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A B S T R A C T

Comparative analysis of the effect of ion-exchanger content in heterogeneous sulfonated ion-exchange mem-
branes Ralex CM Pes produced by MEGA a.s. (Czech Republic) on their microstructure, current-voltage char-
acteristics and intensity of electroconvective instability was carried out. Using the SEM method, it has been
found that with an increase in resin content from 45 to 70 wt%, fraction of the ion-exchanger on the surface of
swollen membranes increases 1.8 times, and the distance between them is halved. At the cross-section of
membranes, the growth of fraction of ion-exchange regions is 46%. An increase in the resin loading into the
membrane causes a 1.7-fold and a twofold increase in the fraction of macropore on the surface and on the cross-
section, respectively.

With an increase in the ion-exchanger content in membranes, a decrease in the potential of the onset of the
overlimiting state and a decrease in the plateau length of the limiting current on the current-voltage curve were
revealed. It is shown that a change in resin/inert binder ratio determines the occurrence and development of
heteroelectroconvection. Using laser interferometry and flicker noise spectroscopy, evidences of more intense
electroconvective mixing of the solution at the boundary with the Ralex cation-exchange membrane with
maximum resin loading were obtained.

1. Introduction

It is well known that by varying the resin particle size or by chan-
ging the resin/inert binder volumetric ratio, a compromise can be
achieved between the electrochemical and mechanical properties in
order to obtain a heterogeneous membrane with improved properties
[1]. In Refs. [2,3], the effect of the resin content on the physicochemical
and transport characteristics of cation- and anion-exchange membranes
based on polyvinyl chloride (PVC) as a binder is shown. For anion-ex-
change membranes of the same thickness (0.2 mm), with an increase in
resin loading from 40 to 70%, the exchange capacity increases by 1.9
times, and the water content by 67%. As a result, a significant decrease
in membrane resistance and an increase in the transport numbers of
counterions were found. This tendency has also been established for
cation-exchange membranes based on PVC [3,4].

The authors [5] showed that an increase in the resin content from
33 to 80% in cation-exchange membranes based on telcothene as an
inert binder leads to a 60-fold increase in specific conductance. It has
been suggested that the increase in conductance may be due to an in-
crease in the volume of electrolyte in the interstices.

The use of membranes with optimized surface morphology in

electrodialysis processes creates the prerequisites for a significant in-
crease in the efficiency of the processes in overlimiting current modes
due to the development of electroconvection [6–8]. According to the-
oretical estimates by Davidson [9], the rate of overlimiting mass
transfer through an ion-exchange membrane reaches its maximum
value with a non-conducting surface fraction of 60%. In an electro-
membrane system with a forced flow it was found that at a 10% fraction
of the inert surface, the transfer through the heterogeneous anion-ex-
change membrane maximally exceeds the mass transfer through the
homogeneous membrane [10]. When studying the transfer through the
homogeneous Nafion cation-exchange membrane, modified by ap-
plying inert material in the form of circles on its surface, the optimal
value of the non-conducting surface fraction is 35% [11].

An increase in the potential drop with an increase in the resin
content from 40 to 70% in heterogeneous membranes on chron-
opotentiograms in sodium chloride solutions of different concentrations
was revealed in the work [3]. It is shown that with increased resin
loading the transition time value decreases. The more the permselec-
tivity of a membrane, the faster is the depletion rate of boundary layer
concentration.

As far as we know, there are currently no publications in which
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transfer through heterogeneous membranes with different resin/inert
binder ratios would be studied in the region of the limiting and over-
limiting currents. Therefore, the aim of this work was an experimental
assessment of the effect of the resin content in heterogeneous ion-ex-
change Ralex CM Pes membranes on their structural properties and the
development of electroconvection.

2. Experimental

2.1. Membranes

The objects of study were experimental heterogeneous ion-exchange
membranes Ralex CM Pes (“MEGA” a.s., Czech Republic) with different
resin/inert binder ratio. The CM Pes membrane was made from sulfo-
nated ion-exchanger (from 45 to 70 wt%), polyethylene binder and
reinforcing polyester [12].

2.2. Electromembrane system

The experiments connected with the simultaneous study of CVC and
hydrodynamic phenomena at the boundary with the studied mem-
branes were performed in a seven-compartment electrodialysis cell. Cell
parameters, the scheme for feeding solutions are described in detail in
Ref. [13]. A 2·10−2 mol/dm3 sodium chloride solution was fed into the
compartment with membrane under study. When measuring the cur-
rent-voltage characteristic of the membrane, two silver chloride probes
were used. They were located on both sides at a distance of 1.3 mm
from membrane surface (0.65 h). A method for determining the char-
acteristics of the current-voltage curve (CVC) is also described in Ref.
[13].

2.3. The method of visualizing the concentration field and electroconvective
instability at the membrane/solution interface

For direct experiments aimed at visualization of the interference
pattern, characterizing occurrence and development of electro-
convective instability at the membrane/solution interface, a laser in-
terferometry method based on a Mach-Zehnder system was used. A
monochromatic light source was with wave length of 632.8 nm. The
interference pattern was recorded at the coordinate in the direction of
the solution feeding y = 2.6·10−2 m (0.64 L), where L is membrane
channel height.

