properties have to be optimised for a certain
application. The range of S-PEEK content in the blend from 50% to 80% appears
the most suitable; below that, not all ion exchange groups are available for ion
transport due to the high PES content, and above that range, the PES content is too
low to provide the physical crosslinking required for a reduction of the water content. Especially the degree of sulphonation seems to be particularly suitable for adjust the cation exchange layer properties. However, for membranes from different
S-PEEK batches as well as for the membranes with different blend ratios, the transport properties are not directly predictable from the properties of the components but
need to be measured for each blend separately.
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5.

Nomenclature
cFIX
Cond
IEC
MW,P
MW,f
NMP
PES
r
Rspecific
S-PEEK
tco
w
x

6.

fixed charge density [molcharge/l]
specific conductivity [S/cm]
ion exchange capacity [molcharge/kgdry polymer]
Molecular weight of a polymer repeat unit
Molecular weight of the functional group
N-methyl-pyrolidinone
poly(ether sulphone)
area resistance [OHM cm2]
specific resistance [OHM cm]
sulphonated poly(ether ether ketone)
apparent co-ion transport number [-]
water uptake [gwater/gdry polymer]
degree of sulphonation [molcharge/molpolymer repeat units]
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1.

Introduction
Ion exchange fibres can be used for the preparation of ion conducting spacers or
ion-exchange textiles used in the electrodialysis of electrolytes with low conductivity, other applications could be ion exchange beds with structured packings. The
advantage over spacers or standard beds of ion exchange beads or resin will be a
reduced hydraulic pressure loss [1].
S-PEEK is a quite stable cation exchange polymer which is easily obtained with different ion exchange capacities (IEC) by sulphonation of PEEK with concentrated
sulphuric acid. It has been used earlier to make ion exchange membranes. One
major problem of membranes from S-PEEK is the water uptake or even dissolution
in water at high degrees of sulphonation or ion exchange capacities.
The preparation of ion exchange fibres made of sulphonated poly(aryl ether ether
ketone) or S-PEEK has been an intermediate step in the preparation of cation exchange layers. To recover the S-PEEK from the reaction solution, it is poured
slowly in a precipitation bath where the polymer coagulates and the sulphonation
reagent, concentrated sulphuric acid is washed out. In literature [2], the polymer
concentrations in the reaction solution were very low, so that it only could be precipitated drop-wise.

2.

Experimental
The sulphonation of PEEK is performed in 95-97% H2SO4. Polymer concentrations the reaction solution in literature [2] have been around 2 wt-% or even less.
The concentrations used here to spin fibres are 20 to 30 % (wt), the temperature was
25 to 70 ˚C, the time 3 to 70 hours in several experiments. To stop or slow down the
sulphonation reaction, the solutions are cooled down to 0-10˚C and then precipitated
from a dropping funnel. The polymer is precipitated in water of 0 to 10˚C (ice
cooling) to prevent dissolving the polymer. The solution is quite viscous, so that a
slight over-pressure had to be applied to obtain a steady solution flow.
The tip of the dropping funnel is 2 – 5 cm above the bath surface. The thread has
been rolled up an laboratory stirrer which initially was just intended to agitate the
precipitation bath. After repeatedly replacing the washing solution to remove all
free sulphuric acid, the polymer is dried for further use to make ion exchange membranes.
The structure of the threads has been investigated by conventional scanning electron
microscopy. Few samples also have been keept wet, then, after freezing, cold-stage
SEM pictures have been taken to see the effect of drying on the fibre structure.
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3.

Results and Discussion
The fibres from 20 % (wt) S-PEEK in H2SO4 are shown in Figures 1 and 2. The
thicker fibres, Figures 1a/b show a macro-porous structure and appear to have hole
in the middle even without a bore fluid when spinning.

(a) 0.82 mm

(b) 0.82 mm

Figure 1: Thick, 20% cross section; (a), (b): different parts of the same thread. The number

indicates the width of the picture.

The thinner fibres showed different structures. Some were porous as well (Figure
2a/b), others were dense (Figure 2c/d). This also could be seen at the color of the
fibres. The porous ones are white and opaque, the dense fibres are brownish and
transparent. The wet structure captured with the cold stage or cryogenic SEM (no
figure here) looks very similar. No collapsing of the porous structure could be observed.
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(a) 0.35 mm

(c) 0.6 mm

(b) 0.0082 mm

(d) 0.024 mm

Figure 2: Thin, 20% (a) cross section (b) detail; (c) other batch, cross section (d) detail..

Only the thick parts (approx. 2.5 mm) in the fibres from 30 % (wt) S-PEEK in
H2SO4 are highly porous (Figure 3a/b). The thinner fibres (approx. 0.5 mm) can
have few macrovoids (Figure 4a) or can be dense (Figure 4b).
Parameters for obtaining porous or dense fibres could not been determined. The
used setup did not allow to control conditions like flowrate or stretching of the fibres. The porous fibres obtained are quite soft, also in the dry state. The dense fibres become brittle when they are dried.
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(a) 2.4 mm

(b) 0.035 mm

Figure 3: Thick, 30% (a) cross section, (b) detail..

(a) 0.6 mm

(b) 0.6 mm

Figure 4: Medium thickness, 30%; (a) and (b) are two different batches.

4.

Conclusions and Recommendations
With high polymer containing reaction solutions of PEEK or S-PEEK in conc.
H2SO4, the dropwise precipitation would take too long and the thick droplets have a
too low surface to volume ratio for a good rinsing. The precipitation sulphonated
poly(ether ether ketone) is improved by pulling a continuous thin thread of highly
viscous solution of the polymer in the concentrated sulphuric acid out of a dropping
funnel into the precipitation bath. The fibres can be made rather thin, which allows
for fast washing of the precipitate after sulphonation. Thin threads of ion exchange
materials are required for producing structured packings for use as ion conductive
spacers or ion exchange beds.
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Such threads of sulphonated poly(ether ether ketone) have been formed with different diameters. Some threads are porous or others dense (viewed with a scanning
electron microscope), however, no parameters for dense / porous or thick / thin fibres have been reproduced; the orifice of the dropping funnel has a too undefined
size and shape. The reproducibility could be improved by extruding the solution
through a well-shaped orifice with a defined flowrate that is adjusted with a defined
pressure and pulling speed.
The fibres will be more form stable and also show a lower swelling when the polymer (reaction) solution is mixed with inert polymers or when S-PEEK is precipitated
at lower degrees of sulphonation [3]. The ion exchange capacity can be increased
and the ion-ion selectivity can be modified by suspending very small beads of stable
and crosslinked ion exchange polymer in the reaction solution.
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1.

Introduction
In electrodialysis with bipolar membranes, the concentration of the produced
acids and bases can reach up to 4 mol/l. Even higher concentrations are desired and
possible when the energy efficiency of the process is increased and the salt-ion leakage is reduced. But at such concentrations, also the membrane stability plays a major role in the feasibility of a process or application. In a standard threecompartment bipolar membrane electrodialysis repeat unit, the anion permeable
layer of the bipolar membrane and the extra cation selective membrane separating
the base compartment from the salt-feed compartment are in contact with concentrated hydroxide solutions. On the other hand, the cation permeable membrane layer
of the bipolar membrane and the extra anion selective membrane are in contact with
the concentrated acid. Further, in the distribution channels of the membrane module
or during specific cleaning procedures such as cleaning in place, CIP in the whey
processing industry [1], all the membranes are in continuous or intermittent contact
with acid or base in different concentrations. Thus, the stability of all membranes in
an electrodialysis module must be sufficient against attack by acids or bases.
For the mainly polymeric ion permeable membranes, especially the base stability is
critical [2, 3, 4]; most ion permeable membranes are stable at high acid concentrations. Cation selective membranes with a high base stability and performance are
available for some time for the use in membrane electrolysis to produce concentrated sodium hydroxide solutions and chlorine gas [5]. One example is a Nafion
membrane with a layered structure of sulphonated and carboxylated fluoropolymers.
Only recently, anion permeable membranes with increased base stability are in development [2, 3].
The ion permeable and selective membranes in contact with hydroxide solutions can
suffer from (1) deterioration of the matrix polymer or the backing textile structure
and (2) the loss of functional groups [2]. (1) Stable inert materials used for ion exchange membranes are PE, PES, and PSF whereas PVC and PVDF are chemically
attacked [2, 3] and are mechanically weakened. Membranes with the latter backing
or matrix polymer became black and brittle; this is due to the so-called dehydrohalogenation [3]. (2) Some of the positively charged, fixed anion exchange groups
are more stable than others. The best stability was found for tri-methyl-amine and
DABCO whereas tri-ethyl-, tri-n-propyl-amine or pyridine as fixed charge groups
were degraded much more rapidly [3, 2]. When a stable functional amine group is
attached to the polymer backbone with a spacer molecule longer than one carbon
atom, the functional group can be split off by the so-called Hofmann degradation in
alkaline conditions due to the presence of a beta-carbon atom (second when counting from the amine-nitrogen atom) [3]. The stability of anion permeable membranes
obtained by modification of Nafion films is investigated in [6]. These membranes
were stable in chlorine environments but they fail under alkaline conditions. It is
not reported if these membranes fail due to degradation of the matrix polymer or the
functional groups.
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For laminated bipolar membranes, commercial anion and cation selective membranes can be used [7]. Blends of S-PEEK and PES are suitable as cation permeable
layers of bipolar membranes or as cation selective membranes; a suitable range of SPEEK:PES blend ratio is 50:50 to 80:20 with low electric resistance and strong cation-anion selectivity [8]. Here, various anion and cation permeable and selective
membranes are tested with respect to their base stability for possible application in
bipolar membrane electrodialysis and for the use as layers of a bipolar membrane
itself. The stability of catalysts in the bipolar junction at the contact between the
anion and the cation permeable layer in the bipolar membrane is not investigated
here. The two most important membrane properties, the cation versus anion selectivity and the electrical resistance are tested with standard methods before and periodically after exposure of the films to 6 mol/l (approximately 25wt-%) aqueous sodium hydroxide solutions at a temperature that are possibly reached in
electrodialysis experiments.

2.

Experimental
The anion permeable membranes included in the tests are the Neosepta AMX,
AMH, AHA (all from Tokuyama Corp, Japan), ADP (from Solvay S.A., Belgium),
Raipore R4030 (from Pall Inc., U.S.A.) and the commercial cation permeable membranes are Neosepta CMX, CMB (Tokuyama), Raipore R4010 (Pall), and Nafion
N117 (from DuPont, U.S.A.). Furthermore, cation permeable membranes prepared
from blends of S-PEEK and PES are included. Their preparation methods and ion
transport properties are discussed in detail in [8]; the properties of the investigated
films are summarised in Table 1.

Table 1: Basic properties of films from S-PEEK and PES blends

sample

c50-IV

c90-IV

c100-IV

c70-IV

c70-III

c70-V

0.70

0.70

0.70

0.70

0.68

0.76

50

90

100

70

70

70

measured IEC [mol/kgdry]

1.025

1.89

2.15

1.24

1.25

1.37

wet thickness [mm]

0.074

0.082

0.089

0.133

0.080

0.068

degree of sulfonation [-] (*)
S-PEEK content [wt-%]

(*) of the pure S-PEEK polymer used in the blend

The resistance and the anion-cation selectivity of these ion permeable membranes
are measured by the same methods as described earlier [8] but at increased concentrations. Both, the resistance and the anion-cation selectivity depend on the concentration of the surrounding solution. The apparent selectivity S is determined by re-
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cording the electrical potential difference Em across the membrane between two potassium chloride solutions of different concentration, i.e., 1.0 and 2.0 mol/l. The
apparent selectivity is calculated by S = Em / Eth, where Eth is 16.34 mV for an ideal
membrane with no co-ion transport. The apparent co-ion transport number is calculated as tco = 0.5 – 0.5 S [8].
The area resistance, r and its inverse, the specific area conductivity, s are determined
in 2.0 mol/l sodium chloride solution in the direct current mode [8]. The membrane
module for resistance measurements utilises a standard four electrode arrangement
with the reference electrodes on the two sides of the investigated membrane and the
working electrodes for applying the direct current separated by extra ion exchange
membranes to reduce electrode influences.
These properties are measured for fresh membranes that were equilibrated for more
than seven days in 0.5 mol/l sodium chloride solution and after exposure to 6.0 mol/l
aqueous sodium hydroxide (NaOH) solutions at 40 ˚C. The time intervals of exposure are 8 to 100 days as specified below; the most severe changes e.g. of the polymer backbone are expected to occur within the first two to five days, degradation of
ion exchange groups can also occur much slower [2]. Before the actual measurements after each NaOH exposure, the membrane samples are first neutralised by
rinsing off excess sodium hydroxide and conversion into the chloride form with
concentrated sodium chloride solution until the pH of the rinsing solution is neutral.
The sodium chloride solution is replaced at least three times, the time of equilibration is at least 24 hours.

3.

Results and Discussion

3.1

Anion permeable membranes

The area resistance of the tested anion permeable membranes are presented in
Figure 1 as a function of the exposure time to concentrated sodium hydroxide. The
initially measured area resistance of these membrane spreads over a range from 1.5
to 10 Ωcm2. The membrane AHA with the highest resistance is a proton blocking
membrane according to the company brochure; thus, it is most likely very dense
with a high degree of crosslinking and it contains only little water (Figure 2).
The resistance of none of these anion permeable membranes increases with time
exposed to sodium hydroxide. If the polymer backbone is stable, this indicates that
the ion exchange groups are stable and not deteriorated [2]. The resistance of AMX,
R4030, and ADP is even decreasing. This observation, by itself, is not an indication
of a degradation of the polymer matrix or backbone. Only when also the selectivity
is reduced or the co-ion transport number is increased, the conclusion is possible that
the strength of the material is reduced and pores or pinholes are formed.
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Figure 1: Area resistance of commercial anion exchange membranes, before and after expo-

sure to 6 mol/L sodium hydroxide solution at 40 ˚C
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Figure 2: Water uptake of commercial anion exchange membranes, before and after exposure

to 6 mol/L sodium hydroxide solution at 40 ˚C.
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Such an increased apparent co-ion transport number (Figure 3) is observed for the
membrane ADP: it rises from about 11% to 22% within 100 days. Also other membranes show changes in their co-ion transport number: The co-ion transport number
of the membrane R4030 initially increases strongly but appears to level off before
45 days; within the measurement accuracy, no further increase can be observed between 45 and 100 days. Also the mechanical strength did not suffer, thus, this
membrane is considered to be stable after initial relaxation effects. The membranes
AHA, AMH, and the membrane from Ionics have constant transport numbers. The
reduction of the AMX co-ion transport number would indicate that the membrane is
not affected. However, the optical inspection indicate that this membrane became
completely black and brittle – all the other anion exchange membranes (besides the
also brittle ADP) did not change their appearance during the base exposure.

0.25

0.20
t co [-]
0.15

0.10

0.05

AHA

AMH

Ionics

AMX

R4030

ADP

0.00
0

30

60

90

t [days]
Figure 3: Apparent co-ion transport number of commercial anion exchange membranes, be-

fore and after exposure to 6 mol/L sodium hydroxide solution at 40 ˚C

The changes of the membrane properties become obvious when plotting the co-ion
transport number versus the specific area conductivity in Figure 4. Desirable membranes have a low co-ion transport and high conductivity. Thus, the membranes
forming the lower limit indicated in Figure 4 are preferred membranes if they are
stable as well and do not change their properties with sodium hydroxide exposure.
The Ionics membrane has a rather low conductivity because it is much thicker than
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the other membranes. It should be noted that in Figure 4 the specific area conductivity of the actual membrane is plotted, in contrast to the specific conductivity of
the ion permeable material used in [8]. Overall, it appears that the membranes with
a low conductivity have smaller changes of their properties with exposure to sodium
hydroxide solutions.

0.25

0.2
tco [-]
0.15

0.1
best
0.05

AHA

AMH

Ionics C

AMX

R4030

ADP

0
0

0.5

1
s [S/cm ]

1.5

2

Figure 4: Co-ion transport number versus specific area conductivity for anion permeable

membranes exposed to sodium hydroxide for 100 days, with the exception of the membrane
AMX (8 days). The line “best” indicates the selectivity/permeability trade-off for these membranes. The largest marker indicates the original state.

3.2

Cation permeable membranes

The resistance of cation selective membranes from S-PEEK/PES blends is
rather constant (Figure 5). Only the films with intrinsically high resistance, the resistance is slightly increased within the first ten days but also remains constant after
that time. The difference of the intrinsic resistance is due to the differences in blend
composition and thickness (see Table 1). For the membranes with the same thickness but different composition, the resistance is reduced with increased ion exchange
capacity, IEC. Membranes thinner than 0.06 mm and 70% S-PEEK content were
initially also included but turned out to be too fragile to survive the handling for all
the measurements.
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Figure 5: Area resistance of cation permeable layers from PES/S-PEEK, before and after

exposure to 6 mol/L sodium hydroxide solution at 40 ˚C.

0.20

0.15

c50-IV

c90-IV

c100-IV

c70-IV

c70-III

c70-V

t co [-]

0.10

0.05

0.00
0

10

20

30

40

t NaOH [days]
Figure 6: Apparent co-ion transport number of cation permeable layers from PES/S-PEEK,

before and after exposure to 6 mol/L sodium hydroxide solution at 40 ˚C.
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The transport number of most S-PEEK/PES blend membranes is either constant or is
reduced with increasing sodium hydroxide exposure (Figure 6). Only the membrane
prepared from 100% S-PEEK has a slighly increasing co-ion transport number.
Pure S-PEEK takes up about 50 wt-% water (relative to its dry weight) [8]; at increased temperatures, the water uptake is higher and S-PEEK can dissolve partially.
Thus, the increase of co-ion transport number is not necessarily an effect of the sodium hydroxide but an effect of the slightly increased temperature and the related
swelling increase for the pure S-PEEK; otherwise the membranes with the S-PEEK
blends should show a similar behaviour.
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Figure 7: Co-ion transport number versus specific area conductivity for cation permeable

membranes exposed to sodium hydroxide (number indicates total number of days). The line
“best” indicates the selectivity/permeability trade-off for S-PEEK/PES blend membranes.
The largest marker indicates the original state. (N117: Nafion from DuPont; CMB and
CMX: Neosepta membranes from Tokuyama; R4010: IonClad from Pall).

The films with initially high resistance (Figure 5) have reduced co-ion transport
number after a certain time of sodium hydroxide exposure (Figure 6). In the co-ion
transport number – conductivity plot, Figure 7, this effect causes the lower limit to
shift to values of lower co-ion transport numbers. These membranes, thus, improve
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with immmersion in sodium hydroxide. Since the reduction of transport number
occur only within the first eight days, these changes are attributed to initial relaxation effects and not a polymer breakdown. A similar effect of reduced co-ion transport numbers was observed for separate samples of the same films stored in sodium
chloride solution for one year [8].
For the commercial cation exchange membranes also included in the investigations
and in Figure 7, the duration of exposure to sodium hydroxide and the resulting
changes in membrane properties are not enough to draw conclusions. Only the
membrane CMX is definitely not stable: it became dark red, almost black and is
brittle after sodium hydroxide exposure. The reason is the breakdown of the PVC
used as matrix and backing material.

4.

Conclusions and Recommendations
According to these investigations, many available anion and cation permeable
membranes can withstand high base concentrations. Base stable anion exchange
membranes are AHA, AMH and Ionics; attributing the initial changes to relaxation
effects, also the R4030 is considered being stable; not stable are the membranes
ADP and AMX. The S-PEEK blends with PES are stable when they contain more
than 10 wt-% S-PEEK. Initial relaxation effects are observed for most of the membranes. The S-PEEK:PES blend membranes with high initial resistance, e.g., with
low S-PEEK content showed a reduced co-ion transport number.
The described static method for stability tests based on the selectivity, the resistance,
and the optical examination is suitable to pinpoint membranes that are not stable at
the chosen conditions with the chosen maximum exposure time. However, conclusions about the stability of the remaining, apparently stable membranes under actual
transport conditions must be weighted carefully. In processes, the membranes are
exposed to an environment that can not exactly be simulated by the simple exposure
tests. The effects of an electric potential or ion migration in the membrane, the
shear forces at the membrane surface or pressure difference across the membrane, or
the presence of other substances can result in cumulative effects, i.e., a breakdown
of polymer or functional group not only by one mechanism but due to a combination
of factors.
The anion permeable membrane AHA and the cation permeable membrane c50-IV
prepared from an S-PEEK/PES blend seem to be best suited for highly selective and
stable bipolar membrane layers. From the electric resistance point of view, the c90IV as the cation permeable membrane and R4030 as the anion permeable membrane
seem the most suitable.
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5.

Nomenclature
PE
poly(ethylene)
PES
poly(ether sulfone)
PSF
poly(sulfone)
PVC
poly(vinyl chloride)
PVDF
poly(vinilidene fluoride)
r
area resistance [Ωcm2]
s
inverse area resistance or specific area conductivity [S/cm2]
S-PEEK
sulphonated poly(ether ether ketone)
tco-ion
apparent co-ion transport number [-]
t
time [days]
w
water uptake [g/gdry]
DABCO
1.4-diazabicyclo-(2.2.2)octane
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V. Optimisation Strategies for the Preparation of Bipolar Membranes …

1.

Introduction
A bipolar membrane (BPM) in an electrical field can split water into hydroxide
ions and protons. In general, a good membrane shows low energy consumption,
high current efficiency or product purity, and a good long-term stability. The energy
required to produce hydroxide ions and protons with commercially available bipolar
membranes corresponds very closely to the theoretically necessary potential drop.
This has been achieved by incorporating weak ion exchange groups or multivalent
ions as catalysts in – or close to – the inner membrane interface ([1], [2]) and by
minimising the layer resistance. The long-term stability can be addressed by
choosing a stable polymer, however, one of the major shortcomings of bipolar
membranes is the product contamination at higher acid and base concentrations [3].
The total salt ion transport across commercial bipolar membranes is generally over
0.01 molsalt/molH+/OH- or 1 mol-% when the concentration of the produced acid
and/or base is higher than 4 mol/L as reported in [4], [5] (see also Figure 1). Consequently, concentrated acids and bases can not be produced with a purity higher than
99 mol-% (of dissolved ions). In many industrial applications, bipolar membrane
electrodialysis can only become competitive if the salt impurities in the products can
be reduced drastically.

acid impurity

0.04
salt in
acid or
base
(eq/l)

base impurity
Model fit

0.03

0.02

0.01

0
0

2
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6

acid or base concentration (eq/l)
Figure 1: Salt impurities in an acid and a base produced by BPM-electrodialysis. Experi-

ments (symbols; data from [9], also used in [3]) versus model developed in this chapter (line;
fit parameter: diffusion coefficient Dm = 5.37 10-11 m2/s). The concentrations are given in
charge-equivalents.

90

A membrane arrangement for bipolar membrane electrodialysis in the so-called
three-compartment stack to produce acids and bases from a neutral salt stream is
shown in Figure 2. A repeat unit in bipolar membrane electrodialysis consists of a
bipolar membrane, an anion and a cation permeable membrane, confining the acid,
salt, and base compartments. The feed and the two product streams are circulated
separately through the membrane stack between the membranes. With each passage, the salt feed stream is diluted by transport of the anions and cations across the
anion and cation permeable membranes, respectively. These salt ions, together with
the hydroxide and hydronium ions that are formed in the bipolar membrane, increase
the concentration of the products, i.e., the base and the acid, respectively. The separation – or better: production of acid and base – is possible with only one pair of
working electrodes and many repeat units in between, reducing the cost of electrodes and reducing the influence of the electrode reactions on the energy efficiency
and membrane transport compared to electrolysis.
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M+ OH-
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H+ X-

salt
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rinse

repeat unit
Desired ion fluxes

Bulk solution flow

Figure 2: Principle of the membrane arrangement in an electrodialysis module with bipolar

membranes (BPM) and anion- and cation exchange membranes (AEM, CEM) to produce an
acid and a base from a salt stream. Increasing the number of repeat-units reduces the electrode influences.
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The arrows in Figure 2 indicate the desired transport of ions; however, ion exchange
membranes are not perfectly selective due to the incomplete exclusion of co-ions,
i.e., the ions that carry the same charge as the membrane fixed charge. In the cation
and anion exchange membranes, the co-ions are mainly hydroxide ions and protons,
respectively. Their transport limits the overall current efficiency and the maximum
base or acid concentration [4]. However, the product purity is mainly influenced by
the salt ion transport across the bipolar membrane [3]. Salt anions from the acid
compartment contaminate the produced base and, vice versa, the salt cations from
the base compartment contaminate the produced acid. The properties of the two ion
conductive layers of the bipolar membrane determine the salt ion transport across
the membrane.
In [6] the limiting current density has been modelled for different concentrations
next to the bipolar membrane and compared to measurements. The model depends
on the membrane layer thickness and an assumed migrational counter ion transport
number of 0.99 in both membrane layers. Thereby, the migrational transport number is defined as the fraction of the total current that is carried by an ionic species,
assuming there are no concentration profiles that result in a diffusive contribution to
the ionic flux. A major shortcoming of the model in [6] is the assumption that this
migrational transport number is a constant. In fact, it strongly depends on the solution concentrations and the fixed charge density of the membrane layer – two other
parameters used in the same model. It will be shown below that the migrational
transport number is not needed to calculate the limiting current density.
In [7], different model equations that describe bipolar membrane current voltage
curves in salt solutions have been reviewed. One model describes the electrical potential difference across the bipolar membrane with salt ion transport, but without
water dissociation. It is suitable in the low current region in forward and reverse
direction. Here, “reverse” applies to the state where the direction of the electrical
current results in the depletion of the interface region inside the membrane. The
model is based on the Nernst-Planck equations, including both, migrational and diffusion contributions. It allows predictions up to the limiting current density. Implicitly, the limiting current density can be determined from the condition that the
electrical potential difference goes to infinity in reverse direction [8]. Another
model in [7] describing the current-voltage correlation for a reverse biased bipolar
membrane at higher current densities includes the water splitting but considers only
a salt ion flux by diffusion due to concentration gradients and not by migration in an
electric field. This holds only at very low co-ion concentrations because the migration term is proportional to the concentration: At very low co-ion concentrations, the
migrational contribution to the ion flux can become negligibly small.
The use of currently available models describing the bipolar membrane transport for
guiding bipolar membrane optimisation is either restricted by their complexity or, on
the other hand, by shortcomings due to extensive simplifications. Thus, the purpose
of this work is to develop a simple theory enabling the membrane developer to guide
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the optimisation process. In this chapter, first a simple model is presented allowing
to predict the salt impurities observed in acids and bases produced with bipolar
membrane electrodialysis (Section 2.1). It is based on the limiting current density
that can be measured for a single bipolar membrane and can be applied to existing
and newly developed membranes. In the second part, the model is extended towards
estimating the liming current density of a bipolar membrane with selected properties
of the two separate mono-functional membrane layers (Section 2.2). These properties can be measured with the experimental methods known for cation and anion
exchange membranes [10] as described in Section 2.3. The model for predicting the
limiting current density is verified with recorded current voltage curves of membranes with modified layer properties (Sections 3 and 4).

2.

Theory
In bipolar membrane electrodialysis, the produced acid and base are in contact
with the cation and anion permeable layer of the bipolar membrane, respectively.
The salt ion flux through the bipolar membrane in steady state can be determined
directly by measuring the concentration of salt anion in the produced base and the
salt cation in the acid. However, these experiments require large amounts of chemicals and long experimental times to reach the steady state. Another method for determining the salt ion fluxes employs radioactive sodium and chloride ions as tracers
[11]. Even though this analysis method also has been used with mono-functional
anion and cation exchange membranes, it is not a standard characterisation technique. For a systematic development of improved bipolar membranes, a fast and
simple characterisation method is required to predict the behaviour of the bipolar
membrane in the actual electrodialysis process. Recording the current-voltage characteristics of a single bipolar membrane is a suitable method. The experimental
equipment used for this purpose is similar to the equipment used for the characterisation of separate cation and anion exchange membranes.
With an acid and a base on the two sides of the bipolar membrane, the currentvoltage characteristics are completely determined by proton and hydroxide transport
[1]. Such a curve is drawn schematically in Figure 3a. Up to the operating current
density and far above that, the curve is a straight line. It allows the prediction of the
electric potential difference across the bipolar membrane during electrodialysis at
the applied current density. The salt ion flux or the membrane selectivity is not accessible from these curves. However, when identical salt solutions with a concentration equal to the acid and base are used, a limiting current density can be observed
in the current-voltage curves as shown schematically in Figure 3b. The current density at the point of inflection in the plateau of the current voltage curve is the limiting current density and represents the complete depletion of the co-ions at the bipolar interface. Up to the limiting current density, only the salt ions are available in
considerable amounts for transporting the current through the bipolar membrane,
water dissociation is not yet enhanced. In our work, therefore, the salt ion transport
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across the bipolar membrane during electrodialysis will be predicted from the limiting current density observed using identical salt solutions.
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Figure 3: Schematic current voltage curve of a bipolar membrane (a) with an acid and a base
on the cation and the anion permeable side, respectively. At the operation point “PROD” the
current density iAPP is applied. (b) Between identical salt solutions. At the point “CHAR” the
current density iAPP is applied. “LIM” marks the limiting current density conditions.

