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The complete ac impedance spectrum of four bipolar membranes is analyzed both theoretically and
experimentally taking into account both ionic transport and water dissociation together with the structural
aspects of the bipolar junction. A theoretical model based on the Nernst-Planck and Poisson equations for
the conductive and capacitive properties of the junction provides a qualitative description of the bipolar
membranes for a broad range of electric currents and temperatures. Special attention is paid to the characteristics
of the bipolar junction structure and the contact region between the two ion-exchange layers. It is observed
that the effective area of this region increases with the electric current as mobile carriers are extracted from
the interface and the layers come in closer contact.

Introduction

Impedance spectroscopy is currently used to characterize a
wide variety of electrochemical phenomena concerning solid
state, porous materials, synthetic and biological membranes, and
liquid electrolytes.1 Electrical techniques allow for a reproduc-
ible “in situ” analysis of the system under operating conditions,
in contrast to other techniques that are destructive or need special
conditions (X-ray techniques, microscopy, vacuum techniques,
electromagnetic waves, etc.).2 In particular, non-steady tech-
niques such as ac impedance spectroscopy are suitable to
investigate complex electrochemical systems. When a small
perturbation is applied to the steady state, the electrochemical
system follows a relaxation process. As different elementary
processes change at different rates, the time response can be
analyzed to dissect the overall process.1-3

Impedance measurements have been specially useful in the
electrochemical characterization of membrane systems. One of
the first pieces of evidence for the existence of membranes all
around living cells was given by impedance studies.4 In this
paper, the conductive and capacitive properties of polymer ion-
exchange bipolar membranes will be analyzed in terms of
impedance spectroscopy.

A bipolar membrane (BM) is composed of two ion-exchange
layers of opposite fixed charge joined together in series (see
Figure 1). This particular arrangement constitutes a model for
some biological membranes1,5 and has also been used as an
efficient tool for separation processes (e.g., the production of
acids and bases from the corresponding salts by electrodialytic

water dissociation.)6 Theoretical models aimed at describing ion
transport in BMs were suggested by Bassignana and Reiss,7

Coster,8 Simons,9 and Zabolotskii,10 among others.
The most important BM characteristics in electromembrane

processes is the anomalous water dissociation, since the
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Figure 1. Scheme of the BM under current flow in forward (a) and
reverse (b) polarization. The impedance of the BM is obtained by the
superimposition of a small ac perturbation of amplitudeÎ and angular
frequencyω to the dc currentI.
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measured fluxes of H+ and OH- ions are almost 7 orders of
magnitude higher than those that could be expected from
ordinary water dissociation.9 As such large fluxes are not
observed in monopolar ion-exchange membranes, it is generally
accepted that the high electric field appearing at the bipolar
junction (see Figure 1) plays an important role in the water
dissociation phenomenon. Previous studies9,11-12 have shown
that this phenomenon takes place when some fixed charge
groups (e.g., tertiary amino groups) participating in protonation-
deprotonation reactions with the water molecules at the bipolar
junction are present in the membrane, although inorganic salts
including heavy metals can also show water-splitting proper-
ties.13 Proton transfer in solution is very fast, and the rate-
limiting step is the reorganization of water molecules between
successive transfers. It has been speculated that the high electric
field at the bipolar junction might assist in the transfer of
generated protons and hydroxyls.12,14The water dissociation in
BMs is then considered as an electric field-enhanced (EFE)
phenomenon,7,15 and its magnitude depends critically on the
structure and composition of the bipolar junction.9,14-17 In this
context, the studies by Dang and Woermann15 and Hosono and
Tanioka20 have shown that the efficiency of the generation of
protons and hydroxides in BMs changes significantly with
increasing the transition region between the two ion-exchange
layers.

Previous analysis of the current-voltage (I-V) curves under
forward and reverse polarization14 and the membrane potential18

of BMs have focused on the selectivity and water-splitting
capability. Except for the studies of Dang and Woermann15 and
Hosono and Tanioka,20 these experiments do not provide direct
information about the inner structure of the BM junction. In
this sense, impedance measurements constitutes a valuable tool
for the characterization of the membrane interfacial structure,21-24

what is crucial to understand the basis of the physical chemistry
involved. In the present study, we present a qualitative discus-
sion of the impedance experimental curves, showing that a
relative simple model25 can explain the behavior of several BMs
under different conditions of polarization and temperature.

