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Abstract

The potential drop across a bipolar membrane was measured as a function of the applied current density. As a
result, an inflection point was observed in the obtained current-voltage curve at high current density. This
inflection point indicates that at high current densities water supply from outside of the bipolar membrane to the
interface between a cation and an anion exchange layer is the rate limiting step for the water dissociation process.
The dependence of the current-voltage curve on external conditions such as temperature and feed solution
concentration was also investigated. The position of the inflection point changed with the temperature and the

concentration of the external solution.
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1. Introduction

A bipolar membrane composed of a cation
and an anion exchange layer has unique
electrochemical properties which result in the
accelerated dissociation of water, i.e.
generation of protons and hydroxyl ions,
when a high electric field is established across
the membrane. This water splitting function
of bipolar membranes can be utilized for the
production of an acid and a base from a
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corresponding salt in combination with
conventional monopolar ion exchange
membranes. Some technically interesting
applications with bipolar membranes have
been proposed [1, 2].

The objective of this study is to characterize
the bipolar membranes in order to get further
information about the ions and water
transport mechanism in a bipolar membrane.
For the characterization of the bipolar
membrane, a potential drop across the
membrane was measured as a function of
applied electric current density. From these
measurements, a current-voltage curve is
obtained. The current-voltage curve reflects
the electric property of the membrane and
gives some information about the transport
mechanism of ions in the membrane
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structure. Up to date, many people have
studied the current-voltage curve of bipolar
membranes theoretically as well as
experimentally. Much attention was paid to
current densities of 0 ~ 200 mA/cm? [3-6],
because this region is very important in
rationalizing the water dissociation
mechanism. Generally a current density of
about 100 mA/cm? is applied in the practical
operation of electrodialysis with bipolar
membranes [1]. In this report, the current-
voltage curve was investigated over a wide
current density range, i.e. from 0 to about
1,000 mA/cm?,

A limitation of the water supply into the
membrane at high current density should
result in an inflection point in the current-
voltage curve. At this point the membrane
potential drop across a bipolar membrane
rises suddenly, because the water supply into
the bipolar membrane becomes the rate
limiting step for the water dissociation.

Besides the above described fundamental
limitation, the electrodialysis with bipolar
membrane at high current density is attractive
because of improvements in the membrane
electrical properties. In general the electric
current efficiency increases with increasing
applied current density [7, 8]. The high
current efficiency of a bipolar membrane
improves the total effectiveness of the
electrodialysis system in obtaining high
quality concentrated acids and bases. There-
fore to investigate the performance of bipolar
membrane at high current density is of great
practical relevance.

In the present work, the current-voltage
curve of a bipolar membrane is determined
and the causes and consequences of the
inflection point in the curve at high current
density are discussed. In addition, the effects
of the temperature and the concentrations of
the external solutions on the inflection point
are investigated.

2. Experimental

The membrane used in this study were a

Neosepta BP-1 bipolar membrane, a Neosepta
CL-25T cation exchange membrane and a
Neosepta ACM anion exchange membrane,
The current-voltage curves were determined
by using a test cell as shown in Fig. 1. This
cell consists of acid, base, salt and electrode
rinse compartments arranged between nickel
cathode and platinum anode. The two
electrode rinse compartments at the both sides
of the cell were separated from the adjacent
salt compartments by cation exchange
membranes and rinsed with a 0.25 mol/dm?
Na;S0O4 solution to avoid penetration of
chloride ions to the anode. The effective
membrane area of the bipolar membrane and
the other membranes were 0.785 c¢m? and
23.76 cm?, respectively. The membrane area
of the bipolar membrane was reduced by
means of putting the membrane between two
glass plates with a circular hole of 0.785 cm?
at the centre. A thin rubber sheet was inserted
between a membrane and a glass plate.
Compared with the bipolar membrane, the
other membranes have large membrane areas
in order to prevent water dissociation
occurring on the surface of these membranes
due to the concentration polarization effects.