For developing the model we consider three different process conditions for the
membrane.
- In the production state (PROD) the bipolar membrane is in contact with an acid
and a base. With the applied current density, the different ions are transported
across the membrane layers; the resulting concentration profiles are shown
schematically in Figure 4.
- During characterisation (CHAR), a bipolar membrane is in contact with identical salt concentrations at both sides. The applied current density and the concentrations are chosen to be the same as during production.
- The limiting current state (LIM) refers to the characterisation conditions (see
also Figure 3b) where the concentrations of co-ions in the membrane layers next
to the inner bipolar membrane interface reach zero. The concentration profiles
at the limiting current density are shown schematically in Figure 5.
The – here not considered – upper limiting current density is another characteristic
of bipolar membranes. It is reached at high current densities when the water transport is limiting the function of the bipolar membrane [12]. The upper limiting current density must be considered if water transport can be a problem. For a well designed bipolar membrane it should be far above the operating current density (Figure
3a and Figure 3b).
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Figure 4: Schematic concentration profiles in a bipolar membrane (BPM) for the base cation

M+, acid anion X-, protons H+, and hydroxide ions OH- during production at high current
density. The membrane is in contact with an acid with its cation permeable layer (c) and a
base with its anion permeable layer (a).
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Figure 5: Schematic concentration profiles of cations cM+ and anions cX- in a bipolar mem-

brane during characterisation at the limiting current density. The membrane is in contact
with the same salt solution at both, its cation exchange side (c) and its anion exchange side
(a).

The models developed below are developed for steady state conditions. The major
simplifications are (1) that solution boundary layers do not play a role in the salt ion
transport, (2) the concentration profiles are linear in each membrane layer, and (3)
the bipolar membrane is (quasi-) symmetric as discussed below. Furthermore, con-
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centrations are used instead of activities in the equations describing ion transport and
interface equilibria. The membrane phases are assumed to be homogeneous, i.e.,
charge and water are equally distributed and the electric field is not distorted. It also
is assumed that the acids, bases, and salts are completely dissociated under all conditions. It will be shown that the experimentally observed trends can be predicted
well with these assumptions.
Bipolar membranes in general are asymmetric. Not only are the layers of opposite
charge, but also the thickness, diffusion coefficients, or fixed charge density are
usually different for the two layers. However, the model becomes much simpler for
a quasi-symmetric membrane: Then, only the sign of the fixed charges in the two
layers is opposite but the layer thickness, the fixed charge density in the two layers,
and the ion diffusion coefficients in the layers are equal. When applying the proposed model to asymmetric membranes, the properties of the layers can be averaged
as shown in the end of this section.

2.1

Acid compartment mass balance

When the electrodialysis stack with bipolar membranes produces acid and base
in a feed and bleed mode with a high recycling rate, the stack can be represented as a
continuously stirred tank reactor with constant volume. The steady state mass balance over one recycle loop with the boundaries as shown in Figure 6 relates the
product concentration to all the fluxes across the membranes. The mass balance of
the acid recycle-loop that is fed with pure water is:
PROD

ci

Q = (Ji ,BPM − Ji, AEM )A
PROD

PROD

m

(1)

(for the ion i as indicated by the subscript; c is the concentration in the product, J the
flux across the membrane, Q the volume stream of product, Am the total active
membrane surface; the superscript PROD indicates that the membrane is in production conditions with acid and base at its respective side).
We will investigate the influence of salt ion transport through the bipolar membrane
on the salt contamination of the products. For that reason, we assume the anion exchange membrane is ideal, i.e., proton and cation transport through the anion exchange membrane on the other side of the acid compartment will be neglected. The
concentrations calculated with this simplified model then have to be considered as
“best-case” estimates. The salt impurities in a product stream during bipolar membrane electrodialysis result from the co-ions transported across the bipolar membrane layer that is not directly in contact with this product. Those are, for example,
the salt-cations M+ in the produced acid. The mass balance, equation (1) for the salt
cation, combined with the mass balance for the proton allows to relate their concentrations in the produced acid to the ion fluxes across the bipolar membrane.

96

c PROD
M+
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PROD
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J MPROD
+

(2)

J HPROD
+

(here, cM+ and cH+ are the salt cation and proton concentrations in the acid chamber,
respectively, and JM+ and JH+ the respective fluxes).
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Figure 6: The acid recycle loop during steady state production in the feed-and-bleed modus of

a unit for electrodialysis with bipolar membranes. Dashed lines are the boundaries for the
mass balance. Dotted arrows indicate the fluxes as co-ion through the respective membrane,
full arrows the desired fluxes as counter ions.

At the applied current density iAPP in the water splitting regime, the proton and the
salt cation fluxes at the two membrane-states production and characterisation are
identical if the solution concentrations are identical as well. Here, we have implicitly assumed that the membrane properties are not changed in the presence of the
acid and the base. The hydroxide ions and protons in the anion and cation permeable layer, respectively, transport only the part of the current density above the limiting current density iLIM as illustrated in Figure 3b.
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PROD

JH +

= JH +

=

CHAR

iAPP − iLIM
zH + F

(3)

In equation (3), i is the electrical current density and F is the Faraday constant
(F=96485 As/mol); zH+ = +1 is the electrochemical valence of the proton. The flux
of salt cations across the bipolar membrane at operation conditions can be described
with the actual transport number and the applied current density:
PROD

JM +

= J M+

CHAR

= tM +

APP

iAPP
zM + F

(4)

(tAPP is the actual transport number at the applied current density, zM+ is the electrochemical valence of the ion M+).
In this model, boundary layer effects in the salt solutions next to the membrane are
neglected. Then, the co-ion concentration in the membrane will remain constant at
the solution interface, also with increased ion fluxes. Thus, also the water splitting
in the bipolar membrane interface does not influence the salt ion transport across a
bipolar membrane. It follows that the salt ion flux at the applied current density iAPP
under characterisation conditions is the same as the salt ion transport at limiting current conditions.
CHAR

JM +

= JM + = t M +
LIM

LIM

i LIM
zM + F

(5)

(zM+ is the electrochemical valence of the ion M+, and tLIM is the actual transport
number when the limiting current density is applied). The limiting current density
of a bipolar membrane can also be written as

(

)

LIM
LIM
iLIM = F zM + J M + + zX − J X − .

(6)

(Note: zi has a negative sign for the anion X- and the fluxes Ji are defined positive
pointing in the direction of the current, i.e., towards the negative electrode; the flux
of JX is then negative in a bipolar membrane under operating conditions.)
For a binary salt of monovalent ions M+ and X-, the flux of salt anions and the flux
of salt cations in the quasi-symmetric membrane are equal. From equations (5) and
(6) it then follows that the actual transport number at the limiting current density
becomes exactly one half. Using this result in equation (5) yields for the limiting
current density in the quasi-symmetric case:
.
iLIM = 2 FJMLIM
+
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(7)

Thus, the salt impurities in the acid product can be estimated combining equations
(2), (3), and (7).
PROD

cM +

= cH +

PROD

iLIM
2(i APP − i LIM )

(8)

If the limiting and the applied current densities are known, equation (8) can be used
to estimate the salt concentration in the produced acid and, due to the symmetry, in
the produced base. However, the measured concentrations of salt in the products
plotted against the concentration of acid or base (experimental data in Figure 1) do
not show a linear relationship as suggested by equation (8). It is known that the
limiting current density itself depends strongly on the concentration of the products.
Therefore, either the limiting current density must be measured at the desired concentration, or the model must be extended. The model extension presented below
includes such a dependence of the limiting current density on the concentrations in
the solutions adjacent to the membrane.

2.2

Limiting current density calculation

The salt ion flux Ji in a bipolar membrane with equal salt concentrations at its
two sides is derived based on the Nernst-Planck equations for the salt ion transport
in a solution. The flux of an ion is the sum of the transport by diffusion with a concentration gradient as the driving force and by migration with the electric field as the
driving force (neglecting bulk movement of the solution or transport by convection).
Ji = Ji

Diffusion

+ Ji

Migration

= − Di

dci
c z F dU
− Di i i
RT dx
dx

(9)

With the assumption of quasi-symmetry, the number of coefficients in the Nernst
Planck transport equations can be reduced significantly.
The concentration profiles are assumed to be linear at steady state conditions at low
current densities. Thus, the diffusion term at the right hand side of (9) does not depend on the position in the membrane and the concentration differentials can be expressed as finite differences. With the additional assumption that the electric field
strength is constant across the membrane layer we can use finite differences for the
electrical potential gradient as well. To describe the transport at steady state with
the latter two assumptions, an average concentration is required in the migrational
term. Therefor we use the average of the concentration in the membrane layer at the
solution interface and at the inner membrane interface. Further, with the assumption
that the co- and counter ions in the membrane layer have the same diffusion coefficients, the individual ion diffusion coefficients of the salts, Di in equation (9) can be
replaced by an average diffusion coefficient in the membrane, Dm.
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J M + = −D
JX− = − D

m

∆c mM +
∆x

m

∆c mX −
∆x

−D

+D

m

m

c mM,+av F ∆U
RT ∆x

(10)

cXm,−av F ∆U
RT ∆x

(11)

Dm is the ionic diffusion coefficient in the membrane, cm the concentration in the
membrane. The subscripts M+ and X- denote the salt cation and anion, the superscripts m and av the membrane phase and the average value across this phase, respectively. R=8.314 J/(mol K) is the gas constant, T the actual temperature, U the
electric potential, and x is the location normal to the membrane.
At the limiting current density the concentration of co-ions at the inner membrane
interface is zero. It follows that the co-ion concentration-difference across a layer,
e.g., the anion exchange layer is equal to the cation or co-ion concentration in the
membrane next to the solution. In addition, this difference equals the concentration
difference of the counter ions due to the electroneutrality requirement (see also Figure 5).
∆cMm + = ∆c mX − = −c aM,s+

(12)

The superscript a,s stands for “in the anion exchange layer a next to the solution s”.
The arithmetic averages of the co-ion and counter ion concentrations in the anion
exchange layer are used as the concentrations in the finite differences approximation
above. At the limiting current density this average for the cations as the co-ions in
the anion exchange layer becomes:
c mM,+av = 0.5c aM,s+

(13)

Taking into account the electroneutrality in the membrane, the arithmetic average of
the anion concentrations (counter ions) in the anion exchange layer is:
c mX ,−av = c mM,+av + c FIX = 0.5c aM, s+ + cFIX

(14)

(The subscript FIX denotes the fixed charge density in the anion exchange layer.)
Introducing the averages and differences into the simplified Nernst-Planck equations
yields:
JM + = D

m

JX− = D

m

LIM

LIM

100

c aM,s+
s
c aM,s+
s

−D

m

(0.5c aM,s+ )F ∆U
s
RT

(15)

+D

m

(0.5c aM,s+ + c FIX ) F ∆U
s
RT

(16)

(Here s is the anion exchange layer thickness). The electric potential drop across the
anion exchange layer is the same in both, the anion and the cation flux equation and
thus can be eliminated from (15) and (16). The elimination of ∆U yields for the anion exchange layer of the bipolar membrane:
2J MLIM
+
m a ,s
M+

D c

+

2J XLIM
−
m

D (c

a, s
M+

+ 2cFIX )

=

2c aM,s+
2
+
a ,s
s s(cM + + 2c FIX )

(17)

In accordance with the continuity of mass flux in steady state, the anion flux JX- has
to be the same in both layers of the bipolar membrane. Furthermore, the anion flux
in the cation exchange layer is the same as the cation flux in the anion exchange
layer in the opposite direction according to the quasi-symmetric membrane structure. Thus, the anion and the cation flux are the same in opposite directions for this
kind of bipolar membrane. Making use of that, equation (17) becomes
J MLIM
+ =

(

)

D m a, s
c + + cFIX cMa, +s .
scFIX M

(18)

The difference of this equation to the diffusion term in the Nernst-Planck equation
(15) is the term (cM+a,s+cFIX)/cFIX. This term is unity for low solution concentrations
due to co-ion exclusion but can play a major role at higher concentrations. It shows
that the salt ion flux in a bipolar membrane is also dependent on the migration of
ions, not only the diffusion.
Due to the lack of simple expressions for the equilibrium at higher concentrations,
the Donnan equilibrium is used to relate the content of co- and counter ions in the
membrane to the concentration in the adjacent electrolyte solution. This expression
is strictly valid only for dilute solutions where the activities can be replaced by concentrations (e.g., in [6]), however, it also allows rough estimates at increased solution concentrations. At the interface of the anion exchange layer with the salt solution during characterisation, the Donnan equilibrium reads:

(c )

s 2

= caM, s+ c aX,−s

(19)

(cs is the salt concentration in the electrolyte solution next to the membrane.) Together with the electroneutrality in the membrane at the membrane-solution interface
c aX,−s = cMa ,s+ + cFIX ,

(20)

equation (18) for the salt cation transport can be further simplified:
D m (c s )

2

J

LIM
M+

= −J

LIM
X−

=

.

(21)

scFIX
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The limiting current density, equation (6), can now be written as:
D m (c s )

2

iLIM = 2F

(22)

sc FIX

Thus, the limiting current density and the salt ion transport across the bipolar membrane are directly dependent on the square of the solution concentration (cs) and the
average ion diffusion coefficient in the membrane (Dm). Further, they are inversely
dependent on the fixed charge density (cFIX) and thickness (s) of the membrane
layer. The latter is not trivial – the thickness in general does not play a role in the
selectivity of separate anion or cation exchange membranes.
With this equation for the limiting current density, the salt impurities in the products
of bipolar membrane electrodialysis can be estimated for a desired product concentration and applied current density. Implicitly we use the same assumptions presented above, i.e., the salt ion transport during characterisation is equal to the salt
ion transport during production of an acid and a base. The further required membrane parameters fixed charge density, thickness, and salt diffusion coefficient are –
in first approximation – independent of the product concentration and can be measured separately for each membrane layer.

c

PROD
M+

=

(

)
(c )

FDm c PROD
H+
i APPscFIX − 2FDm

3

PROD
H+

2

(23)

The equations above have been derived for quasi-symmetric membranes. In fact,
bipolar membranes are usually asymmetric with different diffusion coefficient,
thickness, and fixed charge density in each layer. To estimate the limiting current
density and the salt ion flux also for asymmetric bipolar membranes, the mathematical average of the separately measured properties of the two layers is used in these
equations. The predictions will become more accurate the more symmetric the
membrane is.

2.3

Calculation of the required layer parameters

The calculations of the salt ion flux in bipolar membranes require the diffusion
coefficient, the fixed charge concentration, and the thickness of the layers in the wet
state. Only the thickness can be measured directly, the other values can be calculated from properties measured with standard methods for ion exchange membranes.
The fixed charge density cFIX of an ion exchange layer is calculated from the ion
exchange capacity IEC, the water uptake wH2O, and the density ρwet in the wet state.
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c FIX =
m

IEC
ρ .
wH2 O + 1 wet

(24)

The wet density for this calculation can either be measured directly or calculated
with the mixing rule from the dry density ρdry, the density of (free) water ρH2O, and
the water uptake wH2O.
æw
1
1
1 ö÷
H O
= çç 2 +
ρwet è ρ H2O ρdry ÷ø w H2 O + 1

(25)

The effective diffusion coefficient for an ion exchange membrane in a certain solution can be determined from resistance measurements. For such a calculation it is
assumed that the current is transported by counter-ion migration. Further, it is required that measurements take place well below the limiting current density of the
measurement system. The basis are the Nernst-Planck transport equations as presented above, however, they can be simplified for migration only. Concentration
profiles in the membrane are negligible at low current densities with the same salt
concentration on both sides of the membrane. The flux of cations in a cation exchange membrane then is:
J M + = −zM + D c M +
m m

F ∆U
RT s

(26)

Using Ohm’s law defining the membrane area resistance (rm), the current density (i)
and the electrical potential difference are related according to:
∆U = r i = r Fz M + J M +
m

m

(27)

With the additional assumption that the concentration of counter ions in the membrane is the same as the fixed charge density (at low solution concentrations), the
combination of equations (26) and (27) allows estimating the diffusion coefficient
from the area resistance:
Dm =

RT .
s
2
rm cFIX z + F 2
M

(28)

( )

3.

Experimental

3.1

Bipolar membrane characterisation method

The limiting current density observed in the current voltage curve is used to determine the salt ion leakage in bipolar membrane electrodialysis as described above.
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Together with many other bipolar membrane properties necessary for the process
design it can be determined from a single graph: the current-voltage curve. A schematic curve of a bipolar membrane with identical salt solutions next to the membrane is shown in Figure 3b. Up to the limiting current density the current is transported by the sum of the salt ion fluxes (see equation (6)); water dissociation is not
yet enhanced and the protons and hydroxide ions always present in aqueous solutions do not contribute considerably to the transport of the current. The limiting current is easily determined by the plateau in the curve – the resistance and the electrical potential drop increase steeply when all salt ions are depleted from the inner
bipolar membrane interface. The plateau in the current density graph is typical for
curves recorded with salt solutions, it is not observed with an acid and a base at the
respective sides. In fact, as shown schematically in Figure 3a, the current-voltage
curve starts at zero current at about the theoretical water dissociation potential of
0.86 V [1].
The current above the limiting current density is transported by the water splitting
products, i.e., by hydroxide ions in the anion exchange layer and by hydronium ions
in the cation exchange layer. The slope of the curve above the limiting current density is an indication of the conductivity or the inverse of the electric resistance in the
transport-state of the membrane.
The curves are measured in a membrane stack with six compartments as drawn
schematically in Figure 7; the experimental set-up and the measurement cell are described in detail in [14]. The electric potential difference across the central membrane between compartments 3 and 4 is measured with calomel electrodes at a fixed
distance from the membrane surface by Haber-Luggin capillaries filled with concentrated potassium chloride solution. The potential is recorded for different current
densities that are applied with the working electrodes in the compartments 1 and 6.
The working anode is a platinum coated titanium disk; the working cathode is a
stainless steel electrode. The extra membranes in the stack are necessary to maintain
well defined, constant concentrations in the two central compartments. The extra
membranes would not be necessary if reversible silver/silver chloride electrodes
were used; however, with such electrodes, the choice of electrolytes and the duration
of the experiments are limited. The pH initially is neutral in both compartments 3
and 4; the choice of the other membranes confining these compartments helps to
keep it constant over one measurement run. The temperature of compartments 3 and
4 is controlled within +/- 0.5 Celsius with an external water bath, connected with a
glass heat exchanger spiral in each recirculated stream and a temperature sensor in
stream 3.
For more accurate electrical potential difference measurements, the solution resistance can be determined without the membrane and the corresponding solution potential can be subtracted from the potential difference at a fixed current. However,
the limiting current is not affected. The current-voltage curves below show the data
not corrected for the solution potential.
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Reference electrode
Haber-Luggin capillary
Working electrode
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1

BPM

2

BPM

BPM

3
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H2

O2
OH-

H+

H+

OHM+
X-

Na2SO4

NaCl

NaCl

NaCl

NaCl

Na2SO4

Figure 7: Measurement stack (schematic) for current-voltage curve measurements. The sixcompartment setup allows for reduction of electrode influences and for constant solution concentrations in the compartments 3 and 4.

The theory developed in the previous section is valid only for steady state currentvoltage curves. To record one point of the curve, a fixed current density is set and,
after the steady state has been reached, the potential difference across the reference
electrodes is recorded. By chronopotentiometric investigations [15] we found that
for low current densities at these concentrations, the steady state is just not reached
within three minutes. Thus, after the minimum time of five minutes for each current
step used here, a steady state transport can be assumed. After each step, the current
density is manually incremented without switching off the current.
The limiting current density can be determined from the recorded current-voltage
curves. Because the limiting current density is reached when the inner membrane
interface is depleted of co-ions, it corresponds to the current density with the highest
increase in resistance. This point can be read from the recorded current-voltage diagrams – it is the point of inflection in the current plateau. For a completely depleted
interface, the resistance should increase virtually infinitely until the water dissociation reaction is enhanced by the electric field. The separated dissociation products
are then available for transport of the current and the resistance can decrease.
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3.2

Membrane preparation

The membranes for this study have been prepared from commercially available
anion exchange membranes (Neosepta AMX from Tokuyama Corp and IonClad
R4030 from Pall Gelman) and tailor-made cation permeable layers according to the
scheme in Figure 8. The cation permeable layer is cast from a solution of sulfonated
poly(ether ether ketone) (S-PEEK) and neutral poly(ether sulfone) (PES) in a solvent (n-methyl pyrrolidinone, short: NMP). PEEK and PES are both chemically and
thermally very stable polymers. The layers are glued together with the same polymer blend as the cation exchange layer. In our study, the interface undergoes no
special treatment, nor is a catalyst introduced – here only the salt transport across the
bipolar membrane is investigated.
The S-PEEK is prepared by sulfonating PEEK in concentrated sulfuric acid according to the procedures in [13] and then precipitated and washed in cold water. The
reaction temperature has been increased up to 70˚C to allow for shorter reaction
times of about 5 hours, and the concentration of polymer in the sulfuric acid could
be increased to 20 wt-% for more efficient use of the reactants.

support

1
cast
CE polymer

2
3
dry
cast
CE layer CE glue

4
press
AE layer

5
cure
BPM

Figure 8: BPM preparation scheme.

With S-PEEK as functional polymer and the neutral PES, the cation permeable layer
properties can be adjusted in a wide range. The thickness and the ion exchange capacity, i.e., the number of charges in the dry polymer have been varied. The properties of the prepared cation exchange membranes and the used commercial anion exchange membrane presented in Table 1 have been determined by widely used
methods for ion exchange membranes as noted there. The fixed charge density and
the diffusion coefficient were calculated using equations (24) and (28), respectively.
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4.

Results and Discussion
The line representing the model fit of the salt impurities dependent on the concentration in the produced acid and base to equation (23) is included in Figure 1.
The fitting parameter was the diffusion coefficient; its resulting value of 5.4 10-11
m2/s lies in the range of diffusion coefficients for ions in solutions and, therefore,
appears to be reasonable. Furthermore, the measured effective salt diffusion coefficients for the ion exchange membranes c70, c80, and c90 are in the same range as
presented in Table 1.

Table 1: Characteristics of separate ion exchange layers.
Membrane

c20

c40

c60

c70

c80

c90

R4030

Type

CEM

CEM

CEM

CEM

CEM

CEM

AEM

measured
S-PEEK content

weight-%

20

40

60

70

80

90

-

ion exchange capacity1

meq/gdry

0.07

0.79

1.22

1.47

1.65

1.89

0.8

resistance2

Ω cm2

20000

200

9

5

3

2

2.5
(-)

3

water uptake

g/gdry

0.04

0.13

0.21

0.25

0.31

0.37

density (wet) 4

gwet/Lwet

1472

1418

1380

1364

1341

1322

(-)

thickness (wet)

mm

0.09

0.08

0.08

0.09

0.09

0.09

0.066

0.10

0.99

1.39

1.60

1.69

1.82

205

0.13

1.3

21

33

53

73

3.5

calculated
fixed charge density
diffusion coefficient

mol/L
-12

10

2

m /s

1

Exchange of H+ by Na+ ions.
2
In 2 mol/l NaCl solution at 25˚C.
3
Exchanged with Na+ ions.
4
Calculated with the dry density and the water uptake.
5
Fixed charge density in the pore liquid according to the pore model for membranes from perfluorinated functional polymers.
(-) Not used for the calculations.

The thickness dependence of the current-voltage curves has been investigated for
membranes prepared with layers of the same polymer blend as the cation exchange
layer c70 in Table 1 and Neosepta AMX as the anion exchange layer. The dependence of the current-voltage characteristics on the cation exchange layer composition
is done with the anion exchange membrane IonClad R4030 because it is chemically
more stable.
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100
CEM 0.04 mm
current
density
[A/m2]
50

0.09 mm

0.10 mm
0
0

1
membrane potential [V]

2

Figure 9: Current-voltage curves of bipolar membranes with different cation exchange layer

thickness; measured in 2 M NaCl (cation exchange layer chemistry same as C70 (Table1);
anion exchange layer: Neosepta AMX).

In Figure 9 the current-voltage curves of bipolar membranes with varied thickness of
the cation permeable layer are plotted. The membranes with a cation permeable
layer thickness of 0.09 mm and 0.1 mm show a very distinct current plateau at 12
A/m2 and16 A/m2, respectively, each with a clear limiting current density. The
membrane with the thin layer has a wide limiting current region with a tilted current
plateau from about 40 to 70 A/m2 but in any case higher than the thick membranes.
In general two reasons for the tilted plateau seem realistic: First, in cases where the
current-voltage curve does not show a horizontal plateau, the limiting current density is reached at different currents in different regions due to membrane heterogeneity. From the measured current-voltage curve, only a limiting current region can
be read with a rather constant slope, the lower limit indicating the onset of complete
depletion in some membrane regions and the upper limit indicating the enhancement
of water dissociation across the entire membrane surface. Second, such a tilted plateau could also be the result of the differences between the properties of the two ion
permeable membrane layers, i.e., their thickness, fixed charge density, and effective
diffusion coefficient. The extent to which these differences result in different co-ion
depletion of the two membrane layers and influence on the tilt of the current-voltage
curve is still subject of further investigations.
The dependence of the limiting current density on the inverse of the layer thickness
found with the model represents the measured thickness dependence well as seen in
Figure 10. The tilt of the current plateau and, inherently, the difficulty to read the
limiting current density for the thin membrane are considered by including the limiting current region as an error bar in the figure. Thus, thick membrane layers re108

duce the salt ion fluxes. However, there is also an upper limit for the layer thickness: water has to be transported from the solutions into the contact region of the
bipolar membrane across the membrane layers by diffusion. It must be high enough
to not inhibit the water dissociation in the interface and to facilitate a low electrical
resistance of the membrane layers at the actually present operating conditions. For
thick membranes, the water diffusion limitation is reached at lower current densities
than for thinner membranes as discussed in [12]. Thus, the thickness must be chosen carefully for an optimised bipolar membrane.

100

limiting
current
density
50
[A/m2]

0
0.0E+00

1.0E-04

2.0E-04

layer thickness [m]
Figure 10: Influence of the (average) layer thickness on the limiting current density of bipolar
membranes (cs = 2 mol/L). The line represents the model equation (22) calculated with cFIX =
1 mol/L; Dm = 2 10-12 m2/s); the crosses represent the experiments from Figure 9 with error
bars indicating the tilt of the limiting current plateau.

The bipolar membranes with varied ion exchange capacity of the cation exchange
layer show – at first sight – an unexpected behaviour: with increasing ion exchange
capacity, the limiting current increases (Figure 11 and Figure 12 ), i.e., an increased
ion exchange capacity does not result in a improved co-ion exclusion. The high
limiting current density of the membranes with the high IEC is due to the increased
swelling of the used layers. The effective diffusion coefficient determined from the
resistance measurements increases by almost three orders of magnitude whereas the
fixed charge density increases only one order of magnitude (see Table 1). The fixed
charge density and the diffusion coefficnet in equations (21) and (22) thus cannot be
changed independently when blending sulfonated PEEK with PES. By introducing
cross-links, cFIX and Dm could be adjusted with an additional degree of freedom.
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current
density
[A/m2]
50

60%

40%

20%
0
0
1
2
3
4
membrane potential [V]
Figure 11: Current-voltage curves of bipolar membranes with different cation exchange capacity; measured in 2 M NaCl (anion exchange layer: Ionclad R4030).

100
predicted
measured
limiting
current
density
[A/m2]

50

0
0

1

2

ion exchange capacity [meq/g]
Figure 12: Influence of the (average) ion exchange capacity of the layers on the limiting current density of bipolar membranes (cs = 2 mol/L; averages of Dm, cFIX, and s taken from Table
2).

The calculated limiting current densities for the bipolar membranes with varied ion
exchange capacity follows the trend of the experimental results (Figure 12 ), however, this correlation is not as good as the one obtained for the layer thickness variation. The membrane properties required in the model, i.e., layer thickness, fixed
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charge density, and the diffusion coefficient, have been determined for the cation
exchange layers of each membrane and the anion exchange layer separately. Then
the corresponding values of the prepared bipolar membranes were averaged to calculate the limiting current densities with the quasi-symmetric model (Table 2). This
averaging procedure for three membrane parameters to describe the asymmetric
membranes introduces an additional inaccuracy.

Table 2: Average layer properties and limiting current densities for bipolar membranes.
Membrane with R4030

c20

c40

c60

c70

c80

c90

layer thickness

mm

0.08

0.08

0.08

0.08

0.08

0.08

diffusion coefficient

10-12 m2/s

1.8

2.4

12

18

28

38

fixed charge density

mol/L

10.0

10.5

10.7

10.8

10.8

10.9

A/m2

1.69

2.15

10.77

15.80

24.02

32.60

mol-%

0.084

0.10

0.54

0.80

1.23

1.68

A/m2

0.9

2.0

2.1

7.5

14

55

mol-%

0.05

0.10

0.11

0.38

0.71

2.91

calculated (in 2 M NaCl)
limiting current of BPM
impurity at 1000 A/m

2

measured (in 2 M NaCl)
limiting current of BPM
impurity at 1000 A/m

2

Considering the requirements for selectivity and, further, stability and electrical resistance render the bipolar membrane prepared with the cation permeable layer c60
and the anion permeable layer R4030 as the most suitable membrane of the here
presented. With the limiting current density measured for the bipolar membrane
sample c60, the salt contamination would be around 0.1 mol-% in 2 molar solutions
(Table 2) or less than 0.5 mol-% for 4 molar solutions (calculated with equation
(23). The electrical resistance of the layer itself, and the bipolar membrane with this
layer, falls in the range comparable to values measured for standard monopolar
membranes. However, the overall electrical potential drop of the bipolar membrane
in the water splitting region of the current voltage curve is not optimised. As mentioned earlier, no interface modification or catalyst has been used when preparing
these membranes.

5.

Conclusions
The flux of salt ions across a bipolar membrane is determined by the co-ion
transport across the respective layer of the membrane. Above the limiting current
density, ilim, the co-ions in the membrane layers can not transport the current alone

111

V. Optimisation Strategies for the Preparation of Bipolar Membranes …

and water dissociation is enhanced. As it has been shown, the limiting current density measured in a salt solution is related to the salt contamination of the produced
acid and base in bipolar membrane electrodialysis. The salt ion contamination calculated by considering only diffusion due to a concentration gradient as driving
force will be smaller than by using the Nernst-Planck equations, including the migration of co-ions in an electrical field. According to the discussion of equation
(18), this difference becomes larger with higher electrolyte concentrations in the
solutions next to the membrane.
The properties of the cation exchange layer of a bipolar membrane have been varied
by preparing films from S-PEEK and PES blends with different compositions. A
suitable anion exchange layer is the commercial membrane Pall-Ionclad R4030; the
Tokuyama-Neosepta AMX will not be stable at higher base concentrations. Among
the presented bipolar membranes, the membrane with an S-PEEK content of 60% in
the cation exchange layer is the best bipolar membrane: the salt ion transport is very
low with a rather low electrical resistance of the membrane layers.
Membranes with thick ion exchange layers show reduced salt ion transport. Such a
thickness-dependence of the membrane selectivity has not been reported for standard cation and anion exchange membranes. The symmetry assumption used here
and in the models found in literature still limits the quantitative representation of the
experimental data. Nevertheless, the presented model describes the major trends
observed in the experiments. It can be used as a guideline for further bipolar membrane improvements towards high membrane selectivity.