Theory

Transport Equations. The system under study is shown
schematically in Figure 1 for the case of the forward (I > 0)
and reverse polarization (I < 0) membrane. The cation-exchange
layer contains a fixed negative charge concentrationXN and
extends fromx ) -dL to 0; the anion-exchange layer has a
positive fixed charge concentrationXP and extends betweenx
) 0 anddR. The ion concentrations are denoted byciK, where
i ) 1 stands for salt cation,i ) 2 for salt anion,i ) 3 for the
H+ ion, andi ) 4 for the OH- ion. Subscripts L, R, N, and P
refer to the ion concentrations in the left and in the right bulk
solutions and the cation and anion-exchange layers of the BM,
respectively. When a potential drop is established across the
membrane under reverse polarization (see Figure 1), the charged
species are removed from the interfacial region between the two
ion-exchange layers. This region constitutes a space charge zone
(depleted electrical double layer) extending fromx ) -λN to
λP. The H+ and OH- ions are assumed to be generated in this
region via protonation-deprotonation reactions assisted by the
high electric field.7,14

The system is treated as isothermal and free from convection,
and the electrolyte solutions surrounding the BM are assumed
to be perfectly stirred (no diffusion boundary layers are taken
into account). The ionic transport across the BM is described

using the one-dimensional Nernst Planck equations26

and the mass conservation is given by continuity equations

In eqs 1-3, JiK and DiK denote the flux and the diffusion
coefficient of theith species in the region K (see Figure 1),Ψ
is the electrical potential in units (RT/F), whereR is the universal
gas constant,T is the absolute temperature, andF is the Faraday
constant,kd andkr are the rate constants of the water dissociation
reaction, andn is the concentration of the active groups involved
in the process.14 The boundary conditions necessary to solve
these differential equations are provided by the Donnan equi-
librium conditions.7,8

The EFE water dissociation phenomenon is described in
several steps. First, the potential drop across the bipolar junction
is estimated by solving the Poisson equation for a totally
depleted space charge region8,14 of typical length of 1-10 nm.
Note that under reverse polarization (see Figure 1), the potential
drop in the depleted layer of the bipolar junction is much higher
than those in the ion-exchange bulk layers and the membrane/
solution interfaces. The effect of bipolar junction electric field
on the chemical reaction of protonation and deprotonation is
taken into account using Timashev’s phenomenological ap-
proach16,27

wherekd (0) refers to the rate constant of water dissociation at
the ionizable membrane groups without applied electric field.
Equation 4 includes a characteristic length parameter (R is on
the order of 10-10 m), considered as an effective distance for
the dissociation reaction.16 An interpretation of eq 4 on the basis
of simple statistical mechanics has previously been given.14

BM Junction Structure. The above description provides a
qualitative understanding ofI-V curves and membrane potential
measurements.14 When dealing with transport equations, no
information about the details of the inner structure of the BM
is needed: only the ion-exchange material is relevant and the
inert membrane polymer is not considered. Then, the simple
picture shown in Figure 1 provides a suitable approximated
model. However, modeling of impedance spectra requires
considerations about the junction nature.23 The use of different
polymeric matrix, catalysts, and preparation procedures leads
to particular interfacial structures.28,29 Thus, when preformed
ion-exchange layers of opposite fixed charge are simply brought
together, a relatively smooth interface is formed (see Figure
1). This is the case of bilayer and “sandwich-type” BMs, where
the contact area is just the cross-sectional geometric area (A)
because the layers do not interpenetrate each other.

However, a corrugated contact region, as shown in Figure 2,
is formed when preparation procedures include the use of
heterogeneous ion-exchange layers or homogeneous ones with
surface heterogeneities.30 In such cases there is an increase in
the contact area between both ion-exchange layers due to surface
roughness and the addition of mixed polyelectrolytes or catalysts

JiK ) -DiK[dciK

dx
+ (-1)i+1ciK

dΨ
dx ], i ) 1,..., 4, K) N, P

(1)

∂JiK

∂x
+

∂ciK

∂t
) 0, i )1, 2, K ) N, P (2)

∂JiK

∂x
+

∂ciK

∂t
) kdn - krc3Kc4K, i ) 3, 4, K ) N, P (3)

kd(E) ) kd(0) exp[RF
RT

E] (4)
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in the BM junction (compare Figure 2 with Figure 1).28,29,31