0.25M ™ 1M 0.25M
Na2S04  NaCl NaCl NazSO4
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OH Ht
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Fig. 1. Cell arrangement for measuring the membrane
potential drop across a bipolar membrane. Here are: BP
bipolar membrane, A anion exchange membrane and C
cation exchange membrane, respectively.

Before the actual experiment, all com-
partments were filled with the corresponding
solutions for a couple of hours to reach an
equilibrium state between the membrane and
the solutions.
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Then the individual solutions were renewed
and the measurement was started by
establishing an electric field between the
electrodes. The potential drop across the
bipolar membrane was measured by using two
calomel electrodes connected to Haber-
Luggin capillaries filled with 1 mol/dm3 KCI
solutions as salt bridge. The edge of two
capillaries was set as close as possible to the
membrane surface to exclude the influence of
the solution between the capillary and the
membrane. The temperature of the acid and
base solutions was controlled by the
thermostated coiled glass heat exchanger
placed between the solution reservoir and the
cell. The temperature was measured in the
reservoir for acid and base solutions. The
various cell compartments were supplied with
the proper solutions from the reservoirs by
peristaltic pumps. In this experiment, 1
mol/dm? NaCl and 0.25 mol/dm? Na,SO4 were
used for the salt and electrode rinse solutions
respectively. The volume of each solution
was about 500 ml for the acid and base, and
about 1,000 ml for salt and electrode rinse
solutions.

3. Results and discussion

3.1. Current-voltage curves of a bipolar
membrane and a cation exchange membrane

Fig. 2 shows the current-voltage curves of a
bipolar membrane and a cation exchange
membrane. The curves were obtained under
the same experimental condition. The
potential drop across the bipolar membrane
increases rapidly from O to about 0.8 V when
water dissociation begins in the membrane.
After that the membrane potential drop
increases linearly with increasing current
density up to around 350-370 mA/cm?Z.
When the current density exceeds this value,
the slope changes sharply. It is assumed that
this inflection point indicates the rate limiting
step of water transport from the outside to the
inside of the bipolar membrane. At this point,
the water transport into the membrane can no

longer meet the water consumption due to the
dissociation. However, the change of the
slope of the curve doesn’t mean that at this
point water is completely depleted at the
interface where water dissociation occurs. Its
concentration is only very low and limit the
numbers of protons and hydroxyl ions that
can be generated at a given electric field
density.
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Fig. 2. Current voltage curve of a bipolar membrane and
a cation exchange membrane. Initial solutions in acid
and base compartments are 0.5 mol/dm? NaCl and the
temperature of measurement is 20°C.

On the other hand, a change in the slope of
the current-voltage curve of a cation
exchange membrane is observed around 100
mA/cm?2. This point is known as a limiting
current density which is a result of depletion
of salt ions due to concentration polarization
at the surface of an ion exchange membrane
and indicates the beginning of the accelerated
water dissociation. The examined monopolar
membrane is a normal cation exchange
membrane, Neosepta CL-25T. A similar
result on the limiting current density of this
membrane was reported in the literature [9].
After the sharp increase of the resistance due
to the limiting current density, the membrane
potential increases linearly and a further
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inflection point is not observed at higher
current densities up to 700 mA/cm?.

3.2. Membrane resistance (V/i) curves of
bipolar and cation exchange membranes

Fig. 3 shows the current density versus V/i
curve which is derived from the relationship
between membrane potential drop and current
density. The membrane potential drop
divided by the current density corresponds to
the membrane resistance. The bipolar
membrane has a minimum value for the
membrane resistance around 350~370
mA/cm? (point B in Fig. 3). An increase of
the current density beyond the point B, leads
to an increase in the membrane resistance.
The increase of the membrane resistance is
assumed to be the results of a decrease in
water concentration at the interface between
the cation and anion exchange layer. The
decrease of water concentration in the
membrane reduces the swelling of the
membrane and affects the mobility and
generation of protons and hydroxyl ions, due
to increasing of the frictional resistance for
ions transport in the membrane.
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Fig. 3. Membrane resistance (V/i) curve of a bipolar
membrane and a cation exchange membrane. Initial
solutions in the acid and base are 0.5 mol/dm3 NaCl and
the temperature of the measurement is 20°C.