6.

Nomenclature
a,s
AEM
Am
av
BPM
c
CEM
cFIX
CHAR
d
Di
Dm
F
I
i
i
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in the anion exchange layer, at the solution side (as superscript)
anion exchange membrane
total active membrane surface area [m2]
average (as superscript)
bipolar membrane
concentration [mol/L or mol/m3]
cation exchange membrane
fixed charge concentration [mol/L or mol/m3]
characterisation conditions with salt solutions next to the BPM
infinite difference or differential
diffusion coefficient of the individual ion species i (in the actual environment) [m2/s]
average diffusion coefficient in the membrane [m2/s]
Faraday constant 96485 As/molcharge
current [A]
current density [A/m2]
any ionic species in general

IEC
J
LIM
m
M or M+
PES
PROD
Q
R
rm
s
s
sa (sc)
S-PEEK
T
ti
U
wH2O
x
X or Xzi
∆
ρH2O
ρwet
(ρdry)

7.

ion exchange capacity of ion exchange material [molcharge/kgdry]
flux [mol/(m2s)]
at limiting current density (with salt solutions)
membrane (as superscript)
salt cation
poly (ether sulfon)
production mode, i.e., with acid and base next to the BPM
volume flow [m3/s]
universal gas constant R=8.314 J/(mol K)
membrane area resistance [Ohm cm2]
thickness of one ion exchange layer [m]
solution (as superscript)
solution at the anion (cation) exchange side of the bipolar membrane
sulfonated poly(ether ether ketone)
temperature [K]
actual transport number, i.e., fraction of current density due to the flux
of the ion i under the actual process conditions [A/A]
electric potential [V]
water uptake of ion exchange material [kgH2O/kgdry]
dimension perpendicular to membrane [m]
salt anion
electrochemical valence of ion i; including sign [molcharge/moli]
finite difference
density of water [kg/m3]
density of the wet (dry) ion exchange material [kg/m3]
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VI. Simulation of Salt Ion Transport across Asymmetric Bipolar Membranes

1.

Introduction
Bipolar membranes, laminates of anion and cation permeable membrane layers,
show similar properties as separate anion and cation permeable membranes. They
are not only permeable to counter-ions (which are the water splitting products
formed in the bipolar junction) but also the acid anions and the base cation are
transported across the bipolar membrane [1, 2, 3]. They penetrate the respective
layer of the bipolar membrane as co-ions and are transported across the bipolar
junction into the other layer where they are transported as counter-ion to the other
side of the bipolar membrane. Such co-ion leakage results in salt impurities of the
produced acid and base, limiting the use of this bipolar membranes for some applications.
Some models have been developed for the salt ion transport based on the asumption
that the properties in the two layers are equal, describing the so-called quasisymmetric bipolar membrane. For such membranes, the sign of the fixed charge in
the two layers is the only difference. [3, 4]. However, many phenomena can not be
described with such an approach because the bipolar membrane layers show different transport properties. The salt ion fluxes across a bipolar membrane in general is
not the same in both directions. This has been found for various bipolar membranes
such as the Aqualytics membrane [5] or the WSI membrane [2, 6]. A similar problem with asymmetric transport behaviour has been solved analytically [7]: The
transport of salt anions and cations across homopolar ion exchange membranes and
the two adjacent diffusion controlled hydrodynamic boundary layers below the limiting current density. Such an approach also includes many restrictive assumptions
and the obtained smooth analytical solutions of the model may distract from this
fact.
Here the description of salt ion transport is developed along the lines of thoughts in
the earlier paper [3] with following the two differences: The two layers are accounted for separately and the electrical potential difference across the bipolar
membrane is estimated as well. The latter allows to predict full current-voltage
curves. The chosen approach with rigorous discretisation allows to solve the transport problem in a spreadsheet program. This simulation environment allows quick
parametric studies.

2.

Theory

2.1

Background

The salt ion fluxes measured in acid-base electrodialysis are closely related to
the salt ion fluxes during measurements in salt solutions [3]. In both cases, the coion transport follows similar relations with increased solution concentration and
varied membrane properties even if the absolute values are not the same. When the
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same electrolyte or salt solution is used, the current-voltage behaviour of different
membranes can be compared and guidelines for membrane development can be
given. For a single membrane, the behaviour in different electrolytes and with different concentrations can indicate transport limitations under certain operation conditions and the process design can be optimised. In the following, a correlation is
derived between membrane properties and the anion and cation fluxes in steady state
across an asymmetric bipolar membrane up to the limiting current density for the
bipolar membrane immersed in a salt solution. In Figure 1a the locations and expected concentration profiles and in Figure 1b the expected profile of the electric
potential are sketched with the definitions used in this section.
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1: Schematic of an asymmetric bipolar membrane for sub-limiting current conditions. The direction in which the current j and the fluxes Ji are positive is indicated with the
arrows. Indicated are differences of thickness and fixed charge concentration of the anion (A)
and cation (C) permeable layers. (a) concentration profiles, (b) electrical potential contributions.

Figure

To describe the transport of the fully dissociated ions, the Nernst-Planck transport
equations for the two layers are used. Electroneutrality can be assumed to hold
within the layers because the electrical field is not very strong; weak electrical space
charge is neglected. The differential equations are solved with a finite differences
approach; without refining the simulation in the membrane phases with extra nodes,
straight lines will result from the calculations for concentration profiles and the
electrical potential. The concentrations in the two layers are coupled with the assumption of Donnan equilibrium across the bipolar junction, which is used due to
the lack of a measured ion distribution function. Furthermore, the fluxes are coupled by the steady state assumption as shown below. Initially, the problem is solved
for co- and counter-ions in the membrane; the concentrations of these ions at the two
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solution interfaces are either measured values depending on the solution concentration, or, if such relations are not available, values obtained from the Donnan equilibrium assumption for the solution-membrane interfaces.

2.2

Salt ion transport model up to the limiting current density

The extended Nernst Planck equations are a phenomenological description of
the ion transport by diffusion due to a concentration gradient and migration due to
an electrical field:
Ji = Ji

Diffusion

+ Ji

Migration

= − Di

dci
c z F dU
− Di i i
+ civ
dx
RT dx

(1)

A contribution to the flux (civ) by convective transport with the velocity v perpendicular to the membrane can be neglected. First, because no pressure difference is
applied across the bipolar membrane. Second, the overall ion fluxes are very low
below the limiting current density and opposite for the two ion species, thus, a correction for moving center of mass is negligible as well. In finite difference form,
Nernst-Planck equations for co- and counter-ion transport across the membrane layers read:
J M + , A = −DM+ ,A

J X − , A = − DX − , A

J M + ,C = −D M + ,C

J X − , C = − DX − ,C

∆cM + , A

cMav+ ,A F ∆UA
RT
sA
sA
(co-ion in the anion permeable layer)
− DM+ ,A

(2)

∆cX − , A

c av
F ∆UA
−
+ DX − , A X ,A
RT sA
sA
(counter-ion in the anion permeable layer)

∆cM + , C

− DM + ,C

c Mav+ ,C F ∆U C

sC
sC
RT
(counter-ion in the cation permeable layer)
∆c X − ,C

(3)

cXav− ,C F ∆U C
RT
sC
sC
(co-ion in the cation permeable layer)

(4)

+ DX − , C

(5)

In equations (2) to (5), the concentrations and concentration differences in the anion
exchange layer are defined as:
∆cM + , A = cM + ,A,C − c M + , A,S and ∆cX − , A = cX − ,A,C − cX − ,A,S
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(6a,b)

(

)

(

av
av
c M + ,A = 0.5 c M + ,A,C + cM + , A, S and c X − , A = 0.5 cX − , A,C + cX − , A,S

)

(7a,b)

and in the cation exchange layer:
∆cM + , C = c M+ ,C,S − cM + ,C, A and ∆cX − ,C = cX − ,C,S − cX − ,C, A

(

)

(

av
c M + ,C = 0.5 c M + ,C, A + cM + ,C ,S and c Xav− , C = 0.5 cX − ,C, A + c X − ,C, S

(8a,b)

)

(9a,b)

For solving the problem, the following properties are assumed to be known: (1) the
co- and counter ion diffusion coefficients in the anion and cation permeable layers,
DM+,A, DX-,A, DM+,C, DX-,C; (2) the co-ion concentration in each layer at the solution
boundary, cM+,A,S and cX-,C,S, (or, when using the Donnan equilibrium, the solution
concentration at the respective side); (3) the fixed charge concentration in the anion
and cation permeable layer, cFIX,A, cFIX,C; and (4) the thickness of the anion and cation permeable layer, sA, sC.
When substituting equations (6) to (9) in the Nernst-Planck equations, the remaining
unknowns are: (I) the fluxes of the salt anion and cation in the anion and cation permeable membrane layers, JM+,A, JX-,A, JM+,C, JX-,C, (II) the electrostatic potential differences across the anion and cation permeable layer, ∆UA, ∆UC, (III) the counter
ion concentrations at the respective solution interfaces, cX-,A,s, cM+,C,s, (IV), the ion
concentrations in the anion permeable layer next to the bipolar interface, cM+,A,C, cX,A,C, (V) the ion concentrations in the cation permeable layer next to the bipolar interface, cM+,C,A, cX-,C,A. Thus, in the four transport equations we have twelve unknowns. Further coupling equations are the electroneutrality condition in the anion
permeable layer,
c M + ,A,S + cFIX, A = c X − , A, S and c M + ,A ,C + cFIX ,A = c X − , A, C

(10a,b)

and in the cation permeable layer,
c M + ,C, A = cX − ,C, A + cFIX ,C and c M + ,C,S = cX − ,C,S + cFIX ,C

(10c,d)

Further, the steady state condition couples the anion and cation fluxes across the two
layers:
J M + ,C = J M + , A and J X − , C = J X − , A

(11)

The Donnan-equilibrium [8] is used as a boundary condition at the bipolar junction
if (or because) we lack a measured ion-distribution function for the two membrane
layers in contact:
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c M + ,C, Ac X − , C,A = c M + , A,Cc X − ,A ,C

(12)

With these additional seven equations, one degree of freedom is left. This is can be
an imposed current density j, coupling the ionic fluxes according to:

(

j = F JM + , A − JX − , A

)

(13)

Thus, now a complete set of equations is available to describe the transport below
the limiting current density. For a chosen current density, the concentration profiles,
the two stationary ion fluxes, and the electric potential across the membrane layers
can be estimated. In the following, the equations are re-arranged by analytical
methods to determine the ionic fluxes directly.
For solving the transport problem, first, the electrical potential differences across the
layers are eliminated from equations (2) and (3), respectively (4) and (5):
JM + , A + JX − , A

J M + ,C + J X − ,C

DM + , Ac Mav+ , A
av

DX − , Ac X − , A
DM + ,C cMav+ ,C
D

av
X − ,C X − ,C

c

DM + ,A cMav+ ,A æ ∆c M + , A ∆c X − , A ö
=−
+ av ÷
ç av
sA
cX− , A ø
è cM + , A

(14)

DM + ,C c Mav+ ,C æ ∆cM + , C ∆cX − ,C ö
+ av ÷
ç av
sC
c X − ,C ø
è cM + ,C

(15)

=−

With the steady transport conditions, equations (11), inserted in equation (15), the
flux of cations, JM+,A can be eliminated resulting in:
æ D + c av+
D + c Mav+ ,A ö
J X − , A ç M ,C Mav ,C − M , A av
=
DX − , Ac X − , A ÷ø
è DX − ,C cX − ,C
av
M+,A M+,A

c

D

sA

(16)

æ ∆cM + , A ∆c X − ,A ö D c
+ av ÷ −
ç c av
cX − , A ø
sC
è M+,A

av
M + ,C M + ,C

æ ∆cM + ,C ∆c X − ,C ö
+ av ÷
ç c av
cX − ,C ø
è M + ,C

Thus, if the concentration averages and gradients in the membrane are known, then
the flux of anions can be calculated and, with equation (14), the flux of cations as
well.
To estimate the anion and cation fluxes for sub-limiting currents, the following procedure can be followed: (I) first for one layer, a positive co-ion concentration next to
the bipolar junction is chosen, e.g., for the cations in the anion permeable layer,
cM+,A,C. Then (II), the co-ion concentration on the other side of the junction is approximated by the Donnan equilibrium (equation (12)) including electroneutrality:

(c

X − ,C, A
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)

(

+ c FIX,C c X − , C,A = c M + , A,C c M + , A,C + cFIX ,A

)

(17)

with the mathematical solution for the co-ion concentration in the cation exchange
layer:
2

c X − , C,A = −

(

c FIX, C
æ cFIX ,C ö
+
+ c M + , A,C c M + , A,C + cFIX ,A
è 2 ø
2

)

(18)

(Note: for the same fixed charge concentration in the two layers, this equation gives
the expected result: the co-ion concentration in the two layers are the same). With
this information, (III) the averages and gradients in the layers can be formed with
equations (6) to (9) and (IV) the fluxes as well as the current density can be calculated with equations (16), (14) and (13). If the fluxes at a specific current density
are required, the solution needs to be approximated numerically with a similar procedure because the analytical solution is not trivial.

2.3

Ion transport at the limiting current density

The salt ion fluxes at the limiting current density are determined with the condition that the membrane layers at the bipolar junction are fully depleted of co-ions.
c X − , C,A = 0 or c M + ,A ,C = 0

(19a,b)

If only one of these equations (19a,b) is used, the other follows from equation (12),
if both are used (12) becomes irrelevant. With both equations (19a,b), including the
electroneutrality conditions, the concentration differences and averages in the anion
permeable layer become:
∆cM + , A = −c M + , A,S and ∆cX − , A = −cM + , A ,S

(20a,b)

av
av
c M + ,A = 0.5c M + , A,S and c X − , A = 0.5cM + , A ,S + c FIX, A

(21a,b)

and in the cation permeable layer:
∆cM + , C = c X − ,C ,S and ∆cX − ,C = cX − ,C,S

(22a,b)

av
av
c M + ,C = 0.5c X − ,C,S + c FIX, C and c X − , C = 0.5c X − ,C, S

(23a,b)

These values are known, thus, the fluxes JX-,A and JM+,A can be calculated with
equations (16) and (14) for the depleted bipolar junction. Knowing these fluxes, the
limiting current density can be calculated with equation (13).
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2.4

Current-voltage curve below the limiting current density

To produce current-voltage curves up to the limiting current density, the above
described approach can be used, i.e., one co-ion concentration next to the bipolar
junction is varied (between 0 mol/l and, e.g., the fixed charge density) and the current density and the electrical potential across the membrane are calculated. The
former is available from the derivation in Section 2.2, the latter is calculated in the
following. The electrical potential difference across the membrane is the sum of the
contributions of the membrane layers and the potential differences across the interfaces, Figure 1b. The electrical potential across the anion permeable layer is, using
equation (3) and the calculated anion flux:
∆UA =

ö
RT æ J X − , As A
+ ∆c X − , A ÷
ç
c F è DX − , A
ø
av
X− , A

(24)

and across the cation permeable layer, using equation (5) and (11):
∆UC =

ö
RT æ J X − , AsC
+ ∆c X − , C÷
ç
c F è DX − ,C
ø
av
X − ,C

(25)

The Donnan potential across the bipolar junction A|C is (neglecting activities) [8]:
∆UA|C =

RT æ c M + ,A ,C ö
lnç
÷
F è c M + ,C, A ø

(26)

If the solution next to the anion permeable layer has the concentration cS,A, and next
to the cation permeable layer the concentration cS,C, the electric potential differences according become here (Donnan potential) across the interface S|A and C|S:
∆US|A =

RT æ cX − ,C,S ö
RT æ cS, A ö and
∆UC |S = −
ln ç
lnç
÷
÷
F è cS,C ø
F è c M + ,A ,S ø

(27a,b)

The electric potential difference ∆Umem or the electrical potential drop Umem across
the bipolar membrane up to the limiting current density is the sum of the various
contributions (see also Figure 1b):
−Umem = ∆Umem = ∆US| A + ∆UA + ∆UA|C + ∆UC + ∆UC|S

(28)

The co-ion concentration or the ionic activities in the membrane layers at a given
solution concentration are often not known. In such cases, the co-ion concentration
in the membrane layers next to the solutions is also estimated using the Donnan-
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equilibrium similar to equation (12). It becomes for the cation concentration in the
anion permeable layer (including electroneutrality in membrane and solution):

(c

M + ,A ,S

)

+ c FIX, A cM + , A, S = (cS, A )

2

(29)

with the mathematical solution:
2

c M + ,A ,S = −

2
cFIX ,A
æ c FIX, A ö
+
+ (c S,A )
è 2 ø
2

(30)

and similar for the anion concentration in the cation permeable layer next to a solution with the solution concentration cS,C:
2

c X − , C,S = −

2
cFIX, C
æ cFIX ,C ö
+
+ (c S, C )
è
ø
2
2

(31)

With that information, current voltage curves up to the limiting current density can
be simulated for asymmetric membranes. Further, the ratio of the salt cation flux to
the salt anion flux can be obtained for currents up to the limiting current density.
The salt ion fluxes into the acid and the base during electrodialysis operation can be
predicted, using the analogy of salt ion transport discussed above.
The equations are derived for the general case in a sense that the bipolar membrane
can be placed between salt solutions of different concentrations. In this case, the socalled membrane potential is observed when no current is imposed [9]. However,
generally the current-voltage behaviour of a bipolar membrane is investigated with
the same salt solution concentration at its two sides.

3.

Simulations

3.1

Current-voltage curves

To verify the asymmetric model, the resulting total flux and the limiting current
density from the simulations with literature data for the membrane are compared
with measured current-voltage data. The data of transport properties for the layers
of the BP-1 membrane are the data of the AMX and CMX membranes in [10] because these membranes are made of similar materials as the bipolar membrane layers; the used values are summarised in the second column of Table 1. The currentvoltage curves in [11] have been recorded in the same environment, i.e., in sodium
chloride concentrations of 1.0, 2.0 and 4.0 mol/l and 25˚C.
Figure 2 shows the comparison of the sub-limiting current-voltage curves for 2 mol/l
salt solutions. The predicted curve (“BP-1 data”) shows currents that are always
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higher than the measured currents for the same electric potential difference. Further,
the predicted curve does not go through the origin. This is mainly due to the different ways to estimate the co-ion concentration in the two membrane layers: at the
solution boundary layers, the actual co-ion concentration at a certain (fixed) solution
concentration is used whereas in the bipolar junction, the Donnan equilibrium,
equation (12) is assumed. If an actual distribution coefficient was known for the
bipolar junction, the Donnan equilibrium estimation could be avoided. One possibility was to generate a virtual distribution function by assuming a virtual solution
layer between the bipolar membrane layers and using the measured distribution
functions for membrane layers in contact with solution. However, such a procedure
introduces many sources of error. Not only the measurement errors or the interpolation within the measurement points add up to such an error. More importantly, the
bipolar junction is not the sum of the interfaces of the precursor membranes or materials but usually, and for the membrane BP-1 in particular, the interface is modified
for better contact and water splitting properties [13]. Thus, also the equilibrium
across this interface is different from those of the base membranes with a virtual
liquid layer between them.

Table 1: Parameters used for simulation
Ion permeable layer

“A” of BP-1
(*)

“C” of BP-1
(*)

“A” and “C”
symmetric

“C” range
(asymmetric)

DNa+ [10-12 m2/s]

40

90

50

10 .. 250 (***)

-12

70

60

50

10 .. 250 (***)

cFIX [mol/l]

1.500

1.500

1.5

0.3 .. 7.5

cco [mol/l] for cS = 1 mol/l

0.075

0.056

(**)

(**)

cco [mol/l] for cS = 2 mol/l

0.187

0.133

(**)

(**)

cco [mol/l] for cS = 4 mol/l

0.436

0.346

(**)

(**)

s [mm]

0.06

0.15

0.10

0.02 .. 5.0

DCl- [10

2

m /s]

(*) Measured data from [10]; A: AMX anion exchange membrane; C: CMX cation exchange
membrane.
(**) Calculated with the Donnan equilibrium.
(***) Changed simultaneously.

If the Donnan equilibrium is assumed for the solution interfaces as well (“BP-1
Donnan” in Figure 2), then the voltage at zero current goes through zero. However,
then also the (limiting) current density is over-predicted even more: It is more than
one order of magnitude higher than the measured value. The Donnan equilibrium
estimates to co-ion concentration in the layer to be 1.4 mol/l whereas the measured
co-ion concentration is only about 0.15 mol/l for the two mol/l sodium chloride so-
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lutions (Table 1). A reason for the large differences is the assumption that ion exchange functionalities are homogeneously distributed in the layer. Real bipolar
membranes as well as real ion exchange membranes show heterogeneities in the
membrane phase and at the surface [12, 13]. For the heterogeneous membranes,
having a certain overall fixed charge concentration, the local charge density is
higher, resulting in a stronger co-ion exclusion and, thus, a lower co-ion concentration; for the Nafion type membrane, this resulted in the development of the so-called
pore model [8].

30

20

symmetric

j [mA/cm2]

BP-1 Donnan
BP-1 data
i_U 2 mol/L

10

0
-0.2

-0.1

0

0.1

0.2

0.3

U

mem

0.4

0.5

[V]

-10

Figure 2: Current-voltage curves for sub-limiting currents. “i_U 2mol/L”: measured values

in [11]; BP-1 data: calculated with measured data (Table 1) including co-ion contents; “BP1 Donnan” calculated with measured data (Table 1) except co-ion contents (predicted with
Donnan equilibrium); symmetric: data of symmetric membrane (Table 1).

The membrane properties for the “symmetric” membrane in Figure 2 are similar but
not exactly the averages of the data for the “BP-1 Donnan” (see Table 1). The most
significant difference to the latter is the shape of the current-voltage curve below the
limiting current density: it also goes through zero, however, its slope initially is
smaller. The symmetric curve here has lower currents for the same electric potential, thus, a higher electric resistance whereas its limiting current density is higher:
the symmetric curve crosses the curve for the asymmetric membrane.
In Table 2, the predicted limiting current density with the data from Table 1 is compared with the measured limiting current density from [11]. This comparison shows
that the over-prediction is systematic: the calculated limiting current density is always about 2 times larger. The increased deviation for the four molar solution can
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indicate a reason for this over-prediction: the diffusion coefficients are assumed to
be constant in the simulation but actually they depend on the state of the membrane.
Moreover, it is known that the membrane contains less water with increased solution
concentration [8], thus, the effective diffusion coefficient will be smaller.
The model predicts a ratio of anion to cation flux of about 1:2 for this membrane
(Table 2). Thus, after a certain time, the produced acid contains twice the amount of
impurities than the base. Such an asymmetry is also observed with e.g. the WSI
membrane from Simons [6, 2].

Table 2: Comparison of predicted and measured limiting [11] current density for BP-1.
cS [mol/l]

1.0

2.0

4.0

0.33

1.0

2.3

calculated jLIM [mA/cm ]

0.72

1.9

5.0

calculated -JX / JM [-]

0.46

0.45

0.52

measured jLIM [mA/cm2]
2

25

20

J [mol/m2h]
15

10

symmetric

5

cation M+
anion X-

0
0

0.1

0.2

0.3

0.4

s

[mm]

C

0.5

0.6

Figure 3: Asymmetry simulation with Donnan equilibrium. Ion fluxes across a bipolar mem-

brane with increasing cation exchange layer thickness. The anion permeable layer thickness
is 0.1 mm.
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3.2

Increasing the cation permeable layer thickness

For Figure 3, the thickness of the cation permeable layer is varied while its other
properties and all the properties of the anion permeable layer are assumed to be constant. For this simulation, the values in Table 1, column “symmetric” are used and
the membrane is assumed to be in contact with 2 mol/l salt solution. From the plotted individual fluxes, the total flux as the sum and the ratio of the anion and the cation fluxes can be determined.
Figure 3 indicates that for an increased thickness of the cation exchange layer, both,
the flux of anions and cations decrease, thus, also the total flux decreases. They
both decrease because the ion fluxes are coupled according to steady state conditions
and electroneutrality as introduced in the Theory section.
More interestingly, the salt anion flux decreases more rapidly than the salt cation
flux and the ratio of anion to cation flux becomes smaller than unity. Increasing the
thickness of the cation exchange layer reduces the anion flux more than the cation
flux because the anion is the co-ion in this layer and its concentration gradient is
reduced.

3.3

Parameter studies

The influence of the asymmetry of membrane properties now is investigated more
systematically. In the first series, the simulations results presented in Figure 4, the
starting point is a quasi-symmetric bipolar membrane with the transport properties
“symmetric” in Table 1. The indicated property of the cation permeable layer has
then been varied within the range of values indicated as “asymmetric” in Table 1
while the properties of the anion exchange layer are kept constant at the “symmetric” values. Thus, when changing for example the thickness of the cation permeable
layer, also the total membrane thickness increases.
The thickness variation in Figure 4 for the first simulation series gives the same result as Figure 3: For an increasing thickness of the cation permeable layer (thus, an
increasing “ratio C/A”), the total flux is reduced compared to the symmetric case,
Figure 4a. Also the anion flux becomes smaller than the cation flux for increasing
cation permeable layer thickness, Figure 4b.
Similar trends are observed for an increased fixed charge density and a reduced apparent diffusion coefficient (Figure 4). Thus, when changing these properties accordingly for one layer, the total flux and especially the flux of the co-ion in this
layer can be reduced significantly. However, one must keep in mind that the properties of the other layer are kept constant, thus, the total thickness increases, the average fixed charge density increases, or the average diffusion coefficient increases
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when the respective property in the cation exchange layer is increased. The dependence of the total flux on the change of these averages has been discussed in [3].
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(a)
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|J X | / J

M

[-]

diffusion
coefficient

1.5

symmetric

1

thickness
0.5
fixed charge density
0
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1

10

ratio C/A [-]

(b)
Figure 4: Asymmetry simulations for changed cation permeable properties, i.e., layer-

thickness, average salt ion diffusion coefficient, fixed charge density; the anion permeable
layer has constant properties (column 3 “symmetric” in Table 2). The ratio of the value in
the cation over the anion permeable layer is set out on the x-axis. (a) Ratio of the calculated
total flux for the asymmetric over the symmetric bipolar membrane; (b) ratio of the calculated
anion flux over the cation flux.
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(b)
Figure 5: Asymmetry simulations of fluxes for increased ratio of cation over anion permeable

layer properties, i.e., thickness, average salt ion diffusion coefficient in the layer, fixed charge
density; the average layer properties of the two layers is constant (“symmetric” values in
column 3 of Table 2). (a) Ratio of the calculated total flux for the asymmetric over the symmetric bipolar membrane; (b) ratio of the calculated anion flux over the cation flux.

For the bipolar membrane BP-1, the main reason for the asymmetric flux behaviour
(Table 2) can be seen in the ratio of the layer thickness: For a ratio C over A thickness of 150/60, the flux of anions over the flux of cations is about 0.64 (Figure 4b).
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The ratio C over A of the average diffusion coefficients in the membrane layers is
approximately 72/51 for BP-1 is slightly counterbalancing that effect. However,
with the measured lower co-ion content of the cation permeable layer (Table 2), the
predicted overall flux ratio of 0.45 is obtained.
The graphs of the second simulation series in Figure 5 are simulation results with
constant averages. That means, when the property in the cation permeable layer is
increased, the property of the anion permeable layer is decreased such that the average value remains constant. The averages considered are the average layer thickness, sav = 0.5 (sA + sC), the average diffusion coefficient Dav = 2DADC/(DA+DC), and
the average fixed charge concentration, cFIX,av = 0.5 (cFIX,A + cFIX,C). Only one of
these layer properties is changed at a time; otherwise the averaging has to be more
sophisticated.
Figure 5a indicates that the total salt ion flux is the lowest for the symmetric bipolar
membrane and any kind of asymmetry increases this flux. The curves for an asymmetric thickness or diffusion coefficient coincide; they have a stronger influence on
the total salt ion flux than the fixed charge density.
The salt ion flux is reduced for the co-ion in the layer with the greater thickness, the
higher fixed charge density, and the lower diffusion coefficient, Figure 5b. This is
similar to the behaviour in the first series, Figure 4b. For both series, varying one of
the layer parameters allows to increase the ratio of cation to anion flux up to about
two in the presented range. The model presented in this paper, and more explicitly
the simpler quasi-symmetric model in [3] indicate that cumulative effects are possible. The product of the reduction factors resulting from the differences of all the
described transport properties results in the overall reduction factor, similar to the
discussion above for the example membrane BP-1.
Thus, if the average parameters are kept constant, perhaps due to constraints of total
resistance or for sufficient water permeability, the symmetric case shows the lowest
sum of fluxes. However, the flux of one ionic species can be improved for higher
purity of one product in acid-base electrodialysis by increasing the membrane
asymmetry, thereby sacrificing the purity of the other product to a certain extent.

4.