Scanning electron micrographs and X-ray spectrometry show
that the typical thickness of the contact region is on the level
of micrometers.20,32 Nevertheless, this distance does not cor-
respond to the space charge layer at the bipolar junction, which
is believed to extend from the effective contact zone to some
nanometers within the ion-exchange layers.14 Some indirect
evidence can give support to this conclusion. First, it would be
impossible to maintain a significant charge separation over a
depleted region some micrometers thick (note the enormous
electrical resistance that would be associated to this region).
Moreover, in a junction of some micrometers (as opposed to
nanometers) the typical electric field at the bipolar junction could
be reduced by 3 orders of magnitude. Thus, the bipolar junction
electric field would be completely irrelevant for the water
dissociation reaction in this case, contrary to indirect evidence
found in experiments withI-V curves.9,11,14 The structural
modeling of BMs should include information about the contact
effective area (Aef). The increase factorAef/A > 1 is not exactly
known, but some estimations can be done. An upper limit for
Aef/A is given by porous materials, where a value of ca. 103 is
typical.33 As ion-exchange membranes are not porous but dense
materials, we could anticipate a much lower factor. Another
question is the dependence ofAef on the applied voltage. When
current increases, more and more mobile carriers are extracted
from the bipolar junction (see Figure 1), and both ion-exchange
layers come in closer contact, interpenetrating each other.
Consequently,Aef is expected to increase with applied current.

Impedance Spectroscopy.The ac impedance characteristics
of a BM can be obtained by the superimposition of a perturba-
tion of angular frequencyω on the transport equations. A
variableu(x) describing steady-state properties of the system
(concentration, flux, electric potential, etc.) becomes now time-
and position-dependent,u(x;t). If the amplitude of the perturba-
tion is small enough, the perturbed variable can be written as

whereû(x) is the amplitude of the ac response andj t x-1.
The dc componentue(x) is assumed to obey steady-state
conditions. Due to Donnan exclusion, the concentration of
coions (ions with the same sign of charge as the fixed groups)
in each ion-exchange layer is low. Therefore, the migration term
in the coion Nernst-Planck equations can be neglected. After

applying the ac perturbation, we obtain

Under this assumption, the perturbed continuity equations lead
to second-order differential equations that can be readily
integrated over each ion-exchange layer. The solutions to these
equations are connected by the integration of the continuity
equations across the bipolar junction. The ac electrical current
passing through the system can be evaluated at any point, in
particular at the border (x ) λP) of the bipolar junction (see
Figure 1)

We can obtain now the admittance of the bipolar junction as

that for a symmetrical BM withc1P(λP) ) c2N(-λN) andc3P(λP)
) c4N(-λN) yields

where

andId corresponds to the current density due to water dissocia-
tion.14 In eqs 10-12,kr

0 is the rate constant of the recombination
of water ions under zero applied voltage andDs andDw are the
diffusion coefficients for salt and water ions, respectively.
Finally, εr and ε0 are the dielectric constant and the vacuum
permittivity, respectively. The full treatment is described in detail
elsewhere,25 and the boundary conditions employed are dis-
cussed previously.22 The complex admittance of eq 10 has four
contributions. The first term accounts for the diffusion of salt
ions in the membrane layers (the Warburg admittance). The
second term reflects the BM junction capacitance due to the
charge separation. The third term is the well-known Gerischer
admittance describing the simultaneous reaction and diffusion
of water ions out of the junction.10 Finally, the last term is a
pure conductance given by the migration of protons and
hydroxides produced in the bipolar junction.

Note that the effective contact areaAef only appears in the
pure capacitive contribution, since this term reflects the actual
structure of the bipolar junction, including membrane supporting
inert material. On the contrary, the geometrical areaA appears
in the other three diffusional and migrational contributions that
come from transport equations. In these terms, only the direction
of the net current flow is relevant.

3. Experimental Section

Four different BMs were used, one from WSI Technologies
Inc. (St. Louis, Missouri) denoted as WSI, one BM from Kuban

Figure 2. Schematic representation of the contact region in the case
of a BM with a corrugated interface. The thickness of this region is on
the order of 1µm. The space charge region extends from both sides of
the effective contact plane to some nanometers within the ion-exchange
layers.

u(x;t) ) ue(x) + û(x)ejωt (5)
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State University (Russia) denoted as MB134,35 and two from
FuMA-Tech GmbH (St. Ingbert, Germany) denoted as FTBM1
and FTBM2.

The WSI membrane is a bilayer BM composed of separated
commercial ion-exchange layers. The anion-exchange layer is
a Pall/Raipore R1030 film with strongly basic quaternary
ammonium groups, and the cation-exchange layer is a Pall/
Raipore R1010 film with sulfonic acid groups. Both films are
homogeneous, non-reinforced perfluorinated membranes that
show relatively smooth surfaces. The layers were treated
previously with solutions containing chromium (III) immobilized
as hydroxide.36,37The thickness of the anion-exchange layer is
ca. 40µm, and the thickness of the cation-exchange layer is
ca. 70µm.