It is worth noticing that at high current
density the increase in the membrane
resistance was observed only with the bipolar
membrane and not with a cation exchange
membrane. This phenomena is an important
characteristic of bipolar membranes, which
supports the hypothesis that the water
diffusivity into the membrane is the rate
limiting step for the water dissociation. In the
case of cation exchange membranes there is
no limitation in the water supply, because
water dissociation occurs at the membrane
surface which is in direct contact with solution
in the cell compartment.

As shown in Fig. 3, the resistance of a
cation exchange membrane increases
suddenly when the limiting current density
caused by concentration polarization is
exceeded (point A in Fig. 3). It reaches a
maximum value and then decreases gradually
with further increasing current density. For
this decrease of the membrane resistance, two
possible explanations could be considered.
One is that the generated protons which have
a much higher mobility, become more
important as the charge carriers. Another
reason may be the heat generation which must
also be considered. These experiments were
carried out at significantly higher current
density than in conventional electrodialysis
operation thus, generating a significant
amount of heat. The electric conductivity of
solution increases with increasing temperature,
resulting in a decrease of the membrane
resistance.

The membrane resistance of the bipolar
membrane also decreases after the resistance
peak until the point of limited water supply is
reached. The reason for the resistance
decrease is probably the same as that of the
monopolar membrane.

Although it can not be seen in Fig. 3, the
bipolar membrane reaches a maximum in its
resistance when the water dissociation starts in
the membrane. This resistance peak is much
higher than that observed with the cation
exchange membrane with the beginning of
the water dissociation due to the concentration
polarization effects.
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3.3. The effect of temperature on bipolar
membrane properties

Fig. 4 shows the effect of temperature on
the current-voltage curves determining with a
bipolar membrane. 0.5 mol/dm?® HCI and
NaOH were used as a initial solutions for acid
and base compartments. The observed
inflection point in the current-voltage curve
shifts to high current densities with increasing
temperature. It is assumed that the water
activity as well as the diffusion coefficient
increases with increasing temperature and that
the water transport into the membrane also
increases.

The Arrhenius plot of the current density
of the inflection point is shown in Fig. 5 for
temperatures in the range of 10-50°C. It can
be seen that the plots can be represented by a
curve with an increasing slope at low
temperatures. The activation energy
calculated from the slopes of these lines are
2.7 kcal/mol for 20-50°C and 6.4 kcal/mol
for 10-20°C. The activation energy at low
temperature tends to be higher. A possible
explanation for this observation would be that
the decrease in temperature reduces the rate
of water dissociation in the membrane. It
suggests that the inflection point at low
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Fig. 4. Temperature dependence of the inflection point
in the current-voltage curve. Initial acid and base
concentrations are 0.5 mol/dm3 HCI and NaOH.

temperature is affected by the limitation of
the water dissociation rate in addition with the
limitation of water supply. The value of the
calculated activation energy is depended on
the kind of membranes studied. R. Simons
also reported an activation energy of 5%I
Kcal/mol to the water diffusion, measured by
using labelled isotope [10].

3.4. The effect of the concentration of the
external solutions on bipolar membrane
properties

Table 1 shows the effect of the con-
centration of the external solutions on the
inflection point at 20°C. Various con-
centrations of HCl and NaOH were used for
the initial acid and base solutions. The
inflection point was observed in all
experiments. As shown in Table 1, the
inflection point shifts to low current densities
with increasing external concentrations. The
obtained experimental data can be
rationalized in terms of an osmotic effect.
The increasing osmotic pressure in the outside
solutions decreases the water supply into the
membrane.