Conclusions and Outlook
The simulations of current-voltage curves with the model show how important
realistic estimates of the co-ion content in a membrane phase are for satisfying
simulation results. The Donnan equilibrium has proven to be not suitable for predicting exact ion equilibria across the interfaces, however, it serves well for parametric studies.
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The asymmetry of the bipolar membrane does not only influence on the limiting
current density of the bipolar membrane, also the shape of the steady state currentvoltage curve in the sub-limiting range is changing. With increasing current density,
initially the slope of the curve for the asymmetric bipolar membrane is steeper than
for a symmetric membrane with the same limiting current density.
The total flux can be reduced for increased cation permeable layer thickness, increased fixed charge density, and reduced diffusion coefficient in the cation permeable layer compared to the symmetric case when the properties of the anion permeable layer are kept constant. In contrast, in the other parametric study with constant
average layer parameters, the symmetric membrane shows the lowest total salt ion
flux.
A result from both parametric studies is that the flux of a salt ion is reduced when it
is the co-ion in the layer with increased thickness, reduced diffusion coefficient, or
increased fixed charge density. Thus, with asymmetric bipolar membranes, the salt
ion flux of one ionic species can be reduced. These studies help to explain observed transport behaviour and can aid the development of custom-made bipolar
membranes.

5.

Nomenclature
cfix,c(cfix,a)

fixed charge density of the cation- (anion-) permeable layer [mol/l]

A

Anion exchange membrane or anion permeable layer of a bipolar
membrane

B

Bipolar membrane

C

Cation exchange membrane or cation permeable layer of a bipolar
membrane

ci

molar concentration of species i [mol/l]

Di

apparent ionic diffusion coefficient [m2/s]

Dav

average apparent diffusion coefficient of the electrolyte [m2/s]

F

Faraday constant, 96485 As/mol

j

current density [mA/cm2]

Ji

flux of ion i (positive in direction of positive current) [mol/(m2s)]

r

area resistance [Ω cm2]

s

thickness [m]

t

time [s]
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ti

(migrational) transport number of the ion i [-]

U

electric potential difference [V]

zi

charge number of the ion i including sign [-]

Subscripts and superscripts
A
location: anion permeable layer (as second location read: “next to A”)
C

location: cation permeable layer (as second location read: “next to
C”)

av

averaged over one membrane layer

co

co-ion

counter

counter ion

m

measured value

mem

in or across the membrane

off

at current switch off

RU

repeat unit

S

location: solution (as second location read: “next to solution”)

T

Sum for all salt ions
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VII. Asymmetric Bipolar Membranes in Acid-Base Electrodialysis

1.

Introduction
Bipolar membranes as laminates of anion and cation exchange membranes are
used in a bipolar membrane electrodialysis module to split water for the production
or concentration of acids and bases (Figure 1). Such acid-base electrodialysis becomes more viable as a technology when high product concentrations can be
reached with reduced impurities. One aspect, the purity of the products, can be improved with improved bipolar membranes.
Like any ion exchange membrane, the bipolar membrane or its respective ion permeable layers contain co-ions, i.e., ions with the same electric charge as the functional groups of the ion exchange material. These co-ions are responsible for the
non-ideal behaviour of the membranes: for homopolar ion exchange membranes,
i.e., separate anion or cation exchange membranes, this results in a reduced current
efficiency and limited concentration factors. Salt ion leakage through bipolar membranes results in impurities of the acids and bases produced with bipolar membrane
electrodialysis [1] (Figure 2). In general, the salt ion leakage into the acid is not the
same as the salt ion leakage into the base [2, 3, 4], hence, the bipolar membranes
show an asymmetric salt ion transport behaviour. In [5], the flux behaviour across
asymmetric bipolar membranes has been investigated with a model relating the salt
ion fluxes in a bipolar membrane to the transport properties of its two layers. Information on the asymmetric salt-ion fluxes in bipolar membrane electrodialysis is necessary to design suitable processes and improved bipolar membranes for specific
application needs.

ED-BPM

salt solution
water
membrane 1
module
3

2

salt
1

2 acid
3 base

cooling

el. power

~

diluate
acid
base

=

Figure 1: Flowscheme of bipolar membrane electrodialysis for the production of an acid and

a base from a salt solution in a three-compartment electrodialysis module.
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In this chapter, the control and directing of salt ion fluxes across bipolar membranes
with increased asymmetry is demonstrated experimentally. Bipolar membranes are
mounted together with cation and anion exchange membranes in a pilot-scale electrodialysis stack to investigate the salt ion transport behaviour in-situ. The used heterogeneous bipolar membranes are not designed for high product purity but for economic use in ultra pure water systems [6]; it is known that they show high salt ion
fluxes, making them suitable to investigate flux improvements. The asymmetry of
the membranes is altered by increasing the thickness of the bipolar membrane layers. Therefore separate ion exchange membranes of the same functionality are
added, i.e., an anion exchange membrane on the side of the anion permeable layer or
a cation exchange membrane on the other side. Current-voltage curves are recorded
characterise the transport behaviour of the repeat units and short pilot-scale electrodialysis experiments are performed to quantify the salt ion transport. For both types
of experiments, the same membrane arrangements in the membrane module are
used, with the module mounted in the pilot scale electrodialysis unit.

1 salt

Membrane
Module

2 acid
3 base
acid
conc
C

B

OH-

base
conc
C

A

H+

OHM+

XO2

B

A

C

H+
H2

H2O
H2O

OH-

M+

1 salt

H+
OH-

H2O

OHXH2O

rinse

salt
feed

2 acid

rinse

3 base
repeat unit

Figure 2: Scheme for a three-compartment arrangement of membranes and compartments in

a module for bipolar membrane electrodialysis. In industrial membrane stacks, the repeat
unit (dashed lines) is repeated 20 to 50 times between one pair of electrodes.
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2.

Theory
The salt ion fluxes in acid-base electrodialysis are closely related to the salt ion
fluxes during measurements in salt solutions [1]. In both cases, the co-ion transport
can be described with the same transport equation that relate the salt ion flux to the
solution concentration and the membrane properties such as the apparent diffusion
coefficient, the layer thickness, and the fixed charge density. When identical electrolyte or salt solutions are used, the current-voltage behaviour of different membranes can be compared and guidelines for membrane development can be given.
For a single membrane, the behaviour in different electrolytes and with different
concentrations can indicate transport limitations under certain operation conditions
and the process design can be optimised. Below, first the salt ion transport in acidbase electrodialysis is described (Section 2.1). Next, the characteristic values of
current-voltage curves are correlated to the underlying transport processes (Section
2.2).

base

CEM
diluate
M+X-

Vb,
cOH-, cM+,
cX-

BPM
acid
H+X-

|JOH-,CEM|

|JOH-,BPM|

JM+ ,CEM

JM+,BPM

|JX-,CEM|

|J X-,BPM|

water
Figure 3: Scheme used for material balance of the base chamber during electrodialysis

(dashed lines: borders of material balance). During the batch cycle time, the two valves at
the inlet for the water and the outlet for the base product are closed.
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2.1

Salt ion fluxes in bipolar membrane electrodialysis

To obtain information on the membrane behaviour in acid-base electrodialysis,
the ion concentrations of the produced acid and base are recorded for progressing
time. With that information, the current efficiency for the production of acid or base
can be determined. If also the salt ion contents in the acid and base volumes are
measured for different times, then the salt ion flux can be determined as well.
The following estimate of salt impurities in the base can be derived analogue for the
salt impurity in an acid. The initial concentration of hydroxide and salt in the base
compartment and batch volume are known. The salt ion flux across the bipolar
membrane is the desired property and will be determined from increase of the saltanion concentration in the base.
Therefore, the material balance over the base compartment is used (compare to Figure 3):
dc X,b Vb
dt

= Aeff (J X,CEM − J X ,BPM )

(1)

The effective membrane area Aeff is the permeable area of one membrane multiplied
the number of repeat units. The signs of the fluxes are a result of the definitions of
the fluxes: a flux is positive in the direction of a positive current, thus, for the material balance outward bound. The material balance can be integrated in time if it is
assumed that the fluxes are independent of time.
c X ,b (t)Vb (t) − c X ,b,initialVb,initial = Aeff (J X,CEM − J X,BPM )(t − t initial )

(2)

The concentration of anions X- in the acid is much higher than in the base, thus, the
flux of anions across the cation exchange membrane is much smaller than the flux
across the bipolar membrane. Neglecting the latter anion flux across the separate
cation exchange membrane, the acid anion flux across the bipolar membrane can be
estimated from the measured changes in volume and concentration.
− J X , BPM =

c X ,b (t )Vb ( t ) − c X, b,initialVb,initial

(3)

Aeff (t − t initial )

Thus, with this equation, the desired anion flux is accessible. However, the conditions, especially the concentrations in electrodialysis experiments are difficult to
control from one experiment to the other; especially pilot scale units have dead volumes that must not be neglected. For a good comparison of different membranes or
membrane arrangements, either a concentration independent membrane “permeability coefficient” should be found or the fluxes should be normalised to a standard
concentration. To achieve this, the equation of the flux depending on the solution
concentration as developed in [1] for the quasi-symmetric membrane can be utilised:
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Dmem (c s )

2

J M + = −J X − =

(4)

scFIX

Assuming the parameters of the membrane layer are constants, the flux is proportional to the product solution concentration squared, i.e., the hydroxide ion or proton
concentration. The term {JM+ / (cS)2} can be seen as constant membrane parameter;
the apparent diffusion coefficient in the membrane Dmem and, moreover, the fixed
charge density cFIX and the layer thickness s are only slightly depending on the solution concentration. For the bipolar membrane between the acid and the base, the
flux of the salt anion into the base depends on the acid concentration, whereas the
salt cation flux depends on by the base concentration. Thus, for example the salt
cation flux into the acid is normalised to a freely chosen normal base concentration
cS,A,norm according to:
J M + ,BPM , norm

æc
ö
= J M + ,BPM ç S, A, norm ÷
è cS, A ø

2

(5)

Here, the actual product concentration, the base concentration cS,A does not change
considerably when large recycle volumes are used, the initial concentrations are
high, and the total time of the experiment or between taking samples is rather short.

2.2

Current-voltage curves of electrodialysis repeat units

Current-voltage curve of a single bipolar membrane recorded in a neutral salt
solution, Figure 4, shows characteristic parts that correspond to known transport
phenomena [1]: below the (lower) limiting current density, only the salt ions transport the current; above this current density, also water splitting products are available to transport the current. The operating current density is chosen as high as possible to reduce the relative salt ion transport. Above the upper limiting current
density, the water transport is not sufficient to replenish the water split at the corresponding rate [7].
The current-voltage curves can be recorded with a fully equipped electrodialysis
module, without reference electrodes. Then all the present elements such as electrodes, block solutions, membranes, concentration gradients, solutions, spacers, water splitting reaction contribute to the electric potential difference across the working
electrodes. The contribution of each element can be estimated for a given stack geometry and operating conditions but that is not always necessary as shown below.
Here, the main interest lies in the salt ion fluxes across the bipolar membrane. As
derived in [1], the total salt ion flux is related to the limiting current density of the
bipolar membrane. Also in an asymmetric membrane, the current below the limiting
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current density is transported by the salt ions. Because the current density is the
same in the entire stack, the limiting current density does not have to be corrected
for the other elements in the module if stray currents can be neglected. Such stray
currents are reduced as far as possible by using a long connection between the electrode rinse compartments and by having thin, long distributor channels in the frames
of the membrane compartments in the module. To make the limiting current density
clearly visible, the current voltage curve of the electrodes and the end-compartments
of the electrodialysis module is recorded separately without any repeat unit.

j
[A/m 2]

jLIM,2

3000

j OP
UOP

1000

20
10

j LIM

0
1

Umem [V]

Figure 4: Schematic current-voltage curve of a bipolar membrane in a salt environment.

Included are the limiting current density jLIM, the operation current density jOP, and the upper
limiting current density jLIM,2.

Also other elements in an electrodialysis module can show a limiting current. Examples are the boundary layers in the salt feed chamber in Figure 2 next to the cation or the anion permeable membrane or at the electrodes. However, these limiting
current densities in general are much higher than the limiting current density of a
bipolar membrane. In a bipolar membrane, the entire ion permeable membrane
layer is the depletion layer with a thickness in the order of tens to hundreds of micrometers whereas the hydrodynamic boundary layer next to electrodes and ion
permeable membranes is only few micrometers wide and depends on the flow conditions in the cell. The true origin a limiting current density can be identified by
varying the flowrate through the compartments: the limiting current density of a bipolar membrane is independent of the flowrate because it is a result of the so-called
internal concentration polarisation within the membrane layer itself. On the other
hand, the limiting current density of solution boundary layers is independent of the
membrane layer thickness.

141

VII. Asymmetric Bipolar Membranes in Acid-Base Electrodialysis

3.

Experimental

3.1

Electrodialysis unit and membranes

The current-voltage characterisation and the electrodialysis experiments are
both performed in the same electrodialysis unit and membrane arrangement in the
membrane module as used for the acid-base experiments. The electrodialysis unit is
a customised, semi-automated pilot-scale system from FuMA-Tech with five recycle
loops. For these experiments, it is used in batch-recycle mode; it also can run in
intermittent-batch operation for three streams with automatic draining and re-filling
of the recycle compartments after a maximum or minimum conductivity has been
reached.
The current and electrical potential across the stack are displayed on a control unit.
Manual or computer control of the current and / or the electrical potential is
achieved through the power supply. It allows setting the current and the voltage
through an analogue interface e.g. with a computer equipped with a data acquisition
card and an D/A output channel. Of the three streams for electrodialysis, acid, base,
diluate, the temperature and conductivity (range adjustable for 20, 200, 2000
mS/cm) are displayed. The pH of these streams is not measured on-line but by taking samples in certain time intervals; for acid-base experiments, the acid or base
concentration is measured by titration. A laboratory cooler with a polyethylene heat
exchanger in the acid and base compartment is used to limit the temperature changes
due to the resistance when operating at high current densities in the module.
The connected computer can record the signals for conductivity of each stream, the
actual voltage across the module, and the actual current. It controls both, the voltage
and the current of the power supply of the electrodialysis. The control and recording
program on the measurement computer is written with Testpoint 3.0.
The membrane module is the module ED0/4 from FuMA-Tech. The effective area
for each membrane is 0.1m x 0.18 m = 180 cm2; up to 10 repeat units of the three
compartment type can be introduced between the stainless steel cathode and the
platinised titatium anode. We use two repeat units with a three compartment setup
for experiments. A fourth stream, the so-called block solution, compartment number
4 in Figure 5 is added to trap the reaction products from the electrodes to keep their
influence on the actual separation small. Together with the electrode rinse solution,
all five recycle streams of the electrodialysis unit are in use.
All the ion permeable membranes in these investigations are of the heterogeneous
type from FuMA-Tech. The extra layers added to the bipolar membrane are heterogeneous anion and cation permeable membranes as well.
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Figure 5: Membrane arrangement in the pilot module as used in these experiments. Either

two or no repeat units are used. A: Anion permeable membrane; B: bipolar membrane; C:
cation permeable membrane. Recycle streams: 1-salt diluate, 2-acid, 3-base, 4-block solution, 5-electrode rinse. The thick arrows indicate the desired ion transport across the ion exchange membranes or membrane layers.

3.2

Recording current-voltage curves

First the current-voltage (j-U) behaviour of the arrangement without any repeat
unit is measured to obtain a current voltage curve of the electrode compartments and
the block solution. Next, the repeat units are introduced and the j-U curve is measured again. The difference between the two curves for the same current density is
the current-voltage behaviour of the repeat units in the module. The limiting current
density of the membranes is indicated by the minimum slope (dj/dU) of the currentvoltage curve.
For these experiments, 5 l of 2 mol/l sodium chloride are in each compartments 1 to
4; for the electrode rinse compartment 5, 0.5 M Na2SO4 is used. In the compartments two and three next to the bipolar membrane, two times one litre of measurement solutions is recirculated for at least 10 minutes. This procedure ensures stable
initial conditions for the salt solution experiments. The dead-volume in each recirculate loop is approximately 0.2 l. It would be possible to connect the three compartments to one reservoir to keep the salt ion concentration constant during one
experiment. However, then additional stray currents occur through the connecting
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tubes. These are avoided with the separate recycle loops. The relatively large recirculated volumes reduce influences of concentration changes.
With the computer program, the voltage across the stack is set to a safety limit of 30
V and the current or current density is increased stepwise. The current-voltage
curve is recorded with 40 steps of 6 minutes per step up to a current density of 8
mA/cm2 and 3 minutes per step above.
Current-voltage curves are recorded for all four arrangements of the repeat units as
shown in Figure 6. The arrangement “B” is the original bipolar membrane with the
extra anion and cation permeable membranes separating the feed compartment from
the acid and base compartment, respectively. Adding an anion permeable membrane “A” at the anion permeable side of the bipolar membrane and/or a cation permeable membrane “C” at the cation permeable side of the bipolar membrane gives
the arrangements “AB”, “BC”, or “ABC”. The extra layers are added to the bipolar
membrane while all membranes are immersed in a sodium chloride solution to avoid
air bubbles in the interfaces.
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A
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base

salt

A
acid

salt

(AB)

(B)

C

BC
base

(BC)

A
acid

C
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base

salt

A
acid

salt

(ABC)

Figure 6: Repeat units as used for these experiments. (B) Standard three compartment ar-

rangement, (AB) extra anion exchange membrane attached to the anion permeable side of the
bipolar membrane, (BC) cation exchange membrane attached to the cation permeable side,
and (ABC) anion and cation exchange membrane to the respective side of the bipolar membrane.

3.3

Procedures for electrodialysis experiments

The same bipolar membrane electrodialysis pilot module is used for producing
sodium hydroxide and hydrochloric acid with the membrane arrangements as shown
in Figure 5. Therefore, the salt anion concentration in the base and the salt cation
concentration in the acid are measured during an electrodialysis experiment with the
same bipolar membranes, also with increased asymmetry where possible. From the
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acid and base concentration time development in the product chambers the acid anion and base cation flux are calculated as described in Section 2.1.
The electrodialysis experiments are performed batchwise with 100 mA/cm2, starting
with approximately 2 mol/l solutions: salt solution is only used in the feed compartment, the acid and base compartment are filled initially with a hydrochloric acid and
sodium hydroxide solution, respectively. Due to limited temperature control, the
temperature increased during an experiment from 25 ˚C to approximately 30 ˚C.
Because most bipolar membranes can not be operated with acid and base at its two
sides without a current flowing, a minimum potential has to applied to prevent the
re-combination of hydroxide ions and protons to water in the membrane contact region. Such a recombination can lead to the destruction of the bipolar membrane due
to the pressure increase if the formed water can not leave the membrane. Then the
layers separate, a phenomenon which is often called ballooning. Only membranes
with high water permeability can withstand such treatment. Therefore, as preventive
measure, a voltage of 5 V has been applied during the initial rinsing with acid and
base next to the bipolar membrane.
Besides the electric potential, also the pH, temperature, conductivity, and the volume increase of the three main streams are recorded in time intervals for indicative
purposes. But most important are the measurements of the salt concentration in the
acid and the base every 30 to 60 minutes. Analysis for sodium concentration is done
by atomic adsorption spectroscopy, AAS; the chloride concentration is measured by
high performance liquid chromatography HPLC. The concentration of acid and base
of these samples is determined by titration.

4.

Results and Discussion

4.1

Current-voltage curves

Recording the current-voltage curve with and without the electrodialysis repeat
units (Figure 7a) allows to subtract both from each other, resulting in the polarisation characteristics of repeat units alone, as presented in Figure 7b. From Figure 7b,
the limiting current density is read at the current density with the sharpest increase
of potential for current increment. Further, extrapolating the over-limiting current
branch to zero current density, the water dissociation voltage for two membranes in
series is obtained. The area resistance of the two repeat units in series, r2RU =
∆U2RU/∆j is approximated by the inverse slope of the over-limiting branch (or its
approximation by a straight line as used for determining the water dissociation potential). The resistance at increasing current densities in this setup is decreasing because in the water splitting state, the temperature increases and the concentration of
water splitting products in the acid and base chamber increase, both resulting in a
higher conductivity of the solutions and membranes.
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Figure 7: Reading the limiting current density and water splitting potential from the current-

voltage curve of the bipolar membrane module. Simplest bipolar membrane without additional layers. (a) Subtracting the curves for electrode influences, (b) detail of curve for two
repeat units; reading the limiting current density jLIM, the water dissociation potential Udiss,
and the area resistance of one repeat unit rRU.
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Figure 8: Current-voltage curves for different bipolar membrane arrangements without and

with extra ion exchange membranes. (a) Full curves, (b) detail around the limiting current
density.

The current-voltage curves of the two repeat units with the different bipolar membrane arrangements according to Figure 6 are shown in Figure 8 corrected for the
electrode and block solution contributions. Figure 8a includes the entire curves and
Figure 8b focuses on the low current density range to distinguish the limiting current
density. The limiting current density of a bipolar membrane with an additional anion exchange layer, arrangement “AB” is almost halved compared to the original
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bipolar membrane but the ohmic resistance in the water splitting state is almost doubled (Figure 8a and Table 1). The current density of 100 mA/cm2 could be reached
with only a slightly increased voltage due to the resistance of the extra layer. Also
when applying an additional cation exchange layer, arrangement “BC” shows a reduced limiting current density. The much lower limiting current density in this case
indicates that the bipolar membrane itself has a lower co-ion flux in the anion permeable membrane layer: When adding a cation exchange membrane to improve the
transport properties of the cation permeable layer, we can reduce the flux of anions
(co-ions in this layer) more compared to the flux reduction of cations when we improve the anion exchange layer with an anion permeable membrane.
However, the membrane arrangement “BC” also shows a strongly increased resistance directly above the limiting current density at about 5 mA/cm2: the current density flattens off considerably with increasing electric potential. Adding both, an anion and a cation exchange membrane on the respective side, arrangement “ABC”,
the limiting current density is further reduced as expected; in contrast, the second
limitation at 5 mA/cm2 is not changing significantly. The dissociation potential and
the ohmic resistance for this arrangement in Table 1 are determined by using the few
points just above the limiting current density and below this second limitation. Using only few points introduce a large uncertainty for these values.

Table 1: Characteristics of bipolar membrane arrangements (in 2.0 mol/L sodium chloride

solutions).
jLIM [mA/cm2]

Udiss [V] (*)

URU [V]
at j=100 mA/cm2

rRU [Ωcm2]

B

9

0.64 (*)

4.7

46 (*)

AB

5

0.66 (*)

6.8

76 (*)

BC

4

(**)

(**)

(**)

1.8

0.39 (***)

(**)

300 (***)

membrane arrangement

ABC

(*) Using the over-limiting branch up to U2RU = 7 V.
(**) No reading possible due to water transport limitation.
(***) Using the measurements between U2RU = 1.8 and 3 V.

Such an upper limiting current density (see also Figure 4) indicates the water transport limitation, leading to a dry-out of the membrane layers [7]. Also in these experiments such a dry-out was observed: when separating the extra membrane layer
from the bipolar membrane after an experiment, the membranes at this contact
seemed dry (initially they were attached by loose laminating in a 2 mol/l solution,
after equilibration in the same solution for more than 24 hours). During normal operation, the water flux through the cation permeable membrane layer is enough to
replenish the water used up in the water dissociation reaction in the bipolar junction.
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In contrast, the anion exchange membrane is almost impermeable to water. When
the cation exchange membrane is added on the cation permeable side, then the water
flux through this layer with increased thickness as well as through the anion exchange layer is too small to sustain water splitting. This indicates that the anion
permeable layer contains much less water. Thus, it also will contain less co-ions,
supporting the conclusion above that the anion permeable layer transports less coions. Further, also the diffusion coefficients are smaller when a membrane contains
less water.
Summarising, these experiments indicate reduced salt ion fluxes when attaching additional layers attached to the bipolar membrane. It can be concluded that the cation
permeable layer of the original bipolar membrane contains much more water and
more co-ions than the anion permeable layer. This results in water transport limitations when this layer becomes too thick.

4.2

Acid / base electrodialysis

The drastic reduction of the upper limiting current density in the case of an
added cation exchange membrane (arrangement “BC”) compared to the added anion
exchange membrane (“AB”) indicates that the differences between the transport
properties of the two layers are very large. This is also observed in the following
acid-base experiments of electrodialysis with bipolar membranes.

Table 2: Measured fluxes in acid/base electrodialysis
membrane arrangement

JCl- (*)
[mol/(m2h)]

JNa+ (*)
[mol/(m2h)]

|JCl-| / JNa+
[-]

JNa+ + |JCl-|
[mol/(m2h)]

B

15.8

0.8

20.0

16.6

AB

11.3

0.4

29.3

11.7

(*) normalised to 2 mol/l acid for anion flux and 2 mol/L base for cation flux

The electrodialysis experiments at a current density of 100 mA/cm2 were only possible for original bipolar membrane “B” and the arrangement “AB” with the added
anion exchange membrane (Figure 6). The concentrations measured in the acid and
base compartments are given in Figure 9. Due to the design of the experiment,
starting with approximately 2 molar base and acid, the concentrations of hydroxide
ions and protons in the base and acid chamber do not change much in time Figure
9a. In contrast, the increase of the chloride and sodium concentrations in these
streams is considerable, Figure 9b. This increase is used to calculate the fluxes in
Table 2 after normalisation of the acid and base concentrations to 2 mol/l according
to equation (5). The development of the proton concentration in the salt or diluate
chamber indicates the well-known phenomenon that the proton leakage across the
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anion exchange membrane is higher than the hydroxide leakage across cation exchange membranes [8].
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Figure 9: Concentration developments in the electrodialysis experiments; “B”: bipolar mem-

brane only, “AB”: extra thick anion permeable layer. (a) Product concentrations and proton
concentration in the diluate; (b) concentrations of impurities in the products.

For the plain bipolar membrane “B”, the flux of salt anions into the base is about 20
times the flux of salt cations into the acid (Table 2). Thus, its anion permeable layer
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is much less permeable to co-ions than the cation permeable layer. This is in agreement with the conclusions drawn from the limiting current density.
Increasing the anion exchange layer thickness, the transport of both salt ions is reduced as expected from the simulations in [5]. But more interestingly, the ratio of
the salt anion to the salt cation flux is increased by adding the extra anion exchange
layer (Table 2). With an increased anion permeable layer thickness, the flux of the
co-ion in this layer, i.e., the base cation is reduced more than the flux of the co-ion
in the other layer. With the theory in [5], this result can be generalised for other
membrane arrangements.
Thus, both, electrodialysis and current voltage measurements indicate flux reductions with increased membrane layer thickness, supported by simulations in [5].
Both tests are required to evaluate a bipolar membrane in acid-base electrodialysis
with increased layer thickness. The current-voltage curves can indicate transport
limitations but only the electrodialysis tests can give answer to the actual salt ion
fluxes and flux ratios in the actual process.

5.

Conclusions and Recommendations
The presented experiments indicate that the bipolar membrane asymmetry can
be increased and the sum of salt ion fluxes decreased with an increased thickness of
the layers of a bipolar membrane. With additional layers, the recorded currentvoltage curves of the electrodialysis repeat unit show a reduced limiting current density, and thus, they indicate an overall higher selectivity of these arrangements.
Furthermore, these curves can also indicate water transport limitations, very important in investigating the technical feasibility of a bipolar membrane process. The
electrodialysis experiments confirm the overall reduction of the salt ion fluxes predicted with the current voltage curves. In addition, electrodialysis experiments reveal the increased asymmetry of the salt ion fluxes, information which can not be
obtained from current-voltage curves.
The used bipolar membrane has a highly ion selective anion permeable layer and a
highly water permeable cation permeable layer. It already shows a strongly asymmetric salt ion transport which is further increased by the added anion permeable
layer.
The presented methodology can be used to achieve salt ion flux reductions and to
point out transport limitations for applications of bipolar membrane electrodialysis.
The bipolar membranes can be tailor-made such that the asymmetric salt fluxes allow to produce very high purity acids or bases while keeping the bipolar membrane
functioning without water transport limitations. The simplest method is adding
readily available ion permeable membranes to the respective side of existing bipolar
membranes. In such cases, both, current-voltage characterisation and electrodialysis
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experiments should be performed to investigate the technical feasibility. The experiments performed in this study indicate that the bipolar membrane behaviour can
be characterised in situ, for example as part of an electrodialysis repeat unit mounted
in a pilot scale electrodialysis module.

6.

Nomenclature
cfix

fixed charge density of the ion permeable layers [mol/l]

A

Anion exchange membrane or anion permeable layer of a bipolar
membrane

B

Bipolar membrane

C

Cation exchange membrane or cation permeable layer of a bipolar
membrane

ci

molar concentration of species i [mol/l]

D

apparent diffusion coefficient of the salt [m2/s]

j

current density [mA/cm2]

Ji

flux of ion i (positive in direction of positive current) [mol/(m2s)]

r

area resistance [Ω cm2]

s

thickness [m]

t

time [s]

U

electric potential difference [V]

Subscripts and superscripts
a
acid compartment
b

base compartment

mem

in or across the membrane

RU

repeat unit

S

solution
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1.