The MB1 membrane is a sandwich-type BM. The anion-
exchange layer is composed of secondary, tertiary, and quater-
nary amines, and the cation permeable layer contains sulfonic
acid groups in polyethylene binder.38 The structure of the
interface is not reported in the literature, although it is known
that the BM is formed from preexisting separated ion-exchange
layers.28 The distinctive features of this membrane are the
heterogeneous distribution of ionizable groups through the film,
and the membrane thickness (ca. 1 mm), approximately 10 times
higher than the rest of BMs in this study.

The FTBM-1 membrane has a multilayered structure formed
sequentially by casting.29 An inert screen covers the BM as a
reinforcement. The anion-exchange layer contains polysulfone
with bicyclic amines, and the cation-exchange layer is made of
sulfonated, cross-linked polyether ether ketone.39 A very thin
extra layer (about 10 nm thick) is placed at the intermediate
position. It consists of an insoluble polyelectrolyte complex
containing tertiary ammonium groups, forming a heterogeneous
interface.29,39 The thicknesses of the layers are approximately
40 (cation-exchange layer) and 20µm (anion-exchange layer).
The FTBM-2 membrane is prepared exactly in the same way
as FTBM1, except for the fact that it is non-reinforced.

A scheme of the experimental setup is given in Figure 3.
The ac impedance spectra curves were obtained in a four-
electrode cell composed of two equal compartments. Two Ag/
AgCl plates were used as current electrodes, and the potential
drop across the BM was measured using Haber-Luggin
capillaries connected to reference electrodes. Multichamber

arrangements permit the use of other kind of electrodes
nonreversible to the ions in solution that are more stable at low
current, but then the previous characterization of the empty cell
is much more difficult. The BM was equilibrated for several
hours with the solution used in the experiment (0.5 M KCl)
before each set of measurements.

The measuring technique is based on the well-known Kelvin
four-point method in order to avoid an overlapping of impedance
contributions of the current carrying electrodes and the mem-
brane impedance. The experiments were made in a cell specially
designed for this purpose composed of two equally sized
compartments (see Figure 3).23 The special geometry of the cell
(conical shape) is intended to make the current through the
membrane approximately homogeneous, minimizing border
effects. The membrane was placed separating the two halves
of the cell and equilibrated for several hours with the solution
used in the experiment before each set of measurements. A thin
rubber ring was arranged together with the membrane, prevent-
ing the BM from moving during measurements. The ac
impedance spectra curves were obtained using a Zahner IM6
(Zahner Elektrik, Kronach, Germany) impedance analyzer in
galvanostatic mode. Each experimental point is taken as the
average of 10 acquired points to minimize noise effects. The
potentiostat was controlled by a PC computer. To feed the
current into the cell under forward and reverse polarization, two
Ag/AgCl plates (whose diameters were ca. 3.1 cm) were used,
prepared according to a method described in detail elsewhere.23

The electrodes were renewed every few measurements to keep
them in good conditions. The potential was measured using a
pair of commercial available Ag/AgCl electrodes (Sensortechnik
Meinsberg), each connected to Haber-Luggin capillaries, filled
with a 3 mol L-1 KCl-saturated solution as salt bridge. The
latter were placed in front of each membrane surface (see Figure
3). The distance between the membrane (whose diameter was
ca. 10 mm) and the tip of the capillaries was approximately 1.5
mm, and the membrane area wasA ) 0.79 cm2. The cell was
filled with 0.5 mol L-1 KCl solutions. The temperature was
controlled by the thermostated coiled glass heat exchanger
placed between the solution reservoir and the cell. Temperature
measurements were made in the solution reservoir and inside
the cell, in an effort to avoid thermal gradients. The solution
was pumped into each half cell, and the solution stream was
directed to the membrane surface so that the necessary stirring
was provided to reduce the diffusion boundary layers. After
exiting the cell, the solutions were mixed in order to maintain
constant their pH values. A first measurement of the cell
impedance without membrane was performed to obtain the bulk
resistance of the cell, which was calibrated before measurements
were made. This previous characterization of the empty cell
provided assured us that the cell did not introduce capacitive
or inductive contributions in the measured impedance spec-
tra.22,23