The size of the electroconvective instability region d, which char-
acterizes the degree of development of electroconvection, was de-
termined in the same manner as it was reported earlier [13]. Electro-
convection caused a shift in the interference band in the solution at the
boundary with the membrane with respect to the average value of S
(Fig. 1). Instantaneous shift changes took both positive and negative
values.

2.4. Fourier analysis of concentration field fluctuations

When studying optical noise, Fourier analysis was used. It made

possible to draw a conclusion about the frequency composition of the
noise averaged over the entire recording time of the oscillatory process.
The primary data, which is a function of time, after processing using the
fast Fourier transform, were obtained as a set of frequencies. To esti-
mate the energy contribution of various frequency components, the
Fourier power spectrum was used. For the signals having a noise nature
with a continuous spectrum and containing a wide range of frequency
components, it consists of sections of the form P f~ n. These sections are
linear functions in double logarithmic coordinates with a slope coeffi-
cient of n (Fig. 2). The calculation of the Fourier transform was carried
out using the Matlab 6.5.

2.5. Scanning electron microscopy

The studies of the surface morphology of the swollen membranes
were carried out by low vacuum scanning electron microscopy (SEM)
using a JSM-6380 LV microscope (Japan). The quantitative estimation
of fraction and size of ion-exchangers and macropores was carried out
with the help of the authors’ software by using the digital processing of
SEM images [14]. The fraction of the ion-exchanger (macropores) was
determined as the ratio of the total area of the ion-exchanger (macro-
pores) to the area of the scanned area.

3. Results and discussion

3.1. Surface characteristics of sulfonated ion-exchange membranes with
different resin content

SEM images of surface and cross-section of membranes Ralex with
various resin content are shown in Fig. 3a–d. Light areas of ion-

Nomenclature

A/Amax spectral noise density normalized to its maximum value
d size of electroconvective instability region, m
f frequency, Hz
h intermembrane distance, m
i current density, mA/cm2

L height of the membrane channel, m
n slope of the spectrum in double logarithmic coordinates
P porosity, %

R radius of ion-exchange region, μm
R̄ weighted average value of the ion-exchange region radius,

μm
r̄ weighted average value of the pore radius, μm
S shift in the interference band
S fraction of ion-exchanger, %
y coordinate in the direction of the solution feeding, m
Δφ′ reduced potential drop, V
CVC current voltage curve
SEM scanning electron microscopy

Fig. 1. The time shift of the interference band in the solution at the boundary
with the CM Pes membrane with resin content of 70 wt% at a reduced potential
drop Δφ′: 1.1 (1), 2.5 (2) V.
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exchange resin particles and dark areas of inert polyethylene are vi-
sualized. The change in the resin loading in the membranes from 45 to
70 wt% corresponds to an 81% and a 46% increase in its fraction on the
surface and cross section respectively (Table 1). The growth of the
fraction of the ion-exchange component is accompanied by a 1.7-fold
increase in surface porosity. At the cross section of membranes, the
growth in the porosity is twofold. The increase in the ion-exchanger
fraction is accompanied by a twofold decrease in the average length of
the inert regions between resin particles on the surface of membranes
with 70 wt% and 45 wt% loading of resin. For all studied membrane
samples, it was found that the resin particle radius varies from 0.4 to
19 μm, and the diameters of pores are 0.8–18 μm. The weighted
average radii of resin particles R̄ and macropores r̄ remain practically
unchanged (Table 1).

The established changes in the structure of the membranes cause
changes in their physicochemical properties. In our work [14] it was
found that the total exchange capacity of dry membranes with
minimum and maximum resin content was 2.66 ± 0.09 and
4.23 ± 0.09 mmol/g, respectively. An increase in water content and
thickness of swollen membranes by 55 and 32% respectively
was revealed with the growth of the ion-exchanger content from 45 to
70 wt%.

Thus, it was found that with an increase in resin loading, the
membrane surface structure becomes more homogeneous due to the
growth of the fraction of the conducting regions on the surface and a
decrease in the distance between them.

Fig. 2. The scheme for determining the parameter n from the Fourier spectrum
of noise power of the interference band.

a       b           

c     d
Fig. 3. SEM images of the surface (a, b) and cross section (c, d) of swollen CM Pes membrane samples at magnification of 200. Ion-exchanger content: 45 (a, c) and 70
(b, d) wt%.
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3.2. Assessment of the effect of the resin content in the composition of the
membranes on the CVC and the development of electroconvection

Fig. 4a presents a comparison of the CVC of samples of hetero-
geneous Ralex CM Pes membranes with a different ratio of resin/
polyethylene. With an increase in the ion-exchanger content, a decrease

in the plateau length of the limiting current on the current-voltage
curve were established. The reduction in the plateau length indicates
that the unstable electroconvection mode (Rubinstein-Zaltzman mode
[6]) begins with a smaller value of the potential drop.

