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Abstract—A series of composite ion-exchange membranes based on an heterogeneous cation-exchange
MK-40 membrane and polyaniline is obtained under the conditions of electrodiffusion of a monomer and an
oxidizing agent. The process of polyaniline synthesis on the membrane surface is accompanied by recording
of chronopotentiograms and pH of the solution leaving the desalination compartment. The initial cation-
exchange MK-40 membrane and obtained composites based on it are studied by voltammetry and chrono-
potentiometry in solutions of NaCl, CaCl2, and MgCl2 in the same flow-type electrodialysis cell, in which
the composites are obtained. To calculate the transport numbers of counterions in the membranes in solu-
tions of CaCl2 and MgCl2 by chronopotentiometry, the apparent fraction of the conductive membrane sur-
face in a solution of NaCl is calculated based on the experimental data on the potentiometric transport num-
bers of counterions in the membrane. The conditions for the synthesis of polyaniline on the surface of an het-
erogeneous MK-40 membrane which result in the preparation of samples with selectivity to singly charged
ions are found out.
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INTRODUCTION
Growing demand for agricultural and industrial

products determined by fast population growth leads
to one of the inevitable global problems—fresh water
shortage [1, 2]. According to the calculations of
researchers, the amount of required water will become
smaller than the pace of growth in its consumption by
about 2050. Salt water accounts for 97.5% of the total
water resources on the Earth, while fresh water occu-
pies just 2.5%. Here, 97% of it is concentrated in the
polar ice. Because of this, implementation of possible
programs on the recovery of the water resources of the
planet needs the use of highly efficient technologies of
desalination of sea and brackish water.

Thermal (based on a change in the phase state) and
membrane (take place without a change in the phase
state) processes of water desalination are distinguished
[2]. Membrane processes are more effective and less
energy-consuming in comparison with thermal pro-
cesses [3, 4]. Membrane processes include direct and
reverse osmosis, pervaporation, membrane distilla-
tion, electrodialysis, etc. [5]. Among them, reverse
osmosis is the leading method due to the systematic
decrease in power consumption from 20 down to
2.5 kWh for the production of a cubic meter of fresh

water [1]. The advantages of this method are low oper-
ational costs, simplicity of the module design, and low
power consumption. However, the concentrate left
after reverse osmosis can contain moderate and high
concentrations of inorganic and/or organic com-
pounds. The problem of disposal of the concentrate
formed in the process of desalination of sea and brack-
ish water acquires a global scale. If the concentrate is
directly discharged into sea water, the ecosystem is
endangered [6]. From the environmental standpoint,
the attention of researchers should be focused at
finding out and developing possible technologies for
alleviating the potential impact of the concentrate on
the environment.

By today, electrodialysis is an economically sound
and available method of disposal of the concentrate
formed after the application of reverse osmosis. It
makes it possible to extract for reuse over 90% water
and provide discharges with a zero level of contamina-
tion [7–9]. However, one of the substantial problems
limiting wide application of electrodialysis is concen-
tration polarization that appears at membrane/solu-
tion boundaries and leads to deposit formation due to
the increase in the concentration of hydroxyl ions. The
problem of formation of deposits of low-soluble salts is
178
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one of the disadvantages of the application of this
method. Since the deposit is mainly formed from the
side of the concentration compartment, decreasing
the concentration of cations capable of deposit forma-
tion in it could have decreased this negative effect. The
application of ion-exchange membranes selective to
singly charged ions helps overcoming the problem of
deposit formation and increasing selective isolation of
ions of a certain kind.

The mechanism of selective separation of ions can
be explained by one of the effects considered below
[10]. First, by a sieve effect determined by the steric
factor: the size of the pores of the membranes and dif-
ference in the radii of ions in the hydrated state. By
increasing the crosslinking of the ion-exchange com-
ponent, it is possible to increase the transport of ions
with a smaller radius in the hydrated state through the
membrane [11]. Varying the concentration of the
crosslinking agent makes it possible to optimize the
pore size for the appearance of a sieve effect in relation
to the required ions. Second, by an electrostatic barrier
induced by stronger repulsion of doubly charged ions
in comparison with singly charged ions [12]. Prepara-
tion of a membrane selective to singly charged ions can
be achieved by modifying the surface of the membrane
with a layer that has an opposite sign of the charge of
the fixed groups relative to the initial membrane. The
methods of surface modification are divided to physi-
cochemical and covalent chemical [10]. As opposed to
covalent chemical modification, physicochemical
modification does not lead to the formation of cova-
lent bonds. The modified layer is held on the mem-
brane due to electrostatic attraction and intermolecu-
lar forces. Physicochemical modification includes
surface polymerization, direct application of a modi-
fier, its electrodeposition, and layer-by-layer self-
assembly [10]. Pyrrole [13], aniline [14], dopamine
[15], etc. are used as a monomer for the surface mod-
ification of membranes. The obtained dense layer of a
polymer on the surface of a membrane repulses ions
with a higher charge. Third, by the difference in the
Gibbs hydration energy of ions [16]. For this, e.g., the
hydrophilic–hydrophobic balance of the membrane
surface is changed during modification. Therefore, a
barrier for the passage of a hydrated ion through the
hydrophobic layer on the membrane surface is cre-
ated. Ions with a lower hydration energy have a weak
bond with water molecules, because of which it is eas-
ier for them to pass through a membrane pore.