Results and Discussion

Impedance Spectra at Low Electric Current. In the
underlimiting current region, before the water-splitting onset,
the concentration of water ions is negligible when compared to
salt ions, and only the electrolyte must be taken into account.
The bipolar junction still contains a significant amount of mobile
carriers, so that no pure capacitive contributions to the admit-
tance are expected because of the screening of the membrane
fixed charges by the salt ions. Thus, the impedance spectra
corresponds to a linear diffusion phenomenon (the so-called
Warburg impedance) produced by salt ions, and the admittance

Figure 3. Experimental setup for determination of ac impedance
spectra: Measuring cell (1), thermostatic bath (2), pumps (3), thermostat
(4), current carrying electrodes (5), reference electrodes (6), salt
solutions (7), potentiostat and impedance analyzer (8), and PC data
logger (9).
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of the system can be described only with the first term of eq
10:

Figure 4 shows the impedance curves for FTBM-1 membrane
before the onset of the EFE water dissociation phenomenon. In
this case, the resistance rises with increasing current as the
bipolar junction becomes a fixed charge region depleted of
mobile carriers. Solid lines represent the theoretical predictions
of eq 13, with the concentration of salt coion as the only
unknown (the diffusion coefficient is taken asDs ≈ 5 × 10-11

m2/s according to previous studies14). The values of c2N(-λN)
used to fit the experimental curves of Figure 4 to eq 13 are
shown in Table 1. As could be expected, this concentration
decreases with increasing the absolute value of current, showing
a reasonable agreement between theory and experiment. Note
that under zero current, the concentration in the external border
of the bipolar junction can be estimated from Donnan equilib-
rium, what for this FTBM-1 membrane havingX ≈ 1.5 M,39

c2N(-dL) ) c2N(-λN) ) 0.15 M; which is close to the value
obtained for zero current in Table 1.

The impedance spectra of FTBM-2 membrane under forward
(I > 0) and reverse (I< 0) polarization are presented in Figure
5. Forward polarization curves show the same general shape as
the reverse polarization ones, except for the fact that the
impedance decreases with increasing current because of the
accumulation of salt ions at the bipolar junction. These trends
are also observed in the values of salt coion concentration used
to fit the experimental curves to the theory (see Table 2). Plots
of the curves of Figures 4 and 5 in the complex plane (Im(Z)
versus Re(Z) curves) show the straight line with 45° slope
characteristic of Warburg linear diffusion. Tables 1 and 2
indicate that salt concentration inside the FTBM-2 membrane
is similar to that of the FTBM-1.

Although salt diffusion is observed in all studied membranes
in the underlimiting region, this is especially noticeable in the
FTBM-1 and FTBM-2 membranes, which agrees with the high

limiting currents observed in theI-V curves of these mem-
branes.14,40 For the other membranes, the salt diffusion effect
is not so apparent, since they have very low limiting currents
and salt diffusion is masked by the EFE water dissociation even
for low currents (note again that the admittances are connected
in series, and thus the major admittance dictates the membrane
behavior).14, 23

Impedance Spectra at High Electric Current. As the
applied voltage increases, the bipolar junction becomes almost
depleted of mobile ions, and a limiting current is reached.7 The
space charge region appearing in the junction (see Figure 1)
gives rise to the high electric field responsible for the EFE water
dissociation. Under these conditions, the admittance of the
system is described by the full eq 10, and the four terms in this
equation must be considered.

Note also that for high enough electric currents, the effects
associated to the water flow to the bipolar junction (in particular
the finite value of the membrane mechanical permeability) could
not be ignored.19,41,42However, we believe that this flow will
not change significantly the ac impedance spectra because our
experiments are carried out for electric currents below those
causing desiccation of the bipolar junction [1,2]. (We know that
we are working in this regime because there is no saturation in
the current-voltage curves under reverse polarization.19,41,42

When this saturation is observed, the water flow is not high
enough to compensate for the water dissociation at the bipolar
junction and irreversible damage of the membrane may result.
This is not the case of the experiments reported here whose
reproducibility was carefully checked.)

The salt diffusion results are important to estimate the order
of magnitude of salt coion concentration. In previous studies
of BMs under reverse polarization the contribution of salt coion
was neglected against that of the water coions when the current
is high enough.10 However, Tables 1 and 2 show that the
concentration of salt coion is always higher than the water coion
concentration (<10-7 M). Note that the Warburg term depends
on the salt coion concentration, whereas the Gerischer term
depends on the water coion concentration. Diffusive-type

Figure 4. Logarithmic plots of Im(Z) vs ν for FTBM-1 membrane at
298 K for currents under the limiting current. The symbols denote the
experimental data under reverse polarization. The solid lines represent
the theoretical predictions.