Introduction
Bipolar membranes are laminates of anion and cation permeable membrane layers. In an electric field, water is split into hydroxide ions and protons at the contact
between the anion and cation permeable layers, the so-called bipolar junction. The
water splitting products are transported across the respective membrane layer into
the acid and the base compartment of an electrodialysis membrane module [1, 2].
Advanced characterisation methods are required to further improve the material and
transport properties and to overcome existing limitations such as low selectivity or
high energy usage. The selectivity or salt-ion leakage across a bipolar membrane is
related to the limiting current density observed in a steady-state current-voltage
curve as discussed in [2, 3]. In this paper, we investigate how chronopotentiometry
can be used as a characterisation method to obtain detailed information on the energy requirements of a bipolar membrane during operation.
Chronopotentiometry is an electrochemical characterisation method that measures
the electric potential response of a system to an imposed current. Compared to other
dynamic characterisation methods such as electric impedance spectroscopy and cyclic amperometry or voltammetry, it has the advantage of the direct accessibility of
contributions to the voltage in different states of the system. Furthermore, rather
simple equipment can be used compared to these methods. Compared to steadystate voltage- or current-sweeps recorded with similar equipment, more detailed information can be obtained by chronopotentiometry because the dynamic voltage
response in time can be analysed.
Chronopotentiometry is used as a technique in electrochemical science and engineering to investigate transport processes and reactions in electrolyte solutions, at
electrodes, and in membranes. The chronopotentiometry of electrodes yields information on activated states and chemical reaction mechanisms [4, 5] whereas chronopotentiometry of anion and cation permeable membranes gives insights in the dynamic transport processes in the membrane and the solution next to it [6, 7, 8, 9, 10,
11, 12, 13, 14]. For example, chronopotentiometric measurements were used to investigate the transport in the diffusion-controlled boundary layers next to ion permeable membranes [8] and to explain overlimiting current behaviour [9, 13]. One of
the systems investigated with chronopotentiometry in [15], an electrodialysis compartment filled with anion exchange resin particles in contact with a cation exchange
membrane, exhibits a behaviour similar to a bipolar membrane. In bipolar membranes, not ion-transport or the water splitting reaction alone, but both together define its function.
Bipolar membrane chronopotentiometry has been investigated before, mainly focussing on the dynamic development of the electric potential difference. In [16], the
characteristic points of chronopotentiometric response curves are used to plot artificial current voltage curves for the initial and transport state of the bipolar membrane
separating an acid and a base. However, these data at low current densities with the
bipolar membrane MB-3 contradict later findings: bipolar membranes placed be156

tween an acid and a base show an open circuit voltage that is different from zero
[17, 18, 19]. The papers [20, 21] relate the transition time of the chronopotentiometric curves in sodium chloride solutions to the applied current density to obtain
data on the migrational transport numbers or diffusion coefficients of salt ions the
bipolar membrane layers. In [3], bipolar membrane chronopotentiometry has been
used to investigate if the steady state has been reached when recording steady-state
current-voltage curves of bipolar membranes.
The electric potential measured with steady state current voltage curves is a sum of
the various contributions, i.e. the ones across the interfaces, the membrane layers,
and the solutions next to the membrane. With chronopotentiometry, our objective is
to separate these contributions to the overall electric potential difference to improve
the understanding and interpretation of steady-state current-voltage curves. We will
aim to correlate the physical states of the bipolar membrane layers to the characteristics of the chronopotentiometric response curves.
The outline of this chapter is as follows: In the Theory section, the principle of bipolar membrane chronopotentiometry (Section 2.1) is introduced, then the time development of concentration profiles based on previous knowledge is presented (Section 2.2), followed by the description of an electric model circuit together with the
corresponding characteristic values determined from a chronopotentiometric response curve (Section 2.3). After giving details of the experimental methods in
Section 3, the experimentally recorded chronopotentiometric curves at a high concentrations with different current densities are discussed (Section 4). In the same
section, we try to determine relevant properties, such as the reversible and irreversible contributions to the electric potential that can be relevant for improving the bipolar membrane or for applying it in electrodialysis processes.

2.

Theory

2.1

Chronopotentiometry Principle

In chronopotentiometric measurements, a constant current is switched on and
off at the times t0 and t1, respectively. The time evolution of the electric potential
over the membrane is recorded and, with bipolar membranes, typically the response
curve looks like the Figure 1a for different current densities. The most important
characteristic times and voltages or electric potential differences are marked in the
figure. The main difference between response curves in the sub-limiting and the
over-limiting current range is the transition time and the discharging time. The transition time is the time when the slope of the curve, ∆Umem / ∆t has a maximum after
the jump at switch-on and, after switch-off, the minimum slope observed corresponds to the discharging time. Both characteristic times are only observed with
over-liming current densities. An overshoot with Umem,max > Umem,stat indicated by
the dotted lines in Figure 1a is only observed with current densities far above the
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limiting current density. All the changes observed in the electric potential difference
across the membrane are due to transient effects of the ion concentration profiles in
the membrane layers as discussed below.
The steady state values Ustat of the chronopotentiometric response curves in Figure
1a correspond to single points in, respectively, the sub- and over-limiting regions of
a current-voltage curve for a bipolar membrane in a salt solution, Figure 1b. Such
curves are measured by increasing the current or the voltage stepwise and then recording the current-voltage pair when a steady state has been reached. The limiting
current density corresponds to the point where the apparent area resistance, r =
∆Umem,stat / ∆j, has a maximum. This maximum is due to the co-ion depletion of the
membrane layers next to the bipolar junction when water dissociation is not enhanced due to the low electric field strength [1]. As outlined in [2], only the salt
ions transport the current in the sub-limiting range whereas, in the over-limiting
range, also the water splitting products are available to transport the current, thereby
reducing the apparent area resistance.

j

imposed current

t0

t1

t

Umem
voltage response
(sub-limiting)

Ustat

j

Uini

Uoff
t0

t1

Umem

t
overlimiting
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Ustat
Uoff

Uini

t0 t0+tC

(a)

jlim
t1

t1+tD
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Umem,stat

t

(b)

Figure 1: Schematic current-voltage characteristics of bipolar membranes without solution

contributions. (a) Typical chronopotentiometry response curves at different current densities.
A current density j is imposed at time t0 and switched off at time t1. The electric potential
Umem is recorded in time. The transition time tC and the discharging time tD are obtained
from the inflection points indicated. (b) Steady state current-voltage curve recorded with salt
solutions. jLIM is the limiting current density.

158

Chronopotentiometry of bipolar membranes in a non-destructive manner is only
possible in neutral salt solutions. If an acid and a base is present next to the cation
and anion permeable side of the membrane (respectively), the hydroxide ions can
recombine with the protons to form water. The pressure in the membrane can increase to such extent that the membrane layers separate in the time during which the
current is switched off [18]. Thus, most of the following description of the chronopotentiometric measurements of bipolar membranes is limited to the case with equal
concentrations of the same salt at the two sides of the bipolar membrane.

2.2

Time development of concentration profiles

The underlying process in chronopotentiometric measurements with bipolar
membranes is the built-up of the concentration profiles in the membrane layers.
Figure 2 shows the development of the concentration profiles in case of an overlimiting current density. Concentration gradients develop due to the different transport mechanisms of the salt ions and the water dissociation products in the different
membrane layers. In the water swollen membrane phase, mainly diffusion and migration play a role. Decreasing ion concentrations in the membrane layers result in
an increasing electrical resistance and, for a fixed current density, in an increasing
voltage in time. The same phenomenon of increasing voltage due to ion depletion in
the diffusion layer next to anion or cation exchange membranes on the side of the
diluate chamber and electrodes is the so-called concentration polarisation. Analogue, we introduced the term “internal concentration polarisation” for bipolar
membranes, indicating that the ion-concentrations are reduced within the membrane
layers and the added resistance can be located there [2]. Concentration profiles also
develop in the hydrodynamic boundary layers next to the membrane especially at
low solution concentrations and at high current densities. However, because they
are analogue to the boundary layer at the concentrate side of anion or cation exchange membranes in electrodialysis, they do not limit the ion transport and will not
be considered in this treatment. The concentration profiles in Figure 2 represent the
behaviour of a quasi-symmetric bipolar membrane. Here, quasi-symmetric means
that the physical properties of the two membrane layers are identical except the sign
of the fixed charge. The concentration profiles in this figure are based on the Donnan equilibria at the interfaces, electroneutrality in all phases, and water dissociation
in the bipolar junction similar to the treatment in [2].
When switching on a current at time t = t0, the membrane is in equilibrium with the
surrounding solution and enough ions are available at any position in the membrane
layer to conduct the imposed current (Figure 2a). The main transport mechanism
initially is migration in the electrical field. The strength of the electrical field is adjusted by the power supply to sustain the imposed current or current density. If the
current density is in the over-limiting range, the concentration of co-ions in the
membrane approaches zero next to the bipolar interface after a finite time. In Figure
2b, this is the concentration of the anions X- in the cation permeable layer C. This
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causes the rapid increase of the voltage across the bipolar membrane at the transition
time tC (Figure 1). At that time, enhanced water dissociation starts and from then on
hydroxide ions and protons are produced (Figure 2c), contributing to the conductivity of the respective layer. The ratio of ion transport by migration to ion transport by
diffusion depends on the local properties, including the ion concentrations, the water
content, and the effective diffusion coefficients. These properties change across the
membrane layers and, thus, the concentration profiles are actually curved also in the
steady state, Figure 2d.
Directly after switching off the current at the time t1, the system still shows exactly
the same concentration profiles which were built up by the transport of ions and the
process of enhanced water dissociation (Figure 2d). However, the transport processes must be different because the net-charge flux is forced to be zero. But still
both major transport phenomena can occur: the concentration profiles are the driving
force for ion diffusion and the resulting electric potential gradients for migration.
The electric potential gradients or electrical fields are a result of the electrochemical
coupling of ion transport. Overall, the sum of the ion fluxes is zero at any point in
the system for homogeneous materials. For example, in the anion permeable layer
of the bipolar membrane the flux balance becomes:
z M+ JM + + z X − J X − + z OH − J OH − = 0

(1)

Here, Ji is the flux of ion species i and zi its electrochemical valence. The hydroxide
ion has zOH- = -1. It follows for the anion exchange layer next to the bipolar junction
that the hydroxide ions can not move towards the interface to recombine with the
protons from the other side without salt ions being transported as well (Figure 3).
The fluxes of the salt ions are the same just in the opposite directions due to the
quasi-symmetry of the bipolar membrane and the continuity of mass flow across the
bipolar junction. Hence, the flux balance for a 1:1 electrolyte in the anion exchange
layer next to the bipolar junction reads:
2zM + J M + = JOH −

(2)

Thus, the flux of water splitting products next to the bipolar junction is twice the
flux of the co-ions. The more co-ions are present and the stronger the concentration
gradient, the higher will be this flux and the recombination rate to water. At the side
of the anion permeable layer in contact with the salt solution, mainly ion exchange
of the salt anions with the hydroxide counter-ions occurs (Figure 3). Both the processes at the two interfaces of the membrane layer result in the relaxation of the concentration profiles, making the transport processes more complex than during
switch-on. Qualitatively, both processes will be faster with higher solution concentrations because both, the salt counter-ion concentration is higher (faster ion exchange) and also the co-ion concentration is higher (higher rate of recombination to
water in the bipolar junction).
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Figure 2: Schematic representation of the anion concentration profiles during bipolar mem-

brane chronopotentiometry. Included are the salt anion, cX-, the hydroxide ion, cOH-, and the
fixed charge of the cation permeable layer, cfix,c. The cation concentrations (not included in
the drawing) are symmetric to those of the respective anions, mirrored at the interface of the
anion- (A) with the cation permeable layer (C). For times larger than tstat the electric potential response is stable and the concentration profiles (d) remain unchanged unless the current is varied.

The initial plateau in the voltage response to an overlimiting current in Figure 1a,
just after t1, stems from the recombination reaction in the bipolar junction. The plateau is slightly tilted because directly after switch-off the above described processes
slowly reduce the concentration of the water splitting products next to the bipolar
junction (Figure 2e). The breakdown of the voltage across the bipolar membrane at
the discharging time tD indicates the exhaustion of the recombination reaction. After
this time, the further relaxation of the concentration profiles (Figure 2f) and the
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electric potential difference across the membrane is similar as observed during chronopotentiometry with simple anion and cation permeable membranes [9, 10]: After
a fast initial drop, the measured voltage approaches zero asymptotically. At the end
of the relaxation process, the equilibrium with the solution is reached again (Figure
2a).

A

C
FIX + FIX -

c

X-

H+

OHM+

XOH- M+

OHX- M+

interface with
solution (in A)

next to bipolar
junction (in A)

Figure 3: Schematic representation of concentration profiles (top) and fluxes (bottom) of ions

immediately at switching off an over-limiting current in the anion exchange layer (A) of a
quasi-symmetric bipolar membrane (AC) with mono-valent anion X- and cation M+. The arrows indicate the direction of the expected ionic fluxes; the arrow-length qualitatively indicates the magnitude of these fluxes.

2.3

Electric circuit elements model

The measured electric potential across a membrane is not only the result of the
ohmic resistance against the transport of the current. In addition, the chemical reactions and concentration gradients of ions result in a reversible contribution to the
overall electric potential. This reversible part is also called the electromotive force
or zero current potential. Only with a current flowing, the ohmic resistances can
contribute to the electric potential difference across the membrane. On the contrary,
an electric potential difference with identical solutions next to the membrane with-
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out a current flowing is only possible when the membrane itself is not in its equilibrium state.
Similar to the approach in electrical impedance spectroscopy [22, 23, 24, 25], also in
chronopotentiometry the bipolar membrane can be represented by electrical circuit
elements. As indicated in Figure 4a, we consider the following contributions to the
complex impedance of the measurement system: Zsol represents the solution between
the two sides of the membrane and the tips of the reference electrodes, Zlayers represents the membrane layers and Zinterface the interface region. This approach is similar
to the description of the bipolar membrane in [25], where the bipolar membrane is
modelled by complex impedances in series, one for the interface and one for the
membrane layers. In [22, 23], four contributions to the complex admittance (the
inverse of the complex impedance) of the bipolar membrane junction and the adjacent membrane layers are distinguished: (1) the diffusion of salt ions in the layers as
the so called Warburg admittance, (2) the migration of the protons and hydroxide
ions in the respective layer as a conductance, (3) the reaction of hydroxide ions and
protons according to the water dissociation equilibrium as the so-called Gerischer
admittance, and further, (4) the interface has also has pure capacitance character.
The Gerisher- and Warburg- type admittances can not be represented directly by the
standard electric circuit elements, i.e., conductance, capacitance, or inductance because they are frequency dependent. In chronopotentiometry, these latter admittances – or better, the physico-chemical phenomena they represent – are responsible
for the shape of the curves directly after the voltage jumps when the current is
switched on or off. We do not want to solve the time dependent response of such an
equivalent circuit. Instead, we use it as a tool to interpret the contributions to the
electric potential for the different membrane states. Thus, in Figures 4b to 4d we do
not use the Warburg and Gerisher type admittances but simple resistances and capacities. Their values, however, are not fixed anymore but depend on the actual
transport conditions.
Both, the solution and the membrane resistances contribute to the initially (at t0)
measured electric potential drop, Um,ini when switching on the current I (Figure 4b).
The resistance of the solution, Rsol can be determined by measuring the electric potential in a separate experiment without the membrane. Then, the voltage across the
membrane, Umem is the difference between the measured electric potential difference,
Um and the electric potential difference Usol calculated with the solution resistance.
For example, the contributions to the initially measured potential Um,ini are:
Um ,ini = Usol + U mem,ini = I (Rsol + Rlayers,ini )

(3)

For determining the area resistances r with this or the following equations, the current I must be replaced by the current density j. There are multiple contributions to
the overall membrane potential Umem in the steady state with an over-limiting current
as indicated in Figure 4c. The resistance Rlayers will differ from the initial value because the concentration profiles in the membrane layers are different and additional
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ionic species are present in the membrane and in the solution. The electric potentials of the capacitances Creact and Cconc also contribute to the overall electric potential. They are related to the reaction in the membrane, Ereact and to the concentration
differences over the layers, Econc. In steady state, the contributions to the overall
electric potential difference across the bipolar membrane add up as:
Umem = IRlayers + Econc + Ereact

(4)

The splitting of the electric potential difference across the bipolar membrane layers
into the contribution of the layer resistance and the contribution of the concentration
related electric potential may seem arbitrary. However, this helps to understand the
processes in the bipolar membrane: Some processes are irreversible such as the frictional losses due to the ohmic resistance, others are reversible, such as the built-up
of a concentration profile or the ion exchange.
When the current is switched off, the actual zero current potential is measured directly (Figure 4d). The ohmic resistances of both, membrane and solution do not
contribute to the measured electric potential, Um,off anymore. The remaining observed electric potential results from the electric potential differences due to the
concentration differences Econc and the reaction Ereact in the membrane:
Um ,off = U mem = Econc + Ereact

(5)

Directly after switching off, the potentials Econc and Ereact are the same as in steady
state. Thus, the total ohmic resistance in steady state can be determined:
Rlayers ,stat = (Umem ,stat − U m,off ) I

(6)

Equation (6) allows to quantify the irreversible transport losses (resistances),
whereas equation (5) allows to quantify the electromotive contributions to the electric potential drop at steady state operation of the bipolar membrane.

3.

Experimental
The measurement apparatus to perform chronopotentiometric measurements is
similar to that used for measuring steady-state current-voltage curves. The different
components of the system, however, have to meet more strict requirements which
will be discussed below. Especially the power supply and the recording system must
be chosen carefully.
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Figure 4: Electrical representation of the bipolar membrane in different states. (a) general

case with complex electric circuit elements for the solution, Zsol, the membrane layers, Zlayers, and the interface, Zinterface; (b) initial case just after switching on the current, with the
membrane in equilibrium with the solution; (c) steady state under water splitting conditions;
(d) just after switching the current off.
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3.1

Apparatus

The measurement apparatus described in [13, 14] has been slightly modified to
allow for bipolar membrane chronopotentiometry. The membrane module has six
compartments with a four electrode arrangement as shown in Figure 5. The dimensions of the test cell and the typical concentrations used in these experiments are
presented in Table 1. The current is applied through the working electrodes in compartments 1 and 6 whereas the electric potential is measured with a separate set of
non-polarisable electrodes close to the membrane surface in compartments 3 and 4.
Such a set-up allows measuring the electric potential across the membrane without
the influence of polarisation voltages or over-potentials occurring at the working
electrodes. The electric potential difference over the central membrane is measured
utilising salt bridges with porous plugs at the tips, filled with concentrated potassium
chloride solutions (the so-called Haber Luggin capillaries). The distance of the tips
of the salt bridges to the membrane surface has been adjusted to be 4 mm on each
side to have a low solution resistance with only little disturbance of the electrical
field at the membrane surface.

Table 1: Materials, dimensions, and typical operation conditions of the membrane stack used.
Part of apparatus
General

Working electrodes

Reference electrodes
Capillaries

Specifications
membrane area
compartment material
turbulence promoter
anode material
cathode material
diameter
type
tip of capillary
solution
diameter (inner/outer)
distance to membrane

3.14 cm2 (circular, reduced from 27.6 cm2)
poly (methyl methacrylate), PMMA
none
platinum coated titanium disk
stainless steel
70 mm
calomel electrode (Schott, B2810)
porous glass
2 mol / l KCl
2 mm / 4 mm
0 to 8 mm (adjustable)

Compartments 1 & 6

solution
thickness
flowrate

0.5 mol / l Na2SO4
20 mm
0.5 l / min

Compartments 2 & 5

solution
thickness
flowrate

NaCl of same concentration as in 3 & 4
20 mm
0.5 l / min

Compartments 3 & 4

solution
thickness
flowrate

NaCl of desired concentration
30 mm
0.5 l / min
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The six-compartment module has been chosen to minimise disturbance of the conditions in the measurement compartments 3 and 4, yet it allows the use of electrodes
that do not need to be regenerated like silver/silver chloride electrodes. The compartments 2 and 5 function as trapping compartment for the salts present in the electrode rinse compartments. The pH in compartments 2 and 5 is kept approximately
neutral to prevent the passage of protons or hydroxide ions from the electrode compartments. The temperature of the compartments 3 and 4 is fixed at 25˚C, controlled
within 0.2 ˚C with an laboratory thermostat equipped with an external temperature
sensor and a glass coil heat exchanger. Recycling the solutions through compartments 3 and 4 with a high flowrate reduces the solution boundary layers.
The power supply used is a Delta Electronica ES 030-5 with a current range of 0 to
5 A and a voltage range of 0 to 30 V with a programmable analogue interface. Due
to an offset in the programming input of the power supply, the smallest current that
can be imposed in current control mode is 4 mA. With the membrane area of 3.14
cm2, the minimum current density is 1.3 mA/cm2. The switch-on characteristics of
the power supply are well suited for the desired measurements: the current is stable
within 1.5 ms when switching the current from zero; that is well within the sampling
period of 0.1 s. The switch-off characteristics back to zero current are less favourable because this power supply can not function as an electrical load or energy sink.
However, this becomes important only with increased currents and voltages close to
the maximum range of the power supply that is not reached in our experiments.
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Figure 5: Bipolar membrane chronopotentiometry measurement stack. Four electrode ar-

rangement, extended with additional membranes and compartments for improved long term
stability of the concentrations in the compartments 3 and 4.
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The current and voltage signals are amplified with external isolation amplifiers
(IsoAmp from Knick GmbH, Berlin, Germany). The data acquisition program has
been written using TestPoint from Captial Equipment Corporation, running on a
computer equipped with a data acquisition card DAS1602 from Keithley. According to a user-specified interval table, the current and voltage of the power supply are
set to constant values and the amplified current and voltage signals are recorded simultaneously with the specified sampling rate. The maximum sampling rate of this
system is 10 samples per second with an oversampling of 10 samples to reduce
measurement noise. The characteristic values of the chronopotentiometric curves
are either directly accessible or can be determined from the collected numerical data.

3.2

Experimental procedures

The membrane is equilibrated in the salt solution for at least 24 hours outside
the membrane module. Small distortions of the equilibrium resulting from the
mounting of the membrane are restored and exact concentrations in the central compartments are ensured by rinsing the compartments 3 and 4 for thirty minutes with
salt solution of the desired concentrations. Before the actual measurement is performed, the solutions in these compartments are replaced. The correct measurement
conditions in compartments 3 and 4 are indicated by measuring the conductivity, the
pH and the temperature of the solutions.
The experimental chronopotentiometric series are recorded automatically and the
data analysed subsequently. The experiments are performed sequentially with a
time of 1200 s for the intervals with the current applied and the same time for the
intervals when the current is switched off. The chronological series of imposed current densities is 1.5, 1.6, 1.7, 2.4, 3.2, 6.2, 11, 21, 101 mA/cm2. Also steady-state
current-voltage curves are recorded. For this purpose, the voltage of the measurement cell is increased in small steps (0.1 V per step in the low current range and 0.5
V in the high current range), each voltage applied for 10 minutes. The final current
density and voltage pair of each step is recorded as one point of the current-voltage
curve.
The bipolar membrane BP-1 from Tokuyama Corp. is investigated in aqueous solutions of sodium chloride with 4.0 mol/l NaCl at 25˚C. This membrane is widely
used as reference in the laboratory and for pilot scale application experiments. The
high concentration of 4.0 mol/l sodium chloride in water allows to investigate both,
the sub-limiting and over-limiting current density range.
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4.

Results and Discussion

4.1

Low current chronopotentiometry

Characteristic chronopotentiometric response curves of the measured electric
potential difference or voltage across the bipolar membrane at low current densities
are shown in Figure 6; the measured potential includes the electrical potential difference due to the solution resistance of 3.3 Ω cm2. Imposing a current density of 1.6
or 2.4 mA/cm2 in Figure 6a results in an initial jump of the electric potential difference, then monotonously increasing in time with reducing slope, slowly approaching
an apparent steady state. The initial jump is due to the electric resistance of the solution and the bipolar membrane itself in equilibrium with this solution as discussed
in the theory section. The subsequent slow electric potential increase is due to the
built-up of the concentration profiles in the membrane layers, i.e., the reduction of
available ions carrying the electric current. However, no transition time is observed,
i.e, no maximum slope can be determined after the current is switched on and the
inner bipolar membrane interface is not completely depleted of co-ions after 20
minutes.
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Figure 6: Chronopotentiometric response curves at low current densities. Bipolar membrane
BP-1 in 4 mol/L NaCl at 25˚C, set current for 20 min on and off; parameter: current density
[mA/cm2] (order in graph corresponds tu order in legend). (a) Switch on period and (b)
switch off at low currents (detail).

When switching on a current slightly above the limiting current density (3.2 mA/cm2
in Figure 6a), no steady voltage is reached within 20 minutes. The curve in the beginning does not appear to decrease but to increase its slope and, moreover, the increase is not monotonous. The observed scattering, including the steep increase after about 800 s, can be interpreted to result from the heterogeneity of the membrane:
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when the co-ion concentration locally approaches zero and water splitting starts, the
electric potential is reduced due to the availability of more ions for conducting the
current. Thereby, the electric field strength in the bipolar junction can be reduced
below the value required for enhanced water dissociation and water splitting stops.
Such effects can be amplified by the support textile in the cation permeable layer of
this bipolar membrane BP-1 [26]: The electric field in this layer is not one dimensional because these textiles have a lower ion conductivity than the surrounding matrix of ion exchange polymer. Similar effects are observed in ion exchange membranes with heterogeneous surfaces, e.g. a mainly non-conducting surface containing
ion conductive spots [27].
The ion fluxes are very small in the low-current density range. Thus, the built-up of
the concentration profiles and the corresponding electrical resistance is a very slow
process. Just above the limiting current density, not only the concentration profile
of the salt ions has to be established with this low current, but additionally the exchange of counter ions with the small amounts of water splitting products in both
layers has to be established. The built-up of the concentration profiles does not happen simultaneously: only after the bipolar interface is depleted of salt ions, the water
splitting products are available.
When switching off currents at low current densities (Figure 6b), the drop of the
electric potential to low values is very rapid. It occurs within 0.1 s, i.e., within one
sampling period. Note: The switch-off occurs between 1200.5 and 1200.8 seconds
due to limitations of the power supply. Within the measurement error, no discharging time tD can be observed. This is also known from chronopotentiometry with
cation and anion exchange membranes: these show only a very rapid decrease of the
electric potential due to the relaxation of the concentration profiles in the solution
boundary layer.

4.2

High current chronopotentiometry

Chronopotentiometric response curves recorded for switching on a current with
current densities above the limiting current density are displayed in Figure 7a. All
of them show an increasing slope up to a maximum. The time of the maximum
slope corresponds to the transition time tC where the concentration of ions in the
bipolar membrane next to the bipolar junction is the lowest and water splitting starts.
For the current density of 101 mA/cm2, this transition time can only be recognised
by careful data analysis, i.e., determining the time derivatives from the numerical
data. Thus, when switching on a current density in the over-limiting range, two processes occur as drawn schematically in Figure 2: first the interface is depleted of coions, then the salt counter-ions in the membrane layers are partially exchanged with
the water splitting products. These two transport processes determine the shape of
the chronopotentiometric response curve in the over-limiting current density range.
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Figure 7: Chronopotentiometric response at over-limiting current densities. Bipolar mem-

brane BP-1 in 4 mol/L NaCl at 25˚C, set current for 20 min on and off, parameter: current
density [mA/cm2] (order in graph corresponds to order in legend). (a) Switch on (detail); (b)
switch off (detail).

Two different types of curves are observed in the over-limiting range: (1) At a moderate current density, the steady-state voltage is the maximum value; it is approached by a steady increase after the transition time. (2) At a high current density
far above the limiting current density, a maximum or overshoot of the electric potential is observed (b observed for current densities of 21 mA/cm2 and above. At
current densities below 21 mA/cm2, the rate at which the electric resistance increases has a maximum at the transition time tc where virtually all salt co-ions have
been removed from the bipolar membrane junction. The voltage still increases, but
the increase of the electrical resistance with time is reduced because the salt-counter
ions in both membrane layers are partially exchanged by the highly mobile water
splitting products. In contrast, for the curves with the overshoot, the depletion process occurs more rapidly and the following ion exchange is more intense due to the
large number of protons and hydroxide ions generated in the bipolar junction. After
the initial increase due to ion depletion, the process of ion exchange can reduce the
resistance of the membrane layers to an extend that also the electric potential is reduced. In both cases, also the co-ions in the membrane layers are further removed
parallel to the process of ion exchange; the concentration profiles of all ionic species
are adapting to the new transport conditions.
Directly after switching off an over-limiting current (Figure 7b), the current immediately drops to a plateau-value of around one volt, which represents the zerocurrent potential of the bipolar membrane. This plateau, which actually shows a
slightly negative slope, extends over longer times with higher current densities. It is
a result of the hindered recombination of hydroxide ions and protons in the bipolar
interface: The reaction of hydroxide ions with protons in the bipolar interface acts as
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a driving force for the diffusion of these ions within the respective membrane layer
but the sole diffusion of one charged species is not possible as discussed above (Figure 3). The maximum negative slope of the electric potential in time indicates the
discharging time of the membrane. At that time, the diffusion processes in the
membrane have relaxed the concentration profiles of the water splitting products to
such an extent that the recombination reaction in the bipolar junction nearly stops.
The observed discharging time in Figure 7b is longer for a higher current density
since then the concentration of water dissociation products is higher.

Table 2: Discharging times for different switch-off conditions
On-period current density [mA/cm2]

3.2

6.2

11

21

101

0.4

1.3

12.6

26.6

40.0

-8.9

-7.2

-4.5

-3.8

-3.7

23

64

83

102

(-)

Set: Umodule = 0 V
Discharging time [s]
2

Current density (*) [mA/cm ]
2

Set: current density 1.4 mA/cm
Discharging time [s]

(*) numerically averaged in the period from t1 to tD
(-) not recorded

The discharging behaviour is partially influenced by the discharging behaviour of
the power supply. Small negative (discharging) currents are recorded when the
power supply is set to zero voltage and zero current over the membrane module.
However, the discharging is also observed when setting a positive, under-limiting
current density instead of switching off the current entirely (Table 2). As expected,
the discharging will take a longer time. The discharging occurring with positive
currents indicates that this, indeed, is a self discharging process of the bipolar membrane. With negative current through an external load, (here: the power supply), the
discharging processes are leading to a very rapid equalisation of the concentration
profiles whereas a small positive current stabilises the concentration profiles, leading to a slower discharging. The effect of auto-discharging of bipolar membranes
has also been observed in [17, 18] – it makes the current bipolar membranes not
suitable for use as a rechargeable battery.