The experimental dependences obtained in Fig. 4a are in accordance
with studies [7,13,15]. In these works it was shown that electrical in-
homogeneity affects the CVC parameters. For example, in Refs. [7,15]
established an increase in the limiting current density and a decrease in
the section of the CVC plateau for homogeneous ion-exchange mem-
branes as compared with heterogeneous ones. Besides, we previously
established that for Ralex CM membranes with smaller resin particles
and a more homogeneous surface, a decrease in the limiting current
plateau section and a decrease in the resistance of the second and third
sections were observed [13].

Using laser interferometry, an increase in the size of electro-
convective vortices in a solution at the boundary with the MK-40
membrane after thermal treatment was previously detected. It was due
to an increase in the fraction of the conducting surface and the devel-
opment of the membrane microrelief [16]. The results of measuring the
thickness of the electroconvective instability region (Fig. 4b) are direct
evidence of a more developed electroconvection at the boundary with
the membrane with a resin content of 70 wt%.

For experimental samples of CM Pes membranes with different
resin/inert binder ratios, it was found that with an increase in the ap-
plied voltage, the amplitude (Fig. 5) of the interference band fluctua-
tions increased. An increase in the amplitude of interference band
fluctuations with increasing current density/potential is shown in Ref.
[17]. In Ref. [18] it was shown that with increasing current density, the

Table 1
Surface and cross section characteristics of the swollen membranes Ralex CM Pes.

Resin content, wt% S, % R̄, μm P, % r̄ , μm

Surface Cross section Surface Cross section Surface Cross section Surface Cross section

45 21 ± 1 24 ± 1 2.2 ± 0.1 2.65 ± 0.08 1.9 ± 0.1 6.7 ± 0.1 1.9 ± 0.1 2.0 ± 0.1
55 25 ± 2 28 ± 1 2.1 ± 0.1 2.71 ± 0.07 2.2 ± 0.3 9.7 ± 0.2 1.9 ± 0.2 2.1 ± 0.2
70 38 ± 2 35 ± 1 2.30 ± 0.04 2.7 ± 0.1 3.2 ± 0.4 13.6 ± 0.7 1.9 ± 0.1 2.1 ± 0.2

Fig. 4. CVC (a) and normalized to the intermembrane distance h thickness of the convective instability region d (b) in the solution at the boundary with CM Pes
membranes with the resin content of 45 (1), 55 (2) and 70 (3) wt%.

Fig. 5. The average amplitude of the interference band fluctuations in the so-
lution at the boundary with CM Pes membranes with a resin content of 45 (1),
55 (2) and 70 (3) %.
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amplitude of potential fluctuations in the chronopotentiograms of ion-
exchange membranes increases under the conditions when gravita-
tional convection is suppressed.

For the membranes under study, noticeable differences in the fluc-
tuation dynamics of interference bands were established. At a reduced
potential drop Δφ′ = 3 V, the amplitude of the interference band for
the membrane with a ion-exchanger content of 70 wt% more than
doubled the corresponding value for the sample with the resin content
of 45 wt%.

Fig. 6a shows the noise power spectra for experimental samples of
the CM Pes membrane at a reduced potential drop Δφ′ = 2.5 V. It was
established that the spectral density function had an n characteristic
“flicker-noise” dependence of the form P ~ f−n. A study of the spectral
composition of fluctuations in the interference bands revealed an in-
crease in the exponent n with an increase in the potential drop for all
studied membranes. The data on the analysis of fluctuations in the
membrane potential with a frequency dependence P ~ f-n, where
n ~ 1–2 [19], 2.3–2.7 [20], and 3.0 [17,21], confirm the possibility of
an increase in n up to the measured values. The maximum value
n = 3.0 for the exponent in the noise power spectrum characterizes the
chaotic volumetric turbulent mixing of the solution [21]. An increase in
parameter n by 22% (at a reduced potential drop Δφ′ = 3.4 V) with an
increase in resin loading from 45 to 70 wt% is direct evidence of more
intensive mixing of the solution at the boundary with the membrane,
which is characterized by an electrically more homogeneous surface
(Fig. 6b).

4. Conclusion

By the SEM method it was shown that with an increase in the resin
content from 45 to 70 wt%, the membrane surface structure becomes
more homogeneous due to a 1.8-fold increment in the ion-exchanger
fraction on the surface and a 2-fold decrease in the distance between
the conducting regions. An increase in resin loading into the membrane
causes a 1.7-fold growth of the fraction of macropores on the surface. At
the cross-section of membranes, the increment of ion-exchanger frac-
tion is 46% but porosity increases by twofold.

It is shown that a change in resin/inert binder ratio determines the
appearance and development of heteroelectroconvection. With an in-
crease in the resin content in the membranes, a decrease in the potential

of the onset of the overlimiting state and a decrease in the plateau
length of the limiting current on the current-voltage curve were re-
vealed. Using laser interferometry and flicker noise spectroscopy, evi-
dence has been obtained of more intense electroconvective mixing of
the solution at the boundary with the Ralex cation-exchange membrane
with maximum resin content.
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