TABLE 1: Values of the Salt Coion Concentration at the
Border of the Bipolar Junction, c2N(-λN), Used To Fit the
Experimental Impedance Spectra of FTBM1 Membrane in
Figure 4

I (A/m2) c2N(-λN) (mol/m3)

0 138
-11 48
-17 20

Y t F2ADsc2N(-λN)(1 + j)x2ωDs (13)

Figure 5. Logarithmic plots of Im(Z) vs ν for FTBM-2 membrane at
298 K for currents under the limiting current. The symbols denote the
experimental data under forward and reverse polarization. The solid
lines represent the theoretical predictions.

TABLE 2: Values of the Salt Coion Concentration at the
Border of the Bipolar Junction, c2N(-λN), Used To Fit the
Experimental Impedance Spectra of FTBM2 Membrane in
Figure 5

I (A/m2) c2N(-λN) (mol/m3)

13 123
-13 26
-38 20
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contributions must come always from coions, since counterion
transport is dictated mainly by migration. Water dissociation
increases the local concentration of water counterion decreasing
then the concentration of coion according to the dissociation
equilibrium

wherekw is the equilibrium constant for normal water dissocia-
tion. The comparison between the Warburg and the Gerischer
terms indicates that the latter is negligible against the first one,
and the admittance of the system can be represented by just
three terms:

Figure 6 shows a logarithmic plot of Im(Z) versusν ) ω/2π
for the WSI membrane in the high current region. The curves
(parametric in the electric current and recorded at 298 K) present
a maximum atν ) νmax that decreases with the absolute value
of electric current in reverse polarization. In the limiting current
region, there is a transition from the typical linear diffusion
behavior of Figures 4 and 5 to the bell-shaped curves of Figure
6.23 Solid lines in Figure 6 represent the theoretical predictions
of eq 15. TakingA ) 7.85× 10-5 m2, εr ) 20, andR ) 3 ×
10-10 m,14 the fitting parameters are the concentration of salt
coion in the external border of the junctionc2N(-λN), and the
ratios Aef/λ and R/λ. The values used in Figure 6 for these
parameters are presented in Table 3. The WSI is a bilayer BM:
both ion-exchange layers are joined manually and a thin water
layer could be expected to remain at the junction. As each layer
presents well-defined smooth surfaces, the effective contact area
Aef should be similar to the geometrical areaA. However, the
lengths of the junctionλ appearing in the second and third terms
of eq 15 can be different, since the capacitive term reflects the

actual thickness of the junction (including the neutral water layer
and inert supporting material) while the conductive term
considers only the ion-exchange material.

The values in Table 3 show the expected decrease of
concentration with increasing current, although they must be
considered only as crude estimations. Moreover, the junction
thicknesses fromAef/λ are significantly larger than those
obtained fromR/λ. The difference between the values ofλ
resulting from the second and third terms in the admittance can
be explained by the presence of a thin water layer of about 50
nm in the region between both ion-exchange layers.

A similar behavior is expected from MB1 bilayer membrane,
formed from separated ion-exchange layers. The comparison
between experimental spectra and theoretical predictions from
eq 15 is given in Figure 7. The values of the impedance are
considerably higher here than in the rest of BMs due to the
high membrane thickness (around 1 mm). As both layers are
well-defined, we made the same considerations about the fitting
parameters as in the case of the WSI membrane (Aef t A and
a thin water layer could exist between the ion-exchange layers).
The values of the parameters used to fit the experimental curves
of the MB1 membrane are shown in Table 4. The concentration
of salt coion in the external border of the junction decreases
with increasing current, attaining values similar to those in the
WSI membrane. The comparison between the capacitive (Aef/
λ) and conductive (R/λ) terms indicates that the space charge
layer is about 10 nm thick, and that there could be a neutral
water layer about 300 nm thick in the intermediate region.

The impedance spectra of the FTBM-1 membrane are shown
in Figure 8. The solid lines represent the values given by eq 15
taking into account the fitting parameters of Table 5. As
FTBM-1 is a monolayer membrane with a heterogeneous
interface, the contact effective areaAef is unknown. Nevertheless,
the length of the space charge junction coincides approximately
with the actual length of the junction (a few nanometers), since
no neutral water layer can appear in this monolayer structure.
Thus, we can calculateλ from the fitting parameterR/λ and
then estimateAef from the ratioAef/λ. The coion concentration

Figure 6. Logarithmic plots of Im(Z) vs ν for WSI membrane at 298
K. The symbols denote the experimental data under reverse polarization.
The solid lines represent the theoretical results.