4.3

Steady state

The final electric potential differences from chronopotentiometric recordings are
compared to steady-state current-voltage curves in Figure 8. In the results of both
methods, the electric potential difference has been corrected for the solution resistance. The measurement conditions are identical in both methods, only the meas-
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urement sequence is different. From Figure 8a it appears that both current-voltage
curves coincide. In Figure 8b, the focus on the low current region allows to distinguish the limiting current density and differences between the two methods. From
the curve obtained by the voltage sweep, the limiting current density can be read – it
is approximately 2.2 mA/cm2. Too few points are available from the final electric
potential differences of the chronopotentiometric measurements to confirm this
value; the point at 2.4 mA/cm2 appears to be below the limiting current density,
however, it is not corresponding to a steady-state value: The electric potential in the
chronopotentiometric curve with 2.4 mA/cm2 in Figure 6a is not constant after 20
minutes; it is very likely that a complete depletion occurs for larger times.
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Figure 8: Comparison of “steady-state” current-voltage curves across the membrane: trans-

port state of chronopotentiometric series (circles) and standard current-voltage curve obtained by a voltage sweep (crosses). The bipolar membrane BP-1 is placed in 4 mol/L NaCl
of 25 ˚C. (a) Full curve, (b) detail at low current densities.

The steady state or, better, the final transport-state potentials of the 20 minute chronopotentiometric curves at low current densities correspond to lower electric potentials than the standard current-voltage curve from the voltage sweep for the same
current density. The integral amount of charge transported before one recording is
larger for the standard current-voltage curve with small current increments compared to the amount of charge transported after switch on of the current in a chronopotentiometric curve. Even after about 20 minutes at low current densities, the
chronopotentiometric curves in Figure 6a indicated that a steady-state situation has
not yet been reached, the potential difference still increases. Thus, due to the history
before taking the current-voltage points, the standard current-voltage curve represents the steady state closer, even though the individual time-interval length for each
step is significantly shorter than apparently required to reach steady state in a single
current step. Especially for chronopotentiometric curves, we therefore use the term
“transport state” instead of “steady state” in the following discussion.
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4.4

Characteristic electric potentials

In Figure 9, the characteristic electric potential differences across the membrane
from the chronopotentiometric measurements of the bipolar membrane BP-1 are
plotted as current-voltage curves. The points with the same current density belong
to the same chronopotentiometric response curve. For the switch-off curves, the
parameters indicate the current density that was applied just before the current is
switched off.
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Figure 9: Characteristic current voltage curves from chronopotentiometriy. (a) “switch-on”

with indicated current density; (b) “switch-off” after constant current for 20 minutes with
indicated current density.

The straight line formed by the initial jump of the electric potential in Figure 9a indicates that the resistance of the membrane layers is of ohmic nature. However, extrapolating this line to a current density of zero resembles a small offset in voltage of
0.026 V. We did not investigate the nature of this offset. It may be due to a surface
capacitance or an activation required for ion transport across the membrane-solution
interface as suggested in [3]. Apparently, the characteristic time for charging such a
capacity or initiating the activation is well below the used sampling time of 0.1 s.
Thus, we can not investigate this effect with chronopotentiometry; electric impedance spectroscopy may be a more suitable technique to investigate such phenomena.
The voltage denoted with “maximum” in Figure 9a corresponds to the maximum
(peak) values Umax of the chronopotentiometric curves recorded at high current densities and to the final transport state value for the other curves. The electric potential
difference just before t1 of the chronopotentiometric run (denoted with “end”) in
general is close to the steady-state potential Ustat. As discussed above, it is the result
of various transport processes occurring in the bipolar membrane: concentration pro-
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files are established by co-ion depletion and the water dissociation products are exchanged in the membrane layers with the salt counter ions.
The switch-off potential, remaining just when the current is switched off (see Figure
9b) can be attributed to the reversible storage of energy in the bipolar membrane.
Both capacities, the one depending on the concentration and the other on the reaction, in Figure 4 are charged and result in the characteristic switch-off potential according to equation (5). The difference between the transport-state voltage of the
chronopotentiometric curve when the current is on and the switch-off potential gives
the irreversible contribution (equation (6)). This is related to the energy dissipation
due to the ohmic resistance of the membrane layers, the so-called Joule-effect. In
the following section, the ohmic resistance in the transport state is compared to the
ohmic resistance in equilibrium.

4.5

Ohmic resistances

In Table 3, the resistance calculated with the initial electric potential jump (the
equilibrium resistance) is compared to the transport-state resistance of the membrane
just before switching off. The latter is calculated with the immediate potential drop
after switch-off, equation (6).
Up to the current density of 21 mA/cm2, the transport resistance is higher than the
equilibrium resistance, the ratio of the transport resistance over the equilibrium resistance is greater than one. This is due to the reduced amount of co-ions next to the
inner membrane interface. The availability of highly mobile hydroxide ions and
protons from the water dissociation in the interface in this current range is not sufficient to reduce the resistance. Above this cross-over current density, the transport
resistance is lower than the equilibrium resistance. At such high current densities,
many of the salt counter ions are exchanged by the water splitting products that are
available due to the high reaction rate in the interface. As discussed above, their
number is more than enough to counterbalance the increase of resistance due to the
internal concentration polarisation.
The current density of 21 mA/cm2 at which this cross-over occurs corresponds to the
current density where an overshoot in the electric potential after the transition time
is first observed. It is not clear if the numerical values just coincide or if it can be
explained by a quantitative correlation; that has to be investigated with additional
experiments at different concentrations and with different bipolar membranes.
However, the same physical phenomena govern both, the cross-over and the overshoot potential: the co-ion depletion of the interface increases the ohmic resistance
of the membrane layers whereas the resistance is reduced due to the ion exchange of
the counter-ions with water dissociation products.
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Table 3: Characteristic properties from chronopotentiometry of the membrane BP-1 in the

over-limiting current range.
Imposed current density [mA/cm2]

2.4
(*)

3.2
(*)

6.2

11

21

101

Equilibrium resistance (**) [Ω cm2]

5.7

6.4

5.2

5.9

5.9

5.9

Transport resistance (**) [Ω cm ]

14.5

91

15.6

9.7

6.2

2.9

Ratio transport / equilibrium resistance
[Ω / Ω]

2.5

14

3.0

1.6

1.1

0.49

Irreversible voltage [V]

0.06

0.32

0.12

0.14

0.16

0.32

Reversible voltage [V]

0.03

0.41

0.82

0.87

0.91

1.03

Ratio reversible/ irreversible voltage
[V / V]

0.53

1.3

6.8

6.2

5.7

3.2

2

(*) Steady state has not been reached for a current density of 2.4 and 3.2 mA/cm2
(**) Determined after subtracting the off-set of 0.026 V from the electric potential difference
across the membrane.

4.6

Reversible and irreversible potential

In Table 3 also the reversible and irreversible contributions to the transport-state
voltage in the over-limiting current region are compared. Similar to the discharging
time, the reversible potential is difficult to read from the chronopotentiometric
curves for currents below the limiting current density: after the initial drop of the
electric potential at switch off, the relaxation of the concentration profiles and the
electric potential difference is too fast to allow a reliable recording.
Above the limiting current density, the reversible potential is higher than the irreversible potential in the measured range. Thus, the major part of the electric potential difference in the overlimiting region is required for the water dissociation reaction. The reversible potential gradually increases for current densities between 10
and 100 mA/cm2. This increase can be attributed to the higher proton and hydroxide
ion concentration in the membrane layers and especially at the bipolar interface.
The irreversible potential increases with current density for the points where the
transport-state is close to the steady state (above a current density of 6.2 mA/cm2).
This steady increase of the irreversible potential is due to the ohmic resistances in
the membrane layers. The ratio of the reversible to the irreversible contribution to
the electrical potential becomes smaller with increasing current density (Table 3).
Thus, from an energy point of view, it would be favourable to operate the bipolar
membrane at low current densities.
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5.

Conclusions and Recommendations
Chronopotentiometry of bipolar membranes is a useful characterisation method
in addition to recording steady-state current-voltage curves or employing impedance
spectroscopy. It does not only allow to verify how quickly a steady state has been
reached when recording current-voltage curves, also the contributions of various ion
transport processes to the transport-state electric potential are revealed. Compared to
impedance spectroscopy, chronopotentiometry has the advantage that engineering
parameters such as electrical resistances are directly accessible. Compared to
steady-state current-voltage curves or cyclic voltammetry (i.e., potential sweeps),
chronopotentiometry has the advantage that its characteristics can be correlated to
actual states of the membrane such as the equilibrium, the full ion depletion, or the
transport state.
Especially the reversible and irreversible contributions to the transport-state potential are of interest. The irreversible potential is attributed to the energy required to
overcome the electric resistance; this energy is irreversibly lost as heat. In contrast,
the reversible electric potential corresponds to the electrochemical potential resulting from the built up of concentration profiles and the separation of water dissociation products. If this zero-current potential was stable, a bipolar membrane module
could be used as a rechargeable battery or accumulator, however, the diffusional
processes in the membrane result in the observed auto-discharging processes, hence,
this bipolar membrane can not be used efficiently in an energy storage system.
With the possibility to split the steady state potential into its contributions, bipolar
membrane chronopotentiometry is a useful tool to improve and design the bipolar
membrane layers for a reduced overall electric potential. The discussion above
mainly treats the transport processes in the membrane layers; further investigations
should focus also on the (ir-)reversibility of the water splitting in the interface.
Standard conditions should be chosen if chronopotentiometry is used for the comparison of different membranes. It is recommended to investigate the bipolar membrane behaviour at high salt concentrations as used in this article because (1) this
allows to clearly observe the phenomena below and above the limiting current density and (2) these concentrations are close to the usually desired high acid and base
concentrations in bipolar membrane electrodialysis.
Not only for the preparation but also for the application of bipolar membranes, chronopotentiometry can be a useful tool. It helps to investigate the reversible and irreversible contributions of a certain bipolar membrane under specific process conditions and to identify factors limiting its use. For such an application oriented
chronopotentiometry the bipolar membrane is characterised by chronopotentiometry
in a salt solution corresponding to the acid and the base to be produced. The comparison of reversible and irreversible potentials under various process conditions can
help to optimise the operation conditions, such as concentrations and current density.
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6.

Nomenclature
anion permeable layer of the bipolar membrane

A

AEM

anion exchange membrane

BPM

bipolar membrane

C

cation permeable layer of the bipolar membrane

C

Capacitance

CEM

cation exchange membrane

cfix,c(cfix,a)

fixed charge density of the cation- (anion-) permeable layer [mol/l]

ci

molar concentration of species i [mol/l]

Econc

electric potential difference due to concentration gradients (time dependent) [V]

Ereact

electric potential difference due to reaction (time dependent) [V]

j

current density [mA cm-2]

I

current [A]
+

M

salt or base cation

R

electric resistance [Ω]

r

area resistance [Ω cm2]

t

time [s]

t0

switch-on time [s]

t1

switch-off time [s]

tC

transition time [s]

tD

discharging time [s]

Um

actually measured electric potential difference [V]

X-

salt or acid anion

Subscripts and superscripts
depl
value due to ion depletion
ini

initial value

interface

value of the bipolar interface region

layers

value of the membrane layers

m

measured value

max

maximum value
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mem

value in or across the membrane

off

value at current switch off

sol

value of the solution

stat

value at steady state transport

7.
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IX. Current-Voltage Behaviour of Bipolar Membranes in Concentrated Salt Solutions …

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. The water splitting in bipolar membranes is a proton transfer reaction
whereas the water splitting at electrodes involves reduction and oxidation reactions,
often resulting in gas production. The relatively friendly chemical environment
makes bipolar membrane electrodialysis very suitable for the production or separation of sensitive organic acids [1]. In the early stages of the development of bipolar
membrane technology it was seen as a competitive process to electrolysis also for
the large scale production of concentrated sodium chloride and inorganic acids, such
as hydrochloric acid or sulphuric acid. The main reason was the theoretically lower
energy consumption with bipolar membranes because the energy consumed in producing gases as side products in electrolysis 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 the salt ion leakage across the bipolar membrane especially at increased product
concentrations [2]. This salt ion leakage can be reduced by operating at low product
concentrations or at high current densities.
Today, the potential of bipolar membrane electrodialysis is believed to be in the process integration for instance in fine chemicals production [3] where some impurities
are tolerable in the feed-back streams. 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 utilisation.
In this chapter, the energy requirements of the water splitting with a bipolar membrane exposed to different, relatively high salt solution concentrations are investigated with the method of chronopotentiometry. This is a dynamic characterisation
technique that allows to distinguish various contributions to the overall electric potential difference in the transport state of the bipolar membrane by recording the
dynamic response to a current step function [4]. Of special interest is the question
how much energy is lost by undesired transport processes to obtain information how
closely the theoretical energy requirements are approached. Here, we are especially
interested in the behaviour of bipolar membranes at increased solution concentrations. The bipolar membrane BP-1 from Tokuyama Corp., Japan, is used because it
is widely available and one of the farthest developed membranes with respect to energy requirements, selectivity, and stability.
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2.

Theory

2.1

BPM chronopotentiometry: principle and characteristic values

The chronopotentiometric curve obtained with bipolar membranes (Figure 1)
shows certain characteristic values [4]. The initial switch-on jump of the electric
potential difference across the membrane at t0 and the immediate breakdown after
switching off the current at t1 are due to the ohmic resistance of the membrane layers
in equilibrium with the surrounding solution and the ohmic resistance in the transport state, respectively. With the imposed current density and the observed changes
in the electric potential difference across the bipolar membrane, the electric resistance under these conditions can be determined.

Um
Um,max
Um,stat
Um,ini

Um,off
t0

t0 + t C

t1

t1 + tD

time

Figure 1: Schematic electric potential response curve of a bipolar membrane with a constant

current in the over-limiting range switched on at time t0 and off at time t1. The overshoot
potential Um,max is observed at high current densities only.

At equilibrium, the concentration profiles of the salt ions in the two layers of the
bipolar membrane are horizontal (we do not consider the electrical double layers at
the interfaces between the layers or the membrane and the surrounding solution) and
the hydroxide ions and protons are present in negligible concentrations. In contrast,
the concentration profiles show strong gradients in the transport state due to ion depletion and the hydroxide ions and protons are present in significant amounts. The
ion-depletion of the membrane layers increases the electric resistance whereas the
water splitting products can reduce the resistance due to their high ionic mobility
compared to the salt ions. The transition time tC, as outlined in more detail below, is
the time corresponding to the virtually completed co-ion depletion of the layers next
to the internal interface.
The electric potential remaining after switching off the current is called the reversible potential, in contrast to the irreversible potential lost due to the ohmic resistance
in the transport state. This reversible potential is a result of the strong gradients in
concentration profiles and the recombination reaction in the bipolar junction. Due to
the transport processes occurring, the recombination reaction can proceed until it
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terminates due to the lack of reactants in the time when the current has been
switched off; this termination is related to the discharging time where the steepest
drop in the dynamic electric potential is observed.

2.2

Transition times

The transition time tC for a bipolar membrane corresponds to the time when the
co-ion concentration is virtually zero at the interface of the two membrane layers
(the bipolar junction) after switching on a constant current at time t0 = 0 s. Such
polarisation effects are observed at interfaces of ion conducting phases with different transport behaviour for different ions. In the chronopotentiometric response
curve, i.e., the dynamic electric potential difference across the bipolar membrane,
the transition time is the time with the steepest increase of the electric potential. The
water splitting products (available after the electric potential across the bipolar junction is large enough) stop the increase in electric potential and can even reduce its
value at higher current densities [4] so that the curve with the current imposed shows
a distinct maximum (Figure 1).
Analytical solutions for the transition times are available for special cases: (I) for the
diffusion boundary layer at electrodes and cation or anion permeable membrane, and
(II) for internal concentration polarisation in a quasi-symmetric bipolar membrane
having two layers only differing in sign of the fixed charges. These solutions were
obtained by solving the dynamic transport equations with the help of Laplace transformations [5, 6], taking into account the specific boundary conditions. For the diffusion controlled boundary layer (I) next to an electrode or an ion permeable membrane, the result is:
æ
zi ci, s,0 F ö
tC = πDav,s ç
÷
è 2 j (ti ,mem − ti, s )ø

2

(1)

In equation (1), for the diffusion layer next to an electrode, the transport number
ti,mem is 1 for the reacting ion and 0 for the reaction product. For a bipolar membrane
(II), the membrane layers on both sides of the bipolar junction are depleted of coions. The transition time of a bipolar membrane with a 1:1 electrolyte has been determined with similar assumptions [7]:
æ
cm ,0 F ö
tC = πDav,m ç
÷
è 2 j (t i,C − t i, A )ø

2

(2)

Here, tC is the transition time of the bipolar membrane, Dav,m the average diffusion
coefficient in the membrane layer, and ti,C and ti,A are the transport number of the
ionic species i in the cation and anion permeable layer, respectively. The concen0.5
tration cm ,0 = (cco, 0c counter, 0 ) is a virtual salt concentration in the bipolar membrane
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layers derived from the Donnan equilibrium across the interface of an ion exchange
membrane with a solution, thus, in fact cm ,0 equals the bulk solution concentration
cS; cm ,0 is used instead of cs in this derivation to emphasise that the salt has to be
removed from the membrane layers. According to the theory in [7], at the transition
time this concentration reaches zero in the bipolar junction – then, according to the
definition of this virtual concentration, also the co-ion concentration is zero. The
average diffusion coefficient for use in this equation is obtained by:
Dav =

2Dco Dcounter
Dco + Dcounter

(3)

Since equation (2) is derived for the quasi-symmetric bipolar membrane, the transport numbers are not independent, according to ti,C = 1 – ti,A. However, the use of
constant transport numbers in equation (2) is a critical issue. The above equations
for both cases (I) and (II) are derived for constant migrational transport numbers of
the membrane in equilibrium with the surrounding salt solution. The transport number in general is defined as the ratio of charge transported by one ionic species over
the total charge transported. This can be expressed with the ion fluxes Ji:
ti =

zi Ji
å zk J k

(4)

k

The actual transport number is calculated with equation (4) using the ion fluxes under the actual transport conditions at a certain location, i.e., with the concentration
changing with location and time. In contrast, the migrational transport number –
traditionally only called transport number [9] – is the transport number under conditions without concentration gradients such as a membrane in equilibrium with a salt
solution of same concentration at both sides. The migrational transport number can
be estimated from ion concentrations and the apparent ion diffusion coefficients in
solutions for a 1:1 electrolyte such as sodium chloride according to the extended
Nernst-Planck transport equations [9]:
ti =

ci Di
å ck Dk

(5)

k

This indicates that the migrational transport number changes not only according to
changes in the diffusion coefficients (accounting for the differences of activities to
concentrations) but also when the ratios of the ion concentrations change. In ion
permeable membranes such as the bipolar membrane layers, the latter effect is
dominant: With increasing solution concentrations, both, the co-ion and the counterion concentrations increase with the same absolute amount, however, the relative
increase in concentration is much higher for the co-ion than for the counter-ion.
Thus, the migrational transport number is not a membrane constant.
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Further, both derivations of the transition time, are based on the assumption of infinitely thick diffusion layers, the so-called semi-infinite boundary layer [6, 7, 8]. The
diffusion layers encountered in electrochemical systems in general have a finite
thickness, i.e., the thickness of a boundary layer next to an electrode or simple ion
permeable membrane is controlled by the hydrodynamic conditions in the flow cell
and, for the bipolar membrane, the membrane layer thickness itself is limited. In
addition to the depletion process at the bipolar junction, the salt flux across the
membrane/solution interface causes changes in the concentration profiles in both,
the solution and the membrane phases. This second process is not accounted for in
equation (2). To have a negligible influence of the second boundary, the effective
thickness of the diffusion layer at time t must be smaller than the thickness of the
actual layer. A criterion used is that a semi-infinite layer can be assumed if the root
of the mean square displacement at the transition time <x2>1/2 = (2DtC)1/2 is smaller
than the layer thickness [6]. If this condition holds, both equations for the transition
time presented above should be valid and yield a linear relationship when plotting
the transition time against the inverse current density squared (also known as Sand
plot).

2.3

Membrane selectivity

From the above it is clear that determinign transport numbers (and hence the
selectivity of a bipolar membrane) from the measured transition times is difficult.
The selectivity of a bipolar membrane is related to the limiting current density observed in the steady-state current-voltage curve measured in salt solutions [2]. A
high limiting current density indicates a high salt ion flux. Thus, the selectivity of a
bipolar membrane producing acid and a base at a chosen operating current density
will be lower for a bipolar membrane showing a higher limiting current density
during current-voltage characterisation.

3.

Experimental
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 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
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reading. The response of the power supply, a Delta Electronica ES 030-5 for the
current reach zero at switch-off is slow for current densities of about 30 mA/cm2 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 minutes, then switching off this
current by setting the cell voltage to 0 V for 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 interval with zero cell voltage has been chosen to
have a negligible influence on the results of successive measurements because the
equilibrium state is reached again, indicated by a voltage of zero across the membrane.
A second set of experiments is performed to investigate the influence of the currenton time on the switch-off characteristics. This is done with one current density imposed in consecutive periods for a different time-span (120 s, 600 s, 60 s, 300 s, 31
s) before switching off. Because the concentrations of hydroxide ions and protons in
the measurement compartments are changing, the irregular sequence of times is
used. With such an irregular sequence, 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 changes in the membrane itself, depending on the switch-on time. We studied the effect of different switch-on timespans for current densities of 1.4, 4.3, 33, and 102 mA/cm2 for a solution containing
1.0 mol/l sodium chloride.

Table 1: Characteristic values of the bipolar membrane BP-1 in sodium chloride solutions

according to [10, 11].
dlayer
[mm]

DNa+
[10-12
m2/s]

DCl[10-12
m2/s]

cFIX
[mol/l]

cS
[mol/l]

cNa+
[mol/l]

cCl[mol/l]

tCO
[-] (*)

anion permeable layer

0.06

40

70

1.5

1.0
2.0
4.0

0.07
0.19
0.44

1.57
1.69
1.94

0.026
0.059
0.114

cation permeable layer

0.15

90

60

1.5

1.0
2.0
4.0

1.56
1.63
1.85

0.06
0.13
0.35

0.023
0.052
0.111

(*) calculated with equation (5)
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The membrane investigated is the bipolar membrane BP-1 from Tokuyama Corporation, Japan. The properties of the anion exchange membrane AMX and the cation
exchange membrane CMX (both Tokuyama Corp.) [10] are used as the transport
parameters for the layers of the membrane BP-1 besides the layer thickness (see Table 1). With the exception of the membrane thickness, we assume the properties of
the separate layers of BP-1 to be equal the properties of the monopolar membranes
since they are prepared of very similar materials [10, 12]

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 2a. They are recorded by the current-sweep
method; how closely they approach the steady state is discussed in [4]. The measured electric potential has been corrected for the solution resistance to obtain the
electric potential difference over the membrane. (The measured area solution resistance is 9.084, 5.148, and 3.367 Ω cm2 for the sodium chloride concentrations of
1.0, 2.0, and 4.0 mol/l, respectively). These steady state current-voltage curves
show the typical behaviour with three distinct areas, easily distinguished in Figure
2b: (a) At low current densities the current is conducted by the salt ions, (b) the
limiting current plateau corresponds to internal concentration polarisation, and (c) in
the over-limiting region the desired water splitting occurs in parallel to the undesired
salt ion transport.

100
j [mA cm-2]
80

1 mol/l

2 mol/l

10
j [mA cm-2]
8

4 mol/l

60

6

40

4

20

2

0

0

0

0.5

1

1.5
U

(a)

mem

4 mol/l
2 mol/l
1 mol/l
0

[V]

0.2

0.4

0.6

0.8
U

1
mem

[V]

(b)

Figure 2: Steady state current voltage curves of bipolar membrane BP-1 in NaCl solutions of

different concentrations from current-voltage sweeps (points above 100 mA/cm2 are the final
values of the chronopotentiometric response curves with the respective current density). (a)
entire curve; (b) detail at low current densities.
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As discussed in [2], the limiting current density corresponds to the salt ions transported across the bipolar membrane. There we found that the limiting current density should depend on the solution concentration in a quadratic manner assuming
constant and symmetric membrane properties. Ideal behaviour was assumed by
omitting ion activity coefficients from the equations. The measured limiting current
densities (see Table 2) indicate that the limiting current with the high concentrations
is over-predicted with the simplified model, they do not follow a quadratic relation.
The main reasons for this discrepancy are the ideality assumption used in the model
and the changes of the membrane properties due to a reduced water content of the
membrane layers as discussed below.

Table 2: Polarisation behaviour of the membrane BP-1 at a current density of about 100

mA/cm2 in concentrated sodium chloride solutions.
cS [mol/l]
iLIM [mA/cm2]

1.0

2.0

4.0

0.33

1.0

2.3

2

iactual [mA/cm ]

102

102

101

requil,av [Ωcm ]

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

2

(*) calculated with the average membrane resistance requil,av and the actual current density iactual

The steady state electric potential for currents above the limiting current density is
clearly higher for the higher concentrations (Figure 2a and 2b). This has also been
found with an appropriate theoretical model in [10]. With chronopotentiometry, we
can separate the contributions to the steady state electric potential and relate them to
specific concentration profiles and transport conditions in the membrane layers.

4.2

Chronopotentiometric response curves

All the curves in Figure 3a-c are chronopotentiometric responses with currents
above the limiting current density for the respective sodium chloride concentration
in the solution. The measured electric potential in these graphs is not corrected for
the solution resistance. 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 electric potential, up to the transition time with a
maximum slope.
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Figure 3: Chronopotentiometric response curves of the membrane BP-1 (sodium chloride,

25˚C) at variable applied current densities j [mA/cm2] as indicated; the order in the legend
corresponds to the order of the curves. Switch-on (a) 1 mol/l; (b) 2 mol/l; (c) 4 mol/l and
switch-off (d) 1 mol/l; (e) 2 mol/l; (f) 4 mol/l.
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Above a current density of 11 mA/cm2, all the curves show an overshoot in the
electric 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 splitting products. The shape of
the overshoot is similar for the curves with about the same current density independent of the solution concentration. The maximum voltage across the membrane at
about 100 mA/cm2, presented in Table 2 is higher for the higher solution concentration. The polarisation voltage, i.e., the difference between the maximum and the
initial voltage shows an even stronger concentration dependence; thus, the polarisation becomes stronger for higher solution concentrations.
After the transition time or the overshoot, the electric potential reaches a stable value
except for the four molar solution with the current densities 2.4 and 3.2 mA/cm2
(Figure 3c). 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 electric 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 number of ions to be
transported out of the layer is higher. For the curve with 2.4 mA/cm2 significant coion depletion next to the bipolar junction does not occur within 20 minutes.

4.3

Transition time

The transition times determined from the numerical data are presented in Figure
4 in a Sand-type plot. In general, the longer transition times are observed for higher
solution concentrations and lower current densities. Approximately linear relationships are obtained for the sodium chloride concentrations of 1.0 and 2.0 mol/l with
high current densities. The critical current density introduced in Table 3 is the current density that results in theoretical transition times for which the diffusion layer
thickness (i.e., the root of the mean square displacement, see Section 2.2) is smaller
than the thickness of the membrane layer; this current density is calculated with the
properties for the respective layer, thus, it is different for the two membrane layers.
Below jcrit the infinite layer thickness becomes invalid.
In Table 3, the slope of the Sand-plot, tCj2 obtained with the measurements above the
critical current density are compared to the slope calculated with the given membrane properties. For both, measurements and calculations, the slope is larger with
an increased solution concentration. The measured slope for one concentration differs for the two membrane layers because different data are used for its estimation
and not many points are available above the critical current density. In contrast, the
calculated slopes for one concentration differ for the two layers because the ion concentrations and the diffusion coefficients are different; the membrane is asymmetric.
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The calculated transition time-concentration dependence represents the measured
data well, considering the apparent measurement accuracy and despite the assumptions made for the calculation.
The transition times measured with current densities below the critical current density do not follow the linear relation in the Sand-plot (or equation (2)): the semiinfinite layer thickness assumption is not justified. Additionally, the changes of
transport properties of the membrane layers, such as diffusion coefficient and activity coefficients are no longer negligible.
Some of the chronopotentiometric response curves show an interesting phenomenon
when switching on the electric current: After the initial jump, they show a double-S
shape; in Figure 5 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 solution with a current density
of 6.2 mA/cm2, the two corresponding times are tP = 45 s and tC = 77 s or for the 2
mol/l solution with a current density of 1.8 mA/cm2, the two corresponding times
are tP = 51 s and tC = 96 s. In the chronopotentiometric response curves in Figure
3a-c, such a double-S shape is also observed with other concentrations and current
densities, i.e., this phenomenon 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.
We interpret these two characteristic times as two different polarisation times of the
depletion regions in the 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. The two polarisation times are a result of the
bipolar membrane asymmetry: In the first layer, the co-ion concentration reaches
approximately zero at the polarisation 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 resistance increase is limited. Water splitting starts only when
the second layer is depleted as well and the electric potential difference across the
junction becomes large enough. The ratio of the calculated transition 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. Apparently, the model
with averaged diffusion coefficients and the virtual salt ion concentration in the
membrane fails to predict these two times: The model does not account for differences of co- and counter-ion transport. If we suppose mainly the co-ion transport to
be responsible for the polarisation behaviour and considering the coupling with the
counter ions only by the averaged diffusion coefficient, the average concentration
cm 2 in equation (2) should be replaced by cco2. The squared ratio of the co-ion concentration in the cation permeable layer over the concentration in the anion perme-
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able layer is 0.63 for 4 mol/l solutions and 0.51 for 2 mol/l solutions. These are approximately the ratios of the characteristic times in Figure 5. Thus, we take this as
evidence that the hypothesis of asymmetric co-ion depletion is plausible. According
to this hypothesis, the ratio of co-ion concentrations in the membrane layers of the
used bipolar membrane BP-1 indicates that the co-ion depletion occurs first in the
cation permeable layer with the lower co-ion content and water splitting starts as
soon as the anion permeable layer is fully depleted as well.