Polyaniline (PANi) is one of the promising modi-
fiers that make it possible to solve the problem of
selective separation of singly and doubly charged ions.
A thin anion-exchange layer of PANi on the surface of
a cation-exchange membrane to a greater extent
repulses multiply charged ions in comparison with sin-
gly charged ions due to the presence of positively
charged nitrogen-containing centers [17–19].
MEMBRANES AND MEMBRANE TECHNOLOGIES  V
An important task is the assessment of the selectiv-
ity of ion-exchange membranes, a quantitative char-
acteristic of which is transport numbers (TNs) of
counterions in a membrane. There are various
approaches to their determination. The most common
method is the determination of TNs from the value of
the membrane potential measured under the condi-
tions when a membrane separates two solutions of the
same electrolyte with its different concentrations [20].
An advantage of the method is the simplicity of its
implementation, while an apparent disadvantage is the
uncertainty of the value of the concentration of the
electrolyte, to which the found value should be nor-
malized. Another approach to the estimation of TNs is
their experimental determination by the Hittorf
method [21]. However, the results of determination of
TNs by this method will be greatly affected by the
experiment conditions as well as auxiliary membranes
surrounding the membrane under study. The TNs of
counterions in a membrane can be calculated within
the framework of a microheterogeneous membrane
based on the results of the measurement of the con-
centration dependences of the specific electrical con-
ductivity and diffusion permeability of membranes [22].
However, this requires executing a copious amount of
experimental work. Another method of determination
of TNs is based on the sharing of results of chronopo-
tentiometry and the Sand equation [23]:

(1)

where τSand is the transition time at the current density i;
D and C0 are the coefficient of diffusion and concen-
tration of the electrolyte, respectively; z is the charge
of the counterion; and  and tc are the transport num-
bers of the cations in the membrane and solution,
respectively. In the case of a homogeneous membrane,
τSand can be determined from the chronopotentio-
gram. After that, having plotted the graph of the
dependence of τSand on ,  can be calculated.
However, in the case of a heterogeneous membrane,
the nonuniformity of the conductivity of its surface
should be taken into account. For this, Choi and
Moon [24] introduced an apparent fraction of the
working surface of a membrane ε into the Sand equa-
tion, which makes it possible to determine the TNs of
ions in a heterogeneous membrane:

(2)

where τ is the transition time experimentally deter-
mined from the chronopotentiogram of a heteroge-
neous membrane at the corresponding current density.

It should be noted that the applicability of the Sand
equation is determined by the value of the current den-
sity, thickness of the diffusion layer, and nonunifor-
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Fig. 1. Four-compartment cell for the preparation of composites and measurement of CVCs and ChPs.
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mity of the surface [25]. Also, the theory of Choi and
Moon supposes the presence of the normal compo-
nent of the electric current only, while the tangential
component is neglected [25]. Therefore, having deter-
mined the apparent fraction of the conductive surface
by chronopotentiometry in solutions of NaCl or KCl,
this value can be used for the calculations of TNs in
other solutions because it is apparent that it does not
depend on the nature of the solution but is only deter-
mined by the microstructure of the surface. However,
the determination of the apparent fraction of the sur-
face by Eq. (2) requires the values of the TNs of the
ions in the membrane found by an independent
method, and they can be determined by any of the
above methods.

The aim of this work is to study the effect of aniline
polymerization time in a commercial heterogeneous
cation-exchange MK-40 membrane under the condi-
tions of electrodiffusion of a monomer and an oxidizing
agent at underlimiting current modes on the electro-
chemical behavior of modified membranes to increase
their specific selectivity to singly charged cations.

EXPERIMENTAL
Membranes

A heterogeneous cation-exchange MK-40 mem-
brane (OOO Shchekinoazot) was used as the initial
membrane. The membrane consists of a mixture of
polyethylene, a Capron reinforcing cloth, and 65%
strongly acidic sulfo cation exchanger obtained by sul-
fonation of styrene–divinylbenzene copolymer [26].
All the composite membranes were obtained based on
an MK-40 membrane.

A anion-exchange MA-40 membrane and a cation-
exchange MF-4SK membrane were used as auxiliary
membranes in the preparation of the composites and
measurements of the current–voltage curves (CVCs)
as well as chronopotentiograms (ChPs). An MA-40
membrane contains polyethylene, a Capron reinforc-
MEMBRANES AND M
ing cloth, and 55% polyfunctional anion exchanger
containing quaternary ammonium bases and second-
ary and tertiary amines [26]. An MF-4SK membrane
is a homogeneous film made of perf luorinated sulfo-
containing polymer which is similar to a Nafion mem-
brane.