TABLE 3: Values of the Parametersc2N(-λN), Aef/λ, and r/λ
Used To Fit the Experimental Impedance Spectra of WSI
Membrane in Figure 6

I (A/m2) c2N(-λN) (mol/m3) λ (m) (from Aef/λ) λ (m) (from R/λ)

-51 8× 10-3 4 × 10-8 1 × 10-9

-102 6× 10-3 4 × 10-8 4 × 10-9

-178 4× 10-3 5 × 10-8 9 × 10-9

-255 4× 10-3 5 × 10-8 1.4× 10-8

c3N(-λN)c4N(-λN) ) kw (14a)

c3P(λP)c4P(λP) ) kw (14b)

Y t
F2Ac2N(-λN)

RT
(1 + j)x2ωDs + jω

εrε0Aef

λ
+

RFAId
RTλ

(15)

Figure 7. Logarithmic plots of Im(Z) vs ν for MB1 membrane at 298
K. The symbols denote the experimental data under reverse polarization.
The solid lines represent the theoretical results.

TABLE 4: Values of the Parameters c2N(-λN), Aef/λ and r/λ
Used To Fit the Experimental Impedance Spectra of MB1
Membrane in Figure 7

I (A/m2) c2N(-λN) (mol/m3) λ (m) (from Aef/λ) λ (m) (from R/λ)

-13 1.3× 10-3 3 × 10-7 4 × 10-9

-26 1.1× 10-3 3 × 10-7 1.0× 10-8

-38 1.0× 10-3 3 × 10-7 1.3× 10-8

-64 9× 10-4 4 × 10-7 1.6× 10-8

-89 9× 10-4 4 × 10-7 1.7× 10-8
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values obtained in Table 5 decrease with increasing current and
are higher than those obtained in the WSI and MB1 membranes,
as could be expected from a less selective membrane with a
higher limiting current.40

Table 5 shows also the ratio between the effective contact
areaAef and the geometrical areaA, showing that the hetero-
geneous interface leads to an increase in the area by a factor of
10. This effective area could increase with current, since both
layers can interpenetrate each other more easily as mobile ions
are extracted from the junction (without the electrostatic
screening effect of these mobile carriers, the fixed charged
groups interact more strongly).

The FTBM-2 membrane presents a similar behavior, as is
shown in Figure 8 where a considerable scatter in the experi-
mental points appears. These instabilities might be an indication
of a decrease in the selectivity of the membrane. As solvated
ions permeate into the membrane, polymeric chains become
expanded, the water content increases, and the membrane swells.
The maxima of the curves of the FTBM-2 membrane are located
in the region between 10 and 100 Hz (as occurs also in the
FTBM-1 membrane). On the contrary, those of the WSI and
MB1 bilayer membranes are in the range 1-10 kHz. This
indicates a correlation between the structure of the BM junction
and the position of the maxima. Table 6 shows the fitting
parameters used to compare theory and experiment. Note that
the values of the space charge layer thicknessλ, as well as their
dependence on the applied current, are almost identical to those
obtained for FTBM-1. This fact is not surprising, since the ion-
exchange material is the same in both BMs. However, there is
a noticeable difference in the capacitive term that leads to higher
values ofAef in the FTBM-2 membrane compared to those of
the FTBM-1 membrane (Aef/A is now about 50 and increases

with current). The difference between the values ofAef/A for
the FTBM-1 and FTBM-2 membranes could be related to the
lack of reinforcement of the FTBM-2 and the concomitant
membrane swelling. When current increases and the contact
region becomes depleted of mobile ions, the screening effects
due to these carriers are not present and polymeric chains
containing fixed charges of opposite sign interact more strongly.
The deformation of polymeric chains should be less inhibited
in the FTBM-2 membrane than in the FTBM-1 membrane.

Note finally that it is not in general possible to find an
analytical expression giving the position and the height of the
maxima in the logarithmic plots of the impedance curves in
terms of the model parameters. (Analytical expressions are only
possible under simplifying asumptions.1,10,24,25) Roughly speak-
ing, the fitting of experimental data to theory appears to indicate
that the position of the maxima is dictated essentially by the
bipolar junction capacitance, the height of the maximum is given
by the water-splitting efficiency (the term containing constant
R), and the peak width is determined by the salt contribution
term.