4 mol/l
2 mol/l

200

1 mol/l

t C [s]

100

0
0

0.2

0.4

0.6
0.8
j -2 [mA-2 cm4]

Figure 4: Transition time of the membrane BP-1 for different solution concentrations de-

pending 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]

layer

d
[mm]

jcritical
[mA/cm2]
(*)

points
at or
above
jcritical

measured
tCj2
[mA2s/cm4]
(**)

calculated
tCj2
[mA2s/cm4]
(***)

(tCj2)A / (tCj2)C
(calculated)
[-]

1.0

A
C

0.06
0.15

37
18

2
5

530
470

490
510

0.96

2.0

A
C

0.06
0.15

66
31

1
3

2900
940

1500
1400

1.07

4.0

A
C

0.06
0.15

122
60

0
1

(-)
4500

5300
5600

0.95

(*) Above the critical current density, the criterion for semi-infinite membrane layers is fulfilled.
(**) Fit of measurements for currents above the critical current density for the respective layer
(including the origin).
(***) Calculated with equation (2) using the diffusion coefficients and co-ion concentrations in
Table 1.
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Figure 5: Chronopotentiometric response curves with two transition times of the bipolar

membrane BP-1 in sodium chloride solutions at 25 ˚C.

4.4

Discharging time

The times for discharge tD depend on the solution concentration and current
density as shown in Figure 6a. The discharge times have been determined by analysis of the numerical data and were identified with the extrema in the slopes in Figure
3d-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: (1) counter
ions are exchanged across the membrane-solution interface, e.g., in the anion exchange membrane, hydroxide ions are replaced by chloride ions; (2) 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, zero-current conditions are possible when for
example in the anion permeable layer a flux of hydroxide ions occurs towards the
junction. Both processes are faster with an increased salt concentration in the solution.
The discharging times in Figure 6b 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
194

reached or not. As a criterion it is more precise than inspecting the chronopotentiometric switch-on curves for the steady transport state. The results in Figure 6b indicate that the steady state is reached faster for high current densities.
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Figure 6: Discharging times of the bipolar membrane BP-1 (a) for different solution concen-

trations after the current was applied for 20 minutes and (b) for the current applied for different times with a solution concentration of 1 mol/l..

4.5

1000

j [mA cm-2]

Ohmic resistances

The equilibrium resistance determined from the initial jump in the chronopotentiometric response curves is 10.2, 8.5, and 7.1 Ωcm2 for the 1.0, 2.0, and 4.0 mol/l
solution concentrations, respectively. It is lower for higher 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 = (Um,stat – Um,off) / j
as derived in [4]. The ratio of this transport-state resistance over the equilibrium
resistance is presented in Figure 7. The transport resistance is reduced with increasing current density due to the ion exchange of salt counter ions with water
splitting products. The ratio of transport over equilibrium resistance drops below
unity for current densities above 20 mA/cm2 for all three concentrations. As discussed in [4], at this current density the increase of the resistance due to salt ion de-
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pletion 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. However, both phenomena are a result of the same processes in the membrane: co-ion depletion and ion exchange.
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.

100
r

trans

/ r

[-]
10

equ

1
4 mol/l
2 mol/l
1 mol/l

0.1

0.01
1

10

100
1000
j [mA cm-2]

Figure 7: Ratio of transport resistance over equilibrium resistance of BP-1 in sodium chlo-

ride solutions at 25˚C. Note: Steady state was not reached for 4 mol/l with 2.4 and 3.2
mA/cm2.

4.6

Reversible and irreversible potential

The reversible and irreversible contributions to the steady state electric potential
in the over-limiting current density region are presented in Figure 8. The irreversible potential Umem,irreversible = (Um,stat – Um,off) is the one actually used for calculating
the transport resistance discussed above.
For the 4.0 mol/l solution, the internal concentration polarisation is not yet significant after 20 minutes with a current density of 2.4 mA/cm2 (the overall electric po-
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tential does not increase significantly within 20 minutes, Figure 3c and f), even
though this current density is above the limiting current density. Both, the reversible
and the irreversible contributions to the electric potential difference are very small
(Figure 8, filled and open triangles at the lowest current density, respectively). The
irreversible contribution is already slightly higher than in equilibrium (see Figure 7)
but no water is dissociated and the reversible contribution is not significant. For the
same solution with a current density of 3.2 mA/cm2, the polarisation is much
stronger. At this current, the reversible contribution in Figure 8 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 reduced because the water splitting products reduce the layer resistance as
discussed above.

reversible
1

4 mol/l
2 mol/l
1 mol/l

U [V]

0.5

irreversible

4 mol/l
2 mol/l
1 mol/l

0
1

10

100

1000
j [mA cm-2]

Figure 8: Contributions to the transport-state electric potential for different concentrations in

the over-limiting current range. Note: Steady state was not reached for 4 mol/l with 2.4 and
3.2 mA/cm2.

The curve with the 2.0 mol/l solution concentration shows a similar behaviour (open
squares in Figure 8): Just above the limiting current density of 1.0 mA/cm2, the irreversible potential is rather high, reaching a minimum at moderate current density
and increasing again with further increasing currents. The underlying physical phenomenon is discussed above when discussing the transport resistance. However, the
irreversible contribution to the electric potential difference is the (area-) transport
resistance multiplied by the current (-density). The reduction in transport resistance
with increasing current is enough to reduce the irreversible potential or to keep it
stable for moderate current densities up to about 10 mA/cm2; however, at high current densities the irreversible electric potential difference increases. The phenomenon of ion exchange of the salt counter-ions only occurs with the membrane im197
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mersed 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 potential is expected to increase linearly.
At high current densities, the irreversible contribution increases with the salt ion
concentration. This is in contrast to the equilibrium resistance which is the lower for
increased concentrations. We attribute this to the amount of salt ions that are transported across the bipolar membrane: The flux of 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 electric potential is necessary to conduct the imposed
current.
The reversible potential slightly increases with increasing current density. This is
interpreted as a result of the increasing content of water splitting products as the
counter-ions in the membrane layers. For 1 and 2 mol/l 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
solution (Figure 8, 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 membranes at increased solution concentrations. The transition
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 polarisation time.
This experimental study allows an explanation of the increased electric 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 developed for higher concentrations and for
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higher currents. 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 reversible and the irreversible contribution to the transport-state electric potential difference. The increase of the reversible contribution is attributed to the increased electrochemical potential with
increased concentration gradients. This increase is not necessary to split water but
to concentrate the acid and base. The increase of the irreversible 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 exchange of counter-ions does not occur.
Thus, from an energy point of view, bipolar membranes 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 concentrations. This is in line with the recommendations for reduced salt ion transport. For
the design of a bipolar membrane electrodialysis process, these two recommendations 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.

6.

Nomenclature
A

anion permeable layer of the bipolar membrane

C

cation permeable layer of the bipolar membrane

cfix,c(cfix,a)

fixed charge density of the cation- (anion-) permeable layer [mol/l]

ci

molar concentration of species i [mol/l]

c m ,0

virtual initial salt concentration in the membrane [mol/l]

Di

apparent ionic diffusion coefficient [m2/s]

Dav

average apparent diffusion coefficient of the electrolyte [m2/s]

F

Faraday constant, 96485 As/mol

j

current density [mA/cm2]

Ji

flux of ion i (positive in direction of positive current) [mol/(m2s)]

r

area resistance [Ω cm2]

t

time [s]
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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

polarisation time [s]

U

electric 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 (Table 3)

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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X. Comparison of Bipolar Membranes by Means of Chronopotentiometry

1.

Introduction
Different bipolar membranes are or were available over the last few years.
Their electrochemical behaviour has been investigated extensively with currentvoltage curves or with electric impedance spectroscopy [1]. To allow decisions on
which membrane is most suitable for a certain application, its stability and selectivity are of primary importance for the technical feasibility of a process [2, 3].
Moreover, for an economic evaluation, also the energy requirement is important.
For an application, it is particularly interesting how far the necessary energy for
water splitting, i.e., the electrical potential that has to be applied, is away from the
theoretical requirements. This influences the energy efficiency of the entire process.
Chronopotentiometry is an advanced technique for current-voltage comparison of
electrodes and membranes. A current step function is applied and from the recorded
dynamic electric potential response, several characteristics of the bipolar membrane
are accessible [4]. Of special interest for applications using bipolar membranes is
the energy efficiency. Ideally, as little energy as possible should be dissipated due
to the resistance of the bipolar membrane layers against ion transport. To sustain the
water splitting reaction in the bipolar membrane, in such a case the electrical potential drop closely resembles the electrochemical potential difference; in [4] this called
the reversible potential Urev. Chronopontentiometry of bipolar membranes allows to
access both, Urev and the loss contribution Uirrev to the steady state voltage across the
membrane. Further, the differences between equilibrium and transport-state resistance can yield information on the concentration profiles in the membrane layers
and, thus, the different behaviour of the membrane materials. In [5], the concentration dependence of the contributions to the electric potential of the steady state potential is investigated with chronopotentiometry.
In this contribution, the current-voltage behaviour of different bipolar membranes is
investigated at different current densities by series of chronopotentiometric measurements. The characteristics of the chronopotentiometric response curves for different available bipolar membranes are compared with the focus on energy usage
and ion selectivity.

2.

Theory
A schematic typical chronopotentiometric response curve of a bipolar membrane is presented in Figure 1. The principle of bipolar membrane chronopotentiometry and the correlation of characteristics of these curves to the concentration
profiles in the bipolar membrane is described in detail in [4].
The initial switch-on jump of the electric potential (or, more precisely, the the electric potential difference across the membrane) Um,ini and the immediate breakdown
after switching off (Um,stat-Um,off) are due to the ohmic resistance of the membrane
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layers in equilibrium with the surrounding solution and in the transport state, respectively. With the imposed current density j and the observed changes in the
electric potential difference across the bipolar membrane, the electric resistance under these conditions can be determined. In equilibrium, the concentration profiles of
the salt ions in the two layers of the bipolar membrane are horizontal (outside the
electrical double layers of the interfaces between the layers or the membrane and the
surrounding solution) and the hydroxide ions and protons are present in negligible
concentrations. In contrast, the concentration profiles show strong gradients in the
water splitting state due to ion depletion and because hydroxide ions and protons are
present in significant amounts. The ion-depletion of the membrane layers increases
the electric resistance whereas the water splitting products can reduce the resistance
due to their high ionic mobility compared to the salt ions.

Um
Um,max
Um,stat
Um,off

Um,ini
t0

t0 + tC

t1

t1 + tD

time

Figure 1: Schematic electric potential response curve of a bipolar membrane in a salt solu-

tion with a constant current in the over-limiting range switched on at time t0 and off at time t1.
The dashed curve, showing an overshoot potential, is observed at high current densities only.
tC is the transition time, tD is the discharging time.

The transition time tC, is the time corresponding to the virtually completed co-ion
depletion of the layers next to the internal interface or the bipolar junction after
switching the current on. The transition time derived for a quasi-symmetric bipolar
membrane depends on the layer properties according to [5]:
æ
cm ,0 F ö
tC = πDav,m ç
÷
è 2 j (t i,C − t i, A )ø

2

(1)

It depends on the average diffusion coefficient in the membrane, Dav,m, the initial
virtual electrolyte concentration in the layer cm,0, the current density j, and the difference of the transport numbers of the ion i in the cation and the anion permeable
layer (ti,C – ti,A). It should be noted that both, the virtual concentration and the transport number difference indirectly contain the co-ion concentration [5]. With increased co-ion concentration, the virtual electrolyte concentration increases and the
difference of the transport numbers becomes smaller, resulting in an increase of the
transition time.
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next to bipolar
junction in A

next to bipolar
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Figure 2: Processes after switch off at the bipolar junction for permanently attached anion

and cation permeable layer. The ion transport process in the interface region (at zero current) consist of OH- and H+ recombination, and co-ion transport across the junction.

The electric potential remaining after switching off the current, Um,off in Figure 1, is
the reversible potential built up by the water splitting process. This reversible potential is a result of the strong concentration profiles and the recombination reaction
in the bipolar junction. The concentration profiles and expected fluxes next to the
bipolar junction are presented in Figure 2. In the interface region next to the bipolar
junction of the anion and the cation permeable layer between the dashed lines in this
figure, uncompensated charges exist and very large field strengths are present [1].
The transport processes drawn in this figure occur just when the current has been
switched off. The co-ion transport process across the interface determines the recombination rate. The recombination reaction can proceed until it terminates due to
the lack of reactants, its termination is indicated by the discharging time (see Figure
1) where the steepest drop in the dynamic electric potential is observed after the current is switched off [4].

3.

Experimental

3. 1

Commercial membranes

The membrane BP-1 is a bipolar membrane from Tokuyama Corporation, Japan. In this study it is compared to different (formerly) commercially available bipolar membranes. These other membranes are a bipolar membrane MB-3, kindly
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provided by N. Berezina at the Kuban State University, Krasnodar, Russia, a modified WSI bipolar membrane, i.e., the cation-permeable layer from the WSI bipolar
membrane with a Pall IonClad R4030 anion-permeable membrane, and a sample of
AQ6 from Aqualytics. Before the experiments, the membranes are equilibrated for
more than 48 hours in 2 mol/l aqueous sodium chloride solutions.
The membrane named “modified WSI” membrane is a loose laminate of two separate ion permeable films of opposite charge, all the others are single, integrated
films. The cation permeable film is from the original WSI membrane, the anion
permeable film is an untreated Pall Ionclad R4030; the latter is actually used as the
precursor to the WSI anion permeable layer. A close but not permanent contact of
the films is established by imposing an current in water splitting direction of 10
mA/cm2 for about one hour. By that treatment, the salt ions and water between the
layers after attachment or after short rest periods are removed and a close contact is
established. In the past, such membranes were commercially available with both,
the anion and the cation permeable layers modified to reduce the electric potential
necessary for water splitting by soaking them in a chromium chloride solution followed by a sodium hydroxide treatment.
Further details on the materials and structures of bipolar membranes can be found in
[6]. Important differences are the heterogeneity, the layer thickness, and how the
layers are attached, i.e., the structure of the bipolar junction. All the measurements
are performed with one single membrane sample and may not necessarily represent
the behaviour of currently sold membranes with the same name. Differences are
possible within one batch due to fluctuations of thickness or blend ratios or in time
when the production process has been modified.

3.2

Apparatus and Procedures

The six compartment membrane module with four-electrode arrangement used
in these experiments is described in [4]. Series of chronpotentiometric measurements with increasing current densities are recorded sequentially. The length of the
current-on and the off periods is 20 minutes each. In most cases that is enough to
reach steady transport conditions and the equilibrium state after switching off. The
measured chronopotentiometric response curves in the current-on intervals contain
also contributions of the solution between the membranes and the measurement tips.
Thus, the characteristic electric potentials in the current-on interval have to be corrected for the solution resistance; this is done by calculating the solution resistance
from current-voltage measurements of the electric potential without a membrane
mounted between the tips.
Mainly the water splitting behaviour in the current density range between 1 and 100
mA/cm2 is investigated. They are recorded with 2 mol/l aqueous sodium chloride
solutions on both sides of the membrane. The temperature of the solutions next to
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the bipolar membranes is controlled at 25 ˚C (+/- 0.2 ˚C). The active diameter of the
membrane is 2.00 cm.

4.

Results and Discussion

4.1

Current voltage curves

The steady state current voltage curves in Figure 3 are recorded by increasing
successively the cell voltage in steps of 0.1 V up to 4 V (each step 10 min) and then
in steps of 0.5 V (3 min). The point at approximately 100 mA/cm2 is not a point of
this series but taken from the corresponding chronopotentiometric response curve.
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Figure 3: Steady state current-voltage curves of bipolar membranes in 2 mol/l sodium chlo-

ride solution at 25˚C. (a) full curves; (b) detail at low current density.

The bipolar membranes BP-1, AQ6 and MB-3 show a low voltage above the limiting current density plateau. In contrast, the modified WSI membrane has an electrical potential of more than 5.5 V at about 100 mA/cm2, far above the trans-membrane
voltage of the other membranes. The anion layer without the catalyst treatment and
the loose laminate result in an increased ohmic resistance.
The three bipolar membranes MB-3, AQ6 and BP-1 seem to have the same energy
requirements at a current density of 100 mA/cm2. But the membranes are very different when looking at the limiting current density, Figure 3b and Table 1: the membrane MB-3 has a much higher limiting current density than the AQ6 and BP-1. The
limiting current density of the modified WSI membrane lies in between. According
to the findings in [3], this series of reduced limiting current densities indicates a se-
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ries of increased selectivity in the order of MB-3, WSI, AQ6 and BP-1; the latter
two are very close to each other, but the difference is still significant.
The increased limiting current density with increased solution concentration for one
membrane described in [5] was directly coupled to an increased electric potential in
the region slightly above the limiting current density. This is not the case for different membranes with different limiting current density (Figure 3a) because they also
have different membrane geometry and transport behaviour. For example, the bipolar membrane MB-3 has a higher limiting current density compared to, e.g., AQ6,
but also has a lower electric potential at a current density of about twice the limiting
current density.

Table 1: Characteristic values of bipolar membranes in 2 mol/l sodium chloride solution at

25 ˚C.
Membrane
limiting current density [mA/cm2] (*)
average equilibrium resistance [Ω cm ]
2

2

2

4

tCj [s mA /cm ] (**)

BP-1

AQ6

WSI

MB-3

1.0

1.2

8.8

22

8.5

10.2

1.8

5.3

283

171

21800

231000

(*) from steady-state current-voltage curve recorded by stepwise voltage sweep.
(**) average slope in the Sand-type plot using transition times of all current densities

4.2

Chronopotentiometric response curves

The chronopotentiometric response curves of the membranes BP-1 (Figure 4a)
and AQ6 (Figure 4c) are all recorded above the limiting current density. As expected above the limiting current density, they all show a strong increase of electric
potential. This polarisation phenomenon is explained by the transport limitation due
to concentration changes in the bipolar membrane layers, the so-called internal concentration polarisation.
All curves reach a steady state within less than ten minutes except when applying a
current density of 1.3 mA/cm2 for the membrane BP-1 (Figure 4a) and 1.5 and 1.8
mA/cm2 for the membrane AQ6 (Figure 4c). These current densities are less then
two times the limiting current density.
A clear overshoot of the electrical potential is observed for BP-1 first with a current
density of 22.5 mA/cm2, 9.6 mA/cm2 does not yet show a maximum after the transition time. With the AQ-6, the overshoot is first observed for the 9.7 mA/cm2 curve,
however, it is convincingly clear only at 22.6 mA/cm2 and above.
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When switching the current off, the equilibrium state of the membrane is approximately restored within about two minutes for the membranes BP-1 (Figure 4b) and
AQ6 (Figure 4d). Only for the highest current density of 100 mA/cm2 the membranes require more time to reach the equilibrium state again. The time for reaching
an electrical potential of less than 0.05 V is about three times the discharging time,
i.e., the time with the steepest drop in the measured electrical potential after switchoff.
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Figure 4: Selected chronopotentiometric curves of bipolar membranes in 2 mol/l sodium chlo-

ride solution at 25˚C; raw data, not corrected for the solution resistance. (a) Switch-on and
(b) switch-off with BP-1; (c) switch-on and (d) switch off with AQ6. The parameter in the
graphs is the current density in mA/cm2; the order in the legend corresponds to the order of
the graphs, for switch-on as well as for switch-off curves.

The membranes WSI (Figure 5a) and MB-3 (Figure 5c) clearly show slower transient behaviour than the AQ6 and BP-1 membranes. For current densities below the
respective limiting current density, no strong increase of the electric potential is observed, thus, the internal concentration polarisation is not significant. Between the
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limiting current density and approximately two times this value, these curves do not
reach a steady state within ten minutes, similar to BP-1 and AQ6.
The overshoot for the WSI-membrane at a current density of 105 mA/cm2 is different from that for the membranes AQ6 and BP-1: a local minimum is observed. This
can be explained by the limited contact area of the two layers after a longer currentoff period; locally the current density is much higher than the average current density, an overshoot is observed. It breaks down as soon as the remainder of the bipolar junction is available for current conduction.
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Figure 5: Selected chronopotentiometric curves of bipolar membranes in 2 mol/l sodium chlo-

ride solution at 25˚C; raw data, not corrected for the solution resistance. (a) Switch-on and
(b) switch-off with WSI; (c) switch-on and (d) switch off with MB-3. The parameter in the
graphs is the current density in mA/cm2; the order in the legend corresponds to the order of
the graphs, for switch-on as well as for switch-off curves.
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A significant discharging time can only be observed with MB-3 after 100 mA/cm2
were applied. For all others, either the discharging process is too quick because a
large number of co-ions is present. The reversible electrical potential directly after
switch off is very low for the WSI-type membrane because different transport processes occur compared to the other membranes as discussed below.
Overall, the different membranes show quite different chronopotentiometric response curves. The details will be discussed in the following sections.

4.3

Characteristic times with different membranes

For both, the BP-1 and the MB-3, two polarisation times are visible, a double SShape is observed for curves 1.9, 2.4, 3.6 (mA/cm2) in Figure 4a for the membrane
BP-1 and for 2.5 and 3.4 mA/cm2 for the membrane AQ6 in Figure 4c. Below these
current densities the increase is rather erratic and above this range the resolution of
the graphs is too low. In [5], this phenomenon is rationalised by the asymmetric
polarisation behaviour in the membrane layers next to the bipolar junction. Due to
differences in thickness, diffusion coefficient, and fixed charge density of the two
membrane layers, co-ion depletion occurs at different times.
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Figure 6: Transition times of the different bipolar membranes depending on the current den-

sity in a plot according to Sand.

According to the equation (1) a lower co-ion concentration (or, implicitly, a higher
selectivity) corresponds to shorter transition time. This is observed in the Sand plot
presented in Figure 6. The slope (tC j2) of these lines are proportional to the co-ion
content of the membrane (see the discussion of equation (1)) and are included in
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Table 1. Clearly, this follows the series for increasing selectivity in the series of
MB-3, WSI, and BP-1. The inverse behaviour of the membranes BP-1 and AQ6,
both with a high selectivity, is discussed in the following.
For all the current densities, the transition time (second polarisation time) is longer
for the BP-1 than for the AQ6 membrane (Figure 6). According to the formula for
the transition time, equation (1), this is in contrast with the lower selectivity of the
latter membrane: a larger ion content in the membrane would lead to a longer transition time. This dilemma can not be solved by visualising the membrane homogeneous down to microscopic levels, only a heterogeneous clustering of the ion exchange
domains can give an explanation. In [7], similar findings for anion and cation exchange membranes lead to the conclusion that the membranes with a shorter transition time than predicted have a reduced conductive surface area resulting in a locally
higher current density; such a surface heterogeneity for anion and cation permeable
membrane is also reported in [8]. Some bipolar membranes, including the BP-1, are
prepared with increased surface areas by increasing the surface roughness [6]. Furthermore, for bipolar membranes, not only the surface roughness but also the heterogeneity of the bulk membrane layers influences the depletion.
The membrane AQ6 also shows two discharging times in the switch-off curves, Figure 4d, after a current density of 9.7 mA/cm2 or higher was applied; a double inverse
S-shape is observed. Below that current density, initially a quick drop is observed,
then a tilted plateau is indicated, followed by the expected discharging behaviour
(Figure 1). In [4], the discharging behaviour is correlated to the co-ion transport
across the bipolar junction and the ion exchange of counter ions with like ions from
the solution across the solution-membrane interfaces. Thus, the membrane AQ6
shows an increased asymmetric salt ion transport behaviour. Such an increased
asymmetric behaviour can also explain the phenomenon that the limiting current
density plateau in Figure 3 for the bipolar membrane AQ6 is slightly more tilted
than for BP-1: The polarisation behaviour of the two membrane layers is different,
not only in time but also in steady state with increasing current density.
The discharging behaviour of WSI and MB-3 is very fast (Figure 5b and Figure 5d,
respectively). These membranes have rather high co-ion contents, thus, the co-ion
transport is very quick across the bipolar junction.

4.4

Contribution to steady state potential

With the incentive to produce OH- and H+ with as little energy as possible, the
reversible contribution to the electric potential in the steady state, Urev, and the irreversible contribution, Uirrev, should be investigated separately. The reversible part
serves to sustain the desired water-splitting rreactions, whereas the irreversible contribution is a consequence of friction against the transport of co-ions. With the ratio
of these contributions, (Urev/Uirrev), an optimum current density can be identified.
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For firmly attached membrane layers, the reversible and irreversible contributions to
the steady state electric potential are accessible from the chronopotentiometric response curves [4].

BP-1
AQ6
MB-3
WSI

1
U

rev

[V]

0.5

0
0

50

100
j [mA/cm2]

(a)
10

BP-1
U

rev

/ U
[-]

AQ-6

irrev

1

MB-3

0.1

WSI
0.01

1

(b)

10

100

1000
j [mA/cm2]

Figure 7: Contributions to the steady state electric potential across the different bipolar

membranes depending on the current density. (a) Reversible contribution; (b) ratio of reversible over irreversible contribution.

The reversible contribution and its ratio with the irreversible contribution to the
steady state electric potential are plotted in Figure 7a and Figure 7b, respectively, for
the current densities above the limiting current density. In sub-limiting current density range, the discharging of the reversible potential is very fast [4]. The sampling
rate of the used recording system is too low for accurate readings of the reversible
potential.
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The reversible electrical potential for the membranes with firmly attached layers in
Figure 7a is lower when the selectivity is lower. The order with reduced selectivity
of these membranes is BP-1, AQ6, MB-3. A low reversible potential indicates a low
content of water splitting products, corresponding to a high remaining salt ion content.
The modified WSI membrane has an even lower potential than the less selective
MB-3. This unexpected result can be explained by the loose contact of the bipolar
membrane layers. The membrane layers of the WSI membrane can separate immediately after the current switch-off. In contrast to the membranes with firmly attached layers, other transport processes (than the ones in Figure 2) are possible when
switching the current off. As indicated in Figure 8, a net flux towards the interface
can occur and the layers can separate. The assumption that no material can be stored
in the interface is not valid for this membrane, neither are the interface equilibria.
Thus, the switch off potential can not be assumed to be equal to the reversible contribution to the steady state potential when the layers are loosely attached.
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Figure 8: Transport processes at current switch-off with loosely laminated bipolar membrane

layers.

The ratio of reversible to the irreversible electrical potential in Figure 7b for the
membranes BP-1 and AQ6 is larger than unity for all current densities above approximately two times the limiting current density (in the measured range below 100
mA/cm2). For these membranes, a maximum ratio is observed at approximately six
to eight times the limiting current density. For the membrane MB-3, a maximum
obviously has not been reached, for the modified WSI-membrane, the maximum
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within the measured values is 22 mA/cm2. Above the maximum ratio, a higher percentage of energy is lost with increasing current density.
The membranes BP-1 and AQ6 contain less co-ions than the others, thus, the energy
lost for transporting the co-ions is lower, similar to the findings with reduced solution concentrations in [5]. The splitting of the electrical potential difference across
the bipolar membrane into its contributions indicates that a high portion of the energy is lost for salt ion transport in the membrane MB-3; the overall potential in the
current-voltage curve, Figure 3 can not show the difference. This indicates a low
water-splitting efficiency of this membrane sample.
The ratio of the reversible and irreversible contribution of BP-1 and AQ6 shows a
maximum at medium current densities. This indicates a trade-off for choosing the
current density for optimisation towards high selectivity and low energy losses: from
the energy point of view, the membranes should be operated at medium current densities, but for a high selectivity, the operating current density should be as high as
possible [3].

4.5

Characteristic resistances

The average equilibrium resistance rmem,equ = (Umem,ini/ j), Table 1, calculated
from the initial jumps of the chronopotentiometric response curves corrected for the
solution resistance, is the highest for AQ6 and decreases in the series of BP-1, MB3, and modified WSI. The transport resistance rmem,trans = (Umem,irr / j) is calculated
from the irreversible contribution to the electric potential and the applied current
density.
The ratio of the transport to the equilibrium resistance (rmem,trans / rmem,equ) of the bipolar membranes for currents above the respective limiting current density is presented in Figure 9. This ratio is approximately the same for the membranes AQ6
and BP-1 for all applied current densities. For currents just above the limiting current density, this ratio is high due to the co-ion depletion in the membrane layers.
With increasing current density, more and more water splitting products are available for conducting the current. These ions have a higher mobility than the salt ions,
thus, the reduced transport resistance with increasing current density is directly related to the extent of the counter-ion exchange in the membrane layers. However,
the reduction of the resistance is not enough to lower the irreversible contribution to
the electric potential (Uirrev = j rtransp) as well; in the log-log plot Figure 9, the slope is
not less than –1.
The curves for WSI and MB-3 bipolar membranes in Figure 9 also include one point
below the limiting current density (the points at 6.6 mA/cm2 and 17 mA/cm2, respectively). For these points, the transport resistance is already higher than the
equilibrium resistance. The membrane layers already have lower ion contents than
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in equilibrium. For the next points, at or just above the limiting current density, the
transport resistance is significantly increased because the interface region is fully
depleted of co-ions.
The transport resistance is much higher for the WSI and MB-3 membranes in the
water splitting state. Below 100 mA/cm2, the transport resistance is always higher
than the equilibrium resistance (Figure 9). A reason for this is the high salt-ion
transport in these membranes. For the modified WSI membrane, the resistance is
probably higher because an ion- and charge-depleted liquid layer between the layers
can be assumed, not only the membrane layers themselves are depleted. The heterogeneous membrane MB-3 [6] also can suffer from similar effects: the ion exchange resin particles of the different functionality are not all in direct contact, either
separated by neutral matrix polymer or by water in voids between loosened particles. Such a neutral layer increases the ohmic resistance considerably, compared to
the ionic solution in equilibrium state.
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Figure 9: Ratio of the transport to equilibrium state ohmic resistances depending on the cur-

rent density; the equilibrium resistance is the average resistance in Table 1.

For the membranes AQ6 and BP-1, the current density above which the ratio of
transport to equilibrium resistance becomes lower than unity (Figure 9) is approximately the current density where the chronopotentiometric curves start to show a
maximum (Figure 4a and Figure 4c). This was already observed for the BP-1 investigated in different salt concentrations [5]. This one more membrane does not
prove but only supports the hypothesis that this is not only coincidence.
The underlying transport processes are the same for these two phenomena, the
maximum and the transport resistance reduction: From the equilibrium state, the
membrane layers next to the bipolar junction are depleted of co-ions, resulting in an
increased resistance, but if the current density is high enough, water splitting products become available and reduce the electrical resistance by exchanging salt217
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counter ions with these highly mobile hydroxide ions or protons from water dissociation [4, 5].