The current density for the inflection point
is about 170 mA/cm? when the concentration
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Fig. 5. Arrhenius plot of the current density of the
inflection point. Initial acid and base concentrations
are 0.5 mol/dm3 HC1 and NaOH.
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Table 1

The water consumption due to water dissociation
calculated from the inflection points in the current-
voltage curves of a bipolar membrane. External
solutions are HC1 and NaOH at 20°C.

External concentration
{mol/1) 0.5 1 2 4 6

Current density of
inflection point

(Alcm?) 0.44 042 036 0.24 0.17
Consumed water

[Jwaler]

(g/m? h) 5,900 5,600 4,800 3,200 2,300

in the outside solutions is 6 mol/dm? HCI and
NaOH respectively. Compared to an inflection
point at 440 mA/cm? obtained with outside
solution of 0.5 mol/dm3, the inflection point
appears at very low current density. This
result also supports the hypothesis that the
inflection points are not due to the limitation
of water dissociation rate but due to the
limitation of water transport, which strongly
depends on the osmotic pressure of the
outside solutions,

The amount of water dissociation at the
inflection point is also listed in table 1. This
water amount was calculated roughly from the
data of the inflection point by assuming that
all electric current is carried by the generated
protons and hydroxyl ions. In fact co-ions
such as Na* and CI- permeate also through
the bipolar membrane, however, the current
density of the inflection point is so high that
we can neglect the co-ion leakage in this
rough estimation. The estimated amount of
water dissociation indicates that the water is
supplied from both sides of the bipolar
membrane.

4. Conclusions

An inflection point, i.e. a sharp change in
the membrane resistance can be observed in

the current-voltage curve measured a bipolar
membrane at high current density. The
inflection point in the current-voltage curve
depends on the temperature and the
concentration of external solutions. It is
assumed that the inflection point is caused by
limitation of the water transport into the
bipolar membrane.

Acknowledgement

The work is financially supported by
Tokuyama Corporation.

References

[1] K.N. Mani, Electrodialysis water splitting
technology, J. Memb. Sci. 58 (1991) 117-138.

[2] Kang-Jen Liu, F.P. Chlanda and K.
Nagasubramanian, Application of bipolar
membrane technology: A novel process for
control of sulfur dioxide from fluegases, J. Memb.
Sci. 3 (1978) 57-70.

[3] V.I. Zabolotskii et al., The current-voltage
characteristic of the transition region in MB-1
bipolar membrane, Electrokhimiya 20/10 (1984)
1340-1345.

[4] P. Ramirez, V.M. Aguilella, J.A. Manzanares and
S. Mafe, Effect of temperature and ion transport
on water splitting in bipolar membranes, J.
Memb. Sci. 73 (1992) 191- 201.

[5]1 H. Strathmann, H.J. Rapp, B. Bauer and C.M.
Bell, Theoretical and practical aspects of
preparing bipolar membranes, Desalination 90
(1993) 303-323.

[6] P. Ramirez, H.J. Rapp, S. Reichle, H. Strathmann
and S. Mafe, Current-voltage curves of bipolar
membranes, J. Appl. Phys. 72/1 (1992) 259-264.

[7] T.A. Davis and T. Laterra, On-site generation of
acid base with bipolar membranes: A new
alternative to purchasing and storing re-
generations, 48th annual meeting, Intl. Water
Conference (1987)

(81 B. Bauer, F.J. Gerner and H. Strathmann,
Development of bipolar membranes, Desalination
68 (1988) 279-292.

[9] R. Yamane, T. Sata, Y. Mizutani and Y. Onoue,
Concentration polarization phenomena in ion
exchange membrane electrodialysis, Bull. Chem.
Soc. Jpn. 42 (1969) 2741-2748.

[10] R. Simons and G. Khanarian, Water dissociation
in bipolar membranes: experiments and theory, J.
Memb. Biol. 38 (1978) 11-30.