Impedance Spectra at Different Temperatures.The effect
of temperature on the operation of BMs has been studied in
previous approaches usingI-V curves.14 It was shown that
increasing the temperature enhances the transport of salt ions
across the BM, as well as promotes the water dissociation. The
impedance spectra recorded for WSI membrane at different
temperatures are shown in Figure 10 where all curves correspond
to the same current:I ) -178 A/m2. The position of the
maxima seems to be almost independent of the temperature,

Figure 8. Logarithmic plots of Im(Z) vs ν for FTBM-1 membrane at
298 K. The symbols denote the experimental data under reverse
polarization. The solid lines represent the theoretical results.

TABLE 5: Values of the Parametersc2N(-λN), Aef/λ, and r/λ
Used To Fit the Experimental Impedance Spectra of
FTBM-1 Membrane in Figure 8

I (A/m2) c2N(-λN) (mol/m3) λ (m) (from R/λ) Aef/A (from Aef/λ)

-71 1.1× 10-1 2 × 10-9 7.4
-117 9× 10-2 3 × 10-9 11.2
-186 8× 10-2 4 × 10-9 12.8

TABLE 6: Values of the Parametersc2N(-λN), Aef/λ, and r/λ
Used To Fit the Experimental Impedance Spectra of
FTBM-2 Membrane in Figure 9

I (A/m2) c2N(-λN) (mol/m3) λ (m) (from R/λ) Aef/A (from Aef/λ)

127 1.3× 10-1 2.0× 10-9 45.8
191 7× 10-2 2.5× 10-9 52.8
255 6× 10-2 2.9× 10-9 53.4

Figure 9. Logarithmic plots of Im(Z) vs ν for FTBM-2 membrane at
298 K. The symbols denote the experimental data under reverse
polarization. The solid lines represent the theoretical results.

Figure 10. Logarithmic plots of Im(Z) vs ν for WSI membrane under
reverse polarization andI ) -178 A/m2. The symbols denote the
experimental data for three temperatures. The solid lines represent the
theoretical results.

Properties of the Bipolar Membrane Junction J. Phys. Chem. B, Vol. 105, No. 47, 200111675



but Im(Z)max decreases with increasing temperature. The values
of the fitting parameters used to compare theory and experiment
are shown in Table 7. The concentration of salt coion at the
BM junction increases with temperature. This can be explained
by taking into account that all curves correspond to the same
current density. As temperature decreases, it is necessary to
apply higher voltages to achieve this current density, and this
results in a major extraction of ions from the bipolar junction.
The study of the parametersR/λ andAef/λ shows thatλ decreases
with temperature. The length of the space charge regionλ has
no direct dependence on the temperature,8 but it depends on
the applied voltage via the Poisson equation.14 Since at low
temperatures the applied voltage is higher,λ attains higher
values, too. The temperature effects on the impedance spectra
of MB1 membrane under the reverse currentI ) -26 A/m2

are shown in Figure 11. Note that the values of Im(Z)max are
considerably higher than those of the WSI membrane due to
the large thickness of this membrane. The values of the
parameters used to fit the experimental curves (see Table 8)
show the same trends as those in the WSI membrane.

Conclusions

The complete ac impedance spectrum of BMs is analyzed
both theoretical and experimentally by taking into account the
basic physicochemical processes involved (ionic transport and
water dissociation) together with the structural properties of the
bipolar junction. This problem is of interest to both membrane
biophysics and membrane technology. First, we have presented
a theoretical model based on the Nernst-Planck and Poisson
equations and solved it using Donnan equilibrium and local
electroneutrality as boundary conditions. We have also discussed

the physical meaning of each term in the admittance of the
bipolar junction, as well as their relative contribution to the total
admittance. Special attention is paid to a question ignored
previously: the particular structure of the BM junction under
applied current and its contribution to the conductive and
capacitive properties of the BM.

The comparison between the theory and experiment shows
that the model can provide a qualitative description of four BMs
in a broad range of experimental conditions (low and high
currents, different temperatures). New information can be
obtained on the inner structure of the junction. For instance, ac
impedance spectroscopy shows a clear difference between
bilayer and monolayer structures. In the former case, a neutral
water layer is likely to exist in the intermediate region between
the ion-exchange layers. In the latter case, there is an increase
in the contact area at the junction due to the interpenetration of
both layers. Furthermore, it is argued that the effective contact
area increases with increasing current since the layers should
come in closer contact as mobile carriers are extracted from
the contact region.
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