5.

Conclusions
A clearly different behaviour of the chronopotentiometric response curves is
observed with the different investigated bipolar membranes. Not only the selectivity
is different, also the energy requirements differ considerably. Most differences can
be explained with different concentration profiles in homogeneous membrane layers.
The asymmetric behaviour of the two membrane layers observed earlier for the salt
(co-)ion fluxes is reflected in the chronopotentiometric response curves by the two
transition times observed for two of the membranes. All membranes showed the
phenomenon that the steady state is not reached within 10 minutes for currents between the limiting current density and about two times this value.
The interpretation of the increased transition times for a membrane with low co-ion
content or high selectivity is not possible with a smooth, one-dimensional contact of
the layers. Following the findings for the transition time of monopolar membranes,
the increased transition time is explained with an increased area of contact between
the layers, for example by a roughening of the surface during membrane formation.
Overall, these membranes indicate, that “good” membranes with high selectivity
also show low energy losses. Nevertheless, the trade-off of between selectivity and
energy loss found in earlier papers still exists for each membrane: with increasing
current density, the selectivity increases (or the relative co-ion transport is reduced)
whereas the energy usage to split water increases.
The investigated bipolar membranes are very different in their transport behaviour
due to different materials of the components. Some of the phenomena such as two
discharging times for the membrane AQ6 or the overshoot followed by a local
minimum for the WSI membrane are only observed with one of the membrane samples. Summarising the results with commercial membranes it is clear that with the
chronopotentiometric measurements, some phenomena of the steady state current
voltage curves become easier to explain and the contribution of membrane layers
and interfaces to the membrane behaviour can be discussed.
With the accessibility of the contributions to the electrical potential in the steady
state, chronopotentiometry can serve as a tool to optimise the process of electrodialysis with bipolar membranes in terms of energy efficiency. In addition, it is an
additional characterisation tool that allows to design better membranes.
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Bipolar membrane electrodialysis can be used for the production of acids and
bases, pH control of aqueous product streams, for advanced separations based on
e.g. the iso-electric points of proteins or for the continuous regeneration of ion exchange resin beds. This work focuses mainly on the transport in the bipolar membrane when used for acid and base production. The improvement of bipolar membrane technology towards higher concentrations of products has been the underlying
theme of most of the work done on this research project. For the production of different kinds of acids from various feed solutions, the challenges at the base side of
the electrodialysis process with bipolar membranes are often the same. A process
with bipolar membranes mostly can be used efficiently as soon as a base can be produced with high concentration, high purity, and that over a longer time. For the bipolar membrane this translates into a high base stability and a low salt ion leakage,
i.e., the transport of anions from the acid compartment into the base and of cations
from the base into the acid. The other membranes in the process have to meet similar requirements. In Chapter 1 some approaches are lined out how these challenges
can be met with improved designs of bipolar membranes.
The components of a bipolar membrane play an important role for its performance
in an electrodialysis process. The review in Chapter 2 focuses on the materials of
the membrane components and the methods of bipolar membrane preparation. The
components of a bipolar membrane are its two ion permeable layers and the bipolar
membrane junction. The materials and the structure of the bipolar junction are important for the water splitting function of the bipolar membrane. It contains immobile weak acids or bases as catalysts with an equilibrium constant of the acid/base
pair close to that of the water dissociation reaction with a pKa = 7. For many bipolar
membranes, the bipolar junction is not a smooth, two-dimensional interface between
the cation and the anion permeable layer but has a certain surface roughness which
increases the contact area. The anion and cation permeable membrane layers allow
the selective transport of the water splitting products, the proton and the hydroxide
ion, towards respectively the base and the acid chamber next to the bipolar membrane. They consist of materials similar to standard anion and cation permeable
membranes that are stable in the environment encountered in acid/base electrodialysis.
Blends of sulfonated poly(aryl ether ether ketone), S-PEEK with non-sulfonated
poly(ether sulfone), PES are used in Chapter 3 to adjust the properties of ion permeable and ion selective films. Membranes are prepared in the full range from 10 to
100 wt-% S-PEEK content in the film of one batch and, further, from batches of SPEEK with a different degree of sulphonation and fixed S-PEEK content. The
transparent films are permeable for ions with selective transport of cations over anions. At contents of S-PEEK below 40%, phenomena related to a percolation threshold of the ion exchange functionalities are observed; the measured ion exchange
capacity indicates that not all functional groups are accessible in these blends.
These films can serve as cation exchange membranes as well as cation permeable
layers of bipolar membranes. The determined transport properties of films with an
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S-PEEK content in the range of 50 to 80 wt-% are comparable to those known for
commercial ion exchange membranes. In this range, a trade-off between resistance
and selectivity with increasing ion exchange capacity is observed. Both, the ion
conductivity and the co-ion transport number increase with increasing ion exchange
capacity. This is mainly caused by the increased water content with increased ion
exchange capacity and the number of water molecules per fixed charge.
The base stability of selected anion and cation permeable membranes is investigated
in Chapter 4 under conditions that are expected in bipolar membrane electrodialysis.
Some of the cation exchange membranes are self-prepared from blends of PES and
S-PEEK. The membranes are exposed to 6 mol/l sodium hydroxide solutions of 40
˚C for up to 100 days without applying a current. Before and after that treatment,
the apparent co-ion transport number and the electrical resistance are measured. The
initial values show the well-known trade-off: with increasing conductivity, the selectivity of the membrane decreases; for example for the PES / S-PEEK blend membranes, a limiting correlation exists that appears to be material dependent. Indicated
by the electrical resistance and co-ion transport numbers, most anion and cation exchange membranes appear to be stable in the chosen environment. Alterations are
mainly observed by optical inspection and mechanical testing. The stable anion exchange membranes out of these tested are the Neosepta AMH and AHA from Tokuyama Corp., Raipore R4030 from Pall Inc., and a membrane sample from Ionics
Inc.; stable cation exchange membranes are Neosepta CMB from Tokuyama Corp.,
Raipore R4010 from Pall Inc., Nafion N117 from DuPont, and most of the blends
from PES and S-PEEK. The PES / S-PEEK blends are not stable if they are too thin
or contain more than 90% S-PEEK. In contrast, the properties of films containing
70% S-PEEK even improved during exposure to sodium hydroxide, i.e., the co-ion
transport is reduced; this is probably due to polymer relaxation phenomena as discussed earlier.
The salt ion fluxes across commercial bipolar membranes result in the salt contamination of the produced acids or bases especially at increased product concentrations.
Often, bipolar membrane electrodialysis can only be applied when these fluxes are
reduced. In Chapter 5, a model is presented to predict the salt impurities using the
limiting current density measured for a single bipolar membrane. The model is extended to relate the limiting current density to the experimentally determined properties of the separate membrane layers. A direct dependence has been found for the
salt ion fluxes across the bipolar membrane on the square of the solution concentration and the effective salt diffusion coefficient. Further, the salt ion transport is inversely dependent on the fixed charge density and thickness of the layers. The latter
is not trivial – the thickness in general does not play a role in the selectivity of separate anion or cation exchange membranes. The dependence of the salt ion transport
on the membrane layer properties has been verified experimentally by characterising
membranes prepared from commercially available anion exchange membranes and
tailor made cation permeable layers. The presented model has proven to be both,
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simple and accurate enough to guide bipolar membrane development towards increased selectivity.
Some phenomena of ion transport across bipolar membranes can only be explained
with asymmetric properties of the bipolar membrane layers. In Chapter 6, such an
asymmetric salt ion transport behaviour is simulated with a simple model based on
phenomenological equations. The steady state salt ion transport in the two membrane layers is described with the extended Nernst-Planck equations for transport by
diffusion and conductance in an electric field. The transport of ions in the two layers is coupled by steady flux conditions and the Donnan equilibrium across the bipolar junction. Simulations of current-voltage curves with the model show the importance of realistic co-ion contents for exact results. The Donnan equilibrium has
proven to be not suitable for predicting exact ion equilibria across the interfaces but
to serve well for parametric studies. Such parametric studies have been performed
(I) keeping the thickness, fixed charge density, and the apparent diffusion coefficient
of the anion permeable layer constant while changing those of the cation permeable
layer and (II) varying the parameters of both, the anion and the cation permeable
layer such that the average value of both layers is constant. In both series, the total
salt ion flux is compared to this flux for a symmetric bipolar membrane. For series
(I), the total flux is reduced with increased cation permeable layer thickness, increased fixed charge density, and reduced diffusion coefficient in the cation permeable layer compared to the symmetric case. In contrast, in series (II), the symmetric
membrane shows the lowest total salt ion flux. In both series, the flux of the salt ion
is reduced when it is the co-ion in the layer with (i) increased thickness, (ii) reduced
diffusion coefficient, or (iii) increased fixed charge density. Thus, with asymmetric
bipolar membranes, the salt ion flux of one ionic species can be reduced. These
studies help to explain observed transport behaviour and can aid the development of
custom-made bipolar membranes.
In the experimental study presented in Chapter 7, the influence of asymmetric bipolar membranes on the salt impurities in the acid and the base product is investigated.
Therefore, the thickness of one, the other, or both ion permeable layers of a bipolar
membrane are increased independently. In a membrane module of pilot scale, current-voltage curves of the repeat units are recorded and electrodialysis tests in the
acid-base production mode are performed. With additional layers, the recorded current-voltage curves of the electrodialysis repeat unit show a reduced limiting current
density, and thus, they indicate an overall higher selectivity of these arrangements.
Furthermore, these curves indicate water transport limitations for some membrane
arrangements. The electrodialysis experiments with high product concentrations and
high current density confirm the overall flux reduction expected from the currentvoltage curves. Moreover, these acid-base electrodialysis experiments directly reveal an increased asymmetry of the salt ion fluxes. The effect of asymmetric fluxes
can be utilised to design custom-made bipolar membranes with very high purity of
either the produced acid or the base while keeping the bipolar membrane functioning
without water transport limitations. As done here, the simplest method is adding
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readily available ion permeable membranes to the respective side of existing bipolar
membranes. For such arrangements, both, current-voltage curves and fluxes in
electrodialysis should be measured to investigate the technical feasibility. The presented experiments show that the bipolar membrane behaviour can be characterised
in situ, i.e., as a part of a electrodialysis repeat unit mounted in a pilot scale electrodialysis module.
Compared to steady-state current-voltage curves, chronopotentiometric measurements allow to distinguish various contributions to the overall electric potential difference across a bipolar membrane. In Chapter 8, the characteristic values of the
electric potential difference across the bipolar membrane are correlated to the corresponding concentration profiles in the bipolar membrane layers and the ion-transport
processes are identified. It is possible to distinguish the reversible and irreversible
contributions to the steady state electric potential difference. The irreversible contribution is attributed to the energy required to overcome the electric resistance
whereas the reversible contribution corresponds to the electrochemical potential due
to concentration gradients in the membrane layers. Further, the ohmic resistance of
the membrane in equilibrium with the surrounding solution has been compared to
the resistance in the transport state. For low current densities, the equilibrium resistance is lower than the transport resistance, the latter stemming from internal concentration polarisation. In contrast, the large numbers of hydroxide ions and protons
produced at high current densities result in a reduced ohmic transport resistance due
to their high ionic mobility. This reduced resistance is not enough to stop the increase of the irreversible contribution with higher current densities. With the possibility to split the steady state potential into its contributions, bipolar membrane
chronopotentiometry is a useful tool to identify transport limitations and to improve
bipolar membranes for a reduced overall electric potential.
In Chapter 9, chronopotentiometry is used to obtain more detailed information on
the bipolar membrane BP-1 behaviour in solutions with high sodium chloride concentrations at current densities from the limiting current density up to 100 mA/cm2.
For low to moderate current densities, two polarisation times are observed. They are
explained by the membrane asymmetry: the two membrane layers not only have
different signs of the fixed charge but also different properties such as co-ion concentration and diffusion coefficient. Further, the experiments indicate that the increased voltage across bipolar membranes with increased concentrations can be explained with the stronger concentration gradients in the membrane layers. The
gradients become stronger with increased current density as well, but then also the
ohmic resistance in the transport state contributes to the increase of the electric potential. This resistance is actually reduced with increased 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 for low specific energy requirements. Regarding the current
density, these findings are in contrast to the high current densities required for reduced impurities in the produced acid and base.
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XI. Extended Summary and Outlook

Chronopotentiometry is also used as a tool to obtain detailed information on the different transport processes and concentration profiles in different bipolar membranes.
The bipolar membranes studied in Chapter 10 are the BP-1 from Tokuyama Corp.,
the Russian MB-3, the AQ-6 from Aqualytics, and a modified sample of the WSI
bipolar membrane. The switch-on transition is faster for highly selective membranes, however, also the interface structure has to be considered in the interpretation of the results. The switch-off behaviour shows a faster relaxation for less selective membranes; further, an increased contact area between the layers increases
the transition times. Some bipolar membranes show a remarkable phenomenon: a
second charging and discharging time is observed, indicating an asymmetric transport behaviour of this membrane. For bipolar membranes with firmly attached layers, the chronopotentiometric curves allow to separate the theoretically necessary
electric energy from the energy lost by irreversible processes. In water splitting
state, the electric potential after switch-off is the reversible, theoretically necessary
contribution. Its ratio to the other contribution, the irreversible potential indicates
the series of MB-3, AQ6 and BP-1 having increased energy efficiency. This is also
the order of selectivity, indicated by the limiting current density. For the WSI membrane, the transport processes and also the chronopotentiometric response curves are
different because the layers are not permanently attached. Together with Chapter 8
and Chapter 9, these results show that chronopotentiometric series can provide additional guidelines to choose an optimal current density from an energy perspective.
The correlations found with these fundamental investigations can be used to design
improved bipolar membranes. With the presented influences of the membrane design and transport characteristics on the bipolar membrane electrodialysis process,
guidelines are available to prepare custom made bipolar membranes for specific
process needs.
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Summary
This experimental study aims to correlate membrane materials and structures to
mass transport in bipolar membranes when used for acid and base production by
electrodialysis. A bipolar membrane consists of two ion permeable layers of opposite charge joined in series. Water is split in the bipolar junction where the anion
and cation permeable layer are in direct contact. The reaction products, i.e., the
protons and the hydroxide ions are transported across the cation and anion permeable membrane layers in the applied electric field. Parallel to these desired processes, also undesired salt ion transport across the membrane occurs. This does not
only reduce the selectivity of the membrane but it also increases the energy requirements.
Three major aspects that determine the bipolar membrane characteristics are investigated: (1) the materials used for the bipolar membrane layers and the junction
(mainly in Chapters II, III, and IV), (2) salt ion transport (Chapters V, VI and VII),
and (3) energy requirements (Chapters VIII, IX and X). The experiments are supported by appropriate models based on phenomenological transport descriptions.
(1) By modifying the properties of ion permeable membrane layers, the influences
of the membrane materials on the transport characteristics are investigated. The
transport properties of cation conductive blends from stable precursor polymers are
evaluated. For the anion permeable layer, base stable commercial ion permeable
membranes are identified and used.
(2) In general, the selectivity of a bipolar membrane can be improved with reduced
electrolyte concentrations next to the membrane, but also with modified membrane
properties: an increased thickness of the membrane layers, an increased fixed charge
density, or a decreased apparent salt diffusion coefficient increase the selectivity.
Asymmetric bipolar membrane layer properties allow to produce either an acid or a
base with very high purity while the water-splitting function of the bipolar membrane is not impeded. A simple but effective method to increase the layer thickness
has been tested in a pilot scale electrodialysis module.
(3) The technique of chronopotentiometry is introduced to investigate the dynamic
behaviour of bipolar membranes. For example, it allows to distinguish between the
reversible and irreversible contributions to the steady state electric potential at increased electrolyte concentration or to identify differences between the water splitting behaviour of different bipolar membranes.
These investigations result in guidelines for selective and energy efficient bipolar
membrane designs and electrodialysis process operation. These guidelines may
serve as one step towards the maturity of bipolar membrane electrodialysis.
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Samenvatting
Deze experimentele studie heeft als doel om het materiaal en de structuur van
bipolaire membranen te correleren aan het optredende massatransport waneer deze
gebruikt worden voor de productie van zuur en loog door middel van elektrodialyse.
Bipolaire membranen bestaan uit twee ionendoorlatende lagen van tegnovergestelde
lading op elkaar. Water wordt gesplitst daar waar de lagen in direct contact staan.
In het elektrische veld worden de reactieproducten, namelijk de protonen en de hydroxide ionen door respectievelijk de kat- en anion doorlatende membraanlagen
getransporteerd. Parallel aan deze gewenste processen vindt ook het ongewenste
transport plaats van zoutionen door het membraan heen. Deze reduceren niet alleen
de selectiviteit van de membranen maar verhogen ook het energieverbruik.
Drie hoofdaspecten die de karakteristieken van het bipolaire membraan bepalen zijn
onderzocht: (1) de materialen die voor de bipolaire membraanlagen en de bipolaire
verbinding gebruikt worden (vooral in hoofdstukken II, III en IV), (2) het zoutionentransport (hoofdstukken V, VI en VII) en (3) de energieconsumptie (hoofdstukken VIII, IX en X). De experimenten worden ondersteund door modellen die op
fenomenologische transportbeschrijvingen gebaseerd zijn.
(1) Door het modificeren van de eigenschappen van de membraanlagen wordt de
invloed van de membraanmaterialen op de transportkarakteristieken onderzocht. De
transporteigenschappen van kationgeleidende blends van oorspronkelijk stabiele
polymeren worden onderzocht. Voor de aniondoorlatende laag worden basenstabiele commerciële ionendoorlatende membranen geïdentificeerd en gebruikt.
(2) In het algemeen kan de selectiviteit van bipolaire membranen verhoogd worden
door middel van gereduceerde elektrolytconcentraties naast het membraan, maar ook
door middel van gemodificeerde membraaneigenschappen: een grotere dikte van de
membraanlagen, een hogere dichtheid van vaste ladingen of een gereduceerde
schijnbare zoutdiffusiecoëfficiënt verhogen de selectiviteit. Asymmetrische eigenschappen van de lagen van het bipolaire membraan zijn geschikt om of een zuur of
een loog met een bijzonder hoge zuiverheid te produceren zonder de watersplitsende
functie nadelig te beïnvloeden. Een simpele maar effectieve methode om de
laagdikte te vergroten wordt in een elektrodialysemodule op pilootschaal getest.
(3) De techniek van de chronopotentiometrie is geïntroduceerd om het dynamische
gedrag van bipolaire membranen te onderzoeken. Daarmee kunnen bijvoorbeeld de
reversibele en irreversibele bijdragen tot het elektrische potentiaalverschil in de stationaire toestand geïdentificeerd worden. Dit is gedaan voor verschillende hoge
elektrolytconcentraties en voor verschillende types van bipolaire membranen.
Dit onderzoek resulteert in richtlijnen voor het ontwerp van selectieve en energieefficiënte bipolaire membranen en elektrodialyse processen. Deze richtlijnen kunnen
dienen als een stap naar de volwassenheid van bipolaire membraan elektrodialyse.
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Zusammenfassung
Mit dieser experimentelle Studie sollen Membranmaterialien und Strukturen
von bipolaren Membranen mit dem auftretenden Massentransport korreliert werden
wenn sie in der Elektrodialyse für die Produktion von Säure und Lauge eingesetzt
werden. Eine bipolare Membran besteht aus zwei ionendurchlässigen Lagen mit
entgegengesetzter elektrischer Ladung im direkten Verbund. In der bipolaren
Verbindungsstelle, dort wo die anionen- und kationendurchlässigen Materialien im
direkten Kontakt stehen kann Wasser gespalten werden. Die Reaktionsprodukte,
nämlich die Protonen und die Hydroxidionen werden durch das angelegte
elektrische Feld durch die ionenleitenden Membranlagen transportiert. Parallel zu
diesen erwünschten Prozessen tritt auch unerwünschter Salzionentransport durch die
Membran auf. Dieser verringert nicht nur die Selektivität der der Membran sondern
er erhöht auch den Energiebedarf.
Hier werden drei Hauptaspekte untersucht, die die Membraneigenschaften
bestimmen: (1) die Materialien und die Struktur der Membranlagen und des
bipolaren Kontakts (hauptsächlich in Kapitel II, III und IV), (2) der Transport von
Salzionen (Kapitel V, VI und VII), und (3) der Energiebedarf (Kapitel VIII, IX und
X). Die Experimente werden durch geeignete Modelle unterstützt, die auf einer
phänomenologischen Transportbeschreibung basiert sind.
(1) Die Einflüsse der Membranmaterialien auf die Transporteigenschaften der
Membran werden untersucht durch die Modifizierung der Eigenschaften der
ionenleitenden Membranlagen. Die Transporteigenschaften von kationenleitenden
Blends aus stabilen Basispolymeren werden bewertet. Für die Lage mit
Anionenleitfähigkeit werden laugenstabile kommerzielle ionenleitende Membranen
getestet und verwendet.
(2) Im allgemeinen wird die Selektivität einer bipolaren Membran verbessert durch
niedrigere Elektrolytkonzentrationen in den Lösungen im Kontakt mit der Membran,
aber auch veränderte Membraneingenschaften haben einen solchen Einfluß: dickere
Membranlagen, höhere Festladungskonzentrationen und ein verringerter scheinbarer
Diffusionskoeffizient erhöhen die Selektivität. Asymmetrische Eigenschaften der
Lagen einer bipolaren Membran erlauben, dass entweder eine Säure oder eine Lauge
mit sehr guter Reinheit produziert werden ohne die Wasserspaltung in der bipolaren
Membran zu behindern. Unter anderem wurde in einem Electrodialysemodul mit
Pilotabmessungen eine einfache aber effektive Methode getestet um die
Membranlagen dicker zu machen.
(3) Um das dynamische Verhalten von bipolaren Membranen zu untersuchen wurde
die Methode der Chronopotentiometrie angewendet. Diese Methode ermöglicht es
beispielsweise das stationäre elektrische Membranpotential bei erhöhter
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Elektrolytkonzentration in einen reversiblen und irreversiblen Beitrag zu trennen
und die Unterschiede zwischen der Wasserspaltung in verschiedenen bipolaren
Membranen zu identifizieren.
Diese Untersuchungen ergaben Richtlinien für den Entwurf von selektiven und
energie-effizienten bipolaren Membranen und Elektrodialyseprozessen. Diese
Richtlinien sind ein Schritt auf dem Weg zur technischen Reife der Elektrodialyse
mit bipolaren Membranen.
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Glossary
anion exchange membrane

anode
asymmetric BPM

bipolar junction
bipolar membrane
(BPM)
cathode
cation exchange membrane

chronopotentiometry

co-ion

concentrate chamber
concentration polarization
counter ion
current (electric-)
diffusion boundary
layer
diffusion coefficient
(apparent-)
diluate chamber
dissociation (constant)
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Film containing fixed positive charge; it allows to exchange or transport mobile negative ions as counter ions
(also called: anion permeable membrane, anion selective
membrane).
Per definition the oxidising electrode; in electrodialysis
and electrolysis this is the positive electrode.
Bipolar membranes with not only the opposite sign of
fixed charge but also having differences in other the layer
properties.
The interface with direct contact of the layers of a bipolar
membrane.
Membrane consisting of an anion and a cation exchange
membrane in close contact; with a high enough voltage in
the correct direction the membrane can split water.
Per definition the reducing electrode; in electrodialysis and
electrolysis this is the negative electrode.
Film containing fixed negative charge; it allows to exchange or transport mobile positive ions as counter ions
(same as: cation permeable membrane, cation selective
membrane).
Characterisation method for electrodes and membranes;
the time dependence of the membrane potential is recorded
after imposing a current step function.
The mobile ion in an ion exchange material (particle or
membrane) with the same charge as the fixed charge density, e.g., a cation in an anion exchange membrane.
In (regular) electrodialysis the compartment where the
concentration is increasing.
Conc. change in sol. at a surface (electrode or membrane)
due to different transport in solution and that surface.
The mobile ion in an ion exchange material with the opposite charge as the fixed charge density.
Positive charge transported per unit time.
In electrodialysis the unstirred hydrodynamic boundary
layer next to a membrane where transport by convection is
negligible.
Phenomelogical parameter relating the concentration gradient as driving force with the resulting flux.
In electrodialysis: the compartment in which the ion concentrations decrease.
Reaction splitting a neutral molecule (water, salt crystal) in
two (or more) ions.

Donnan equilibrium
Donnan potential

electrical field

electrical resistance
(R)
electro deionization
(electrically enhanced
ion exchange)
electrochemical potential
electro-convection
electrodialysis (ED)

electrolysis
electrolyte (-solution)
electroneutrality condition
fixed charge
fixed charge density
flux
fouling
interface region (of a
bipolar membrane)

ion conductive spacer

ion exchange

ion exchange membrane
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The (electro-chemical) interfacial equilibrium between two
homogeneous phases containing the same kinds of ions.
The electrical potential difference across an interface of
two homogeneous phases in electrochemical (Donnan)
equilibrium.
The strength of the electrical field is the driving force for
the movement of ions (migration). It is the derivative of
the electrical potential.
Definition: U = R * I (Ohm’s law); result of the friction
exerted on an ion (or electron) when moving through an
electric conductor.
A (continuous) ion exchange process where the ion exchange resin is regenerated by an electrical field perpendicular to the solution flow.
The electrochemical potential is the chemical potential
extended by charge effects.
(Micro-) convection next to an ion exchange membrane,
induced by (very high) electrical field strengths.
Process for desalination or concentration of electrolyte
streams by transport of ions across ion permeable membranes.
Electrochemical process utilising reactions at electrodes.
Solution containing mobile ions; also substances which
can form an electrolyte solution are called electrolytes.
The state of an electrolyte solution without charge separation.
The immobile ions in an ion exchange polymer determine
the kind of fixed charges (positive for anion exchangers).
The amount of fixed charges per unit volume.
The amount (often moles) transported over a defined area
(e.g., the membrane) per unit time.
Precipitation of colloids on the membrane [1].
The place in a bipolar membrane where one layer influences on the other; estimated thickness: ~1-10 nm in the
case of a smooth, abrupt junction (see also bipolar junction).
A membrane-separating net or filling of a chamber in
electrodialysis or electrolysis being able to conduct ions in
the (polymeric) material.
The process of replacing one (counter) ion in an ion exchange material with another one (of the same charge).
Also: Process to remove (traces of) ions from electrolyte
solutions.
Membrane containing fixed charges allowing one sort of
ions to be transported and holding back others by electro-

ion exchange polymer
ion exchange resin
measurement electrode
membrane
migration (electrical-)
poisoning
potential drop,
electrical potential,
potential difference
repeat unit (in electrodialysis)
scaling
selectivity (perm-)

transport number

voltage
water dissociation
water splitting
working electrode

1

static attraction and repulsion, respectively.
Polymer showing ion exchange properties, mostly containing fixed charges.
(Small) Particles of ion exchange polymers.
Electrode in membrane characterization where a voltage is
measured; often operated with no current flowing.
Film used for selective permeation of substances.
The movement of ions with the electrical field as driving
force.
Fixation of multivalent- and/or large counter-ions within
the membrane [1].
Difference of the electro (-chemical) potential between
different places in an solution. The absolute value of the
potential can not be measured (only differences).
The sequence of membranes and compartments which can
be repeated to form an efficient membrane module.
precipitation of crystalline inorganic compounds [1].
Characteristic number of membranes to indicate the preferred transport of one substance over another; usually
depending on the state of the membrane, sometimes on the
driving force.
BPM: Dependent on the chosen current density; better
characteristic: actual salt ion transport (-number) under the
given conditions.
Definition: The ratio of current transported by one (kind
of) ion to the total current (in electrodialysis). “actual -“:
Under the actual conditions; “migrational -“: Only considering migration; sometimes used as a membrane or system
property.
Used as synonym to an electric potential difference.
According to the auto-protolysis reaction, water can dissociate into hydroxide and hydronium ion (or proton).
Forced water dissociation; also used for electrode reactions.
The electrode (-pair) in electrodialysis providing the electrical potential difference (and energy) for ion transport in
electrodialysis.

E. Korngold, F. de Körösy, R.. Rahav, M.F. Taboch, “Fouling of anionselective
membranes in electrodialysis.” Desalination, 8 (1970) 195-220
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Curriculum vitae
Membranes all along
With this thesis I will leave the Membrane Technology Group at the University of
Twente in the Netherlands while continuing to work in the world of membranes.
This appears to be at the Central Process Technology Center (CPTC) of 3M in St.
Paul. Do membranes add the 4th M?
During an internship at BASF in 1996 as part of my studies at the University of
Stuttgart I found out that membrane technology provides chemical engineers with
interesting tools for integrated separations. Earlier, in the Master of Science project
at the Georgia Institute of Technology in Atlanta in 1995 I initially considered but
did not dare to include a membrane separation step in the design of a pharmaceutical
production process. But membrane transport lost part of its myth by following the
projects of good friends and colleagues.
The mystification of membrane transport was a result of missing the few lectures on
membrane separations as part of the course on Physical Chemistry at the University
of Stuttgart. During a longer break, visiting America for the first time in Summer
’93 with the Ingenieur 2000 team, I was happy that the roof of our convertible was
designed to be impermeable to liquid di-hydrogen oxide. During the 10th anniversary of this team (the only official event in 2000) fortunately the impermeable design of the location’s roof was sufficient as well.
Membranes were there all along but sometimes rather hidden or as “underdog” during my studies but also during the life before. When following a lecture on electrodialysis (by one of the professors now being my promotor) as part of a series on
topics in environmental technology. When buying the first raincoat from breathable
clothing during my time in civil service. When dismantling batteries, unravelling
the myths of chemistry and electronics as a high school student. Membranes are not
everything in my life, but life is nothing without membranes – from the very beginning.
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