Preparation of Composite Membranes

The synthesis of polyaniline (PANi) on the surface
of an MK-40 membrane described in [27] was exe-
cuted in a four-compartment electrodialysis cell under
the conditions of electrodiffusion of a monomer and
an oxidizing agent (Fig. 1). A 0.01 M solution of ani-
line in 0.05 M hydrochloric acid was used as the
monomer and a 0.002 M solution of potassium
dichromate in 0.05 M hydrochloric acid was used as
the oxidizing agent. A 0.05 M solution of hydrochloric
acid circulated in the near-electrode compartments.
Direct electric current was supplied to platinum polar-
izing electrodes. However, as opposed to the earlier
performed works, the current density was a half of the
limiting current density ilim of the initial MK-40 mem-
brane to minimize the contribution from the conjugate
effects of concentration polarization during the syn-
thesis of PANi. The value of ilim of an MK-40 mem-
brane was determined by the tangent method by the
data of CVCs in a 0.05 M solution of HCl. The polar-
izable surface of the membranes was 7.1 cm2. The
speed of circulation of the solution was 15 mL/min.
The membrane potential ϕ was measured using sil-
ver/silver chloride electrodes connected to capillaries
brought to the surface of the membrane under study
from two sides to control the process of synthesis. The
time of synthesis of PANi was 90, 180, and 300 min.
The experiments were accompanied by the recording
of pH of the solution leaving the desalination com-
partment.

The concentration of aniline in the solution before
and after the synthesis of PANi was determined by a
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023
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Fig. 2. Unit for the measurement of the potentiometric
transport numbers of counterions in the ion-exchange
membrane: (1) compartments of the measuring cell,
(2) vessels for solutions, (3) measuring silver/silver chlo-
ride electrodes, (4) a membrane, (5) a peristaltic pump,
and (6) an ionometer.
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photometric method based on the interaction of ani-
line with p-dimethylaminobenzaldehyde [28] at a
wavelength of 432 nm.

Electrochemical Behavior of Membranes

The CVCs and ChPs of the initial and composite
membranes were studied in the same four-compart-
ment electrodialysis cell, in which the composites
were prepared. A 0.05 M solution of NaCl circulated
in the near-electrode compartments. A solution of one
of the electrolytes, NaCl, MgCl2, or CaCl2, the con-
centration of which was 0.05 mol-equiv/L, was fed to
the compartments located on both sides of the mem-
brane under study. The CVCs were measured at differ-
ent speeds of circulation of the solution through all the
compartments which varied from 14 up to 50 mL/min.
When measuring the ChPs, the f low rate of the solu-
tions was 14 mL/min. All the experiments were
accompanied by the recording of pH of the solution
leaving the desalination compartment.

Determination of Transport Numbers of Ions
in the Membrane by a Potentiometry

The membranes under study were preliminarily
equilibrated with a 0.03 M solution of NaCl. Then the
membrane under study was placed into a two-com-
partment cell, the compartments of which were filled
with 0.03 M and 0.06 M solutions of NaCl (Fig. 2).
Silver/silver chloride electrodes were placed into the
compartments of the cell on both sides of the mem-
brane under study, through which solutions circulated
at a rate of 350 mL/min. The value of the electromo-
tive force (EMF) ΔEexp was recorded every 5 min until
reaching a steady state. To exclude an error associated
with the presence of asymmetry potentials in the mea-
suring electrodes, the experiment was performed at
different polarities of the measuring electrodes. The
average value of the EMF from five measurements was
used in the calculations.

The potentiometric transport numbers of counteri-
ons  were calculated by the formula

(3)

where ΔEtheor is the EMF of a cell with an ideally selec-
tive membrane calculated by the formula

where R is the gas constant, T is the temperature, F is
the Faraday constant, m is the molal concentration of
the solution, and γ± is the mean activity coefficient of
the solution [29].
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Measurement of ChPs and Determination 
of Transport Numbers of Ions

in the Membrane Based on Them
ChPs were measured in the same four-compart-

ment electrodialysis cell, in which the composites
were obtained. The measurements were performed in
three different solutions: NaCl, CaCl2, and MgCl2
with a concentration of 0.05 mol-equiv/L. The mem-
brane under study was in a horizontal position, and the
desalination compartment was under the concentra-
tion compartment. Therefore, the appearance of nat-
ural convection was minimized. During the measure-
ment, the solution was not pumped through the cell,
there was no forced convection. Current with the
intensity of 10 up to 50 mA was fed to platinum polar-
izing electrodes. To calculate the transport numbers of
counterions through the (2) was used.

Physicochemical Characteristics of Membranes
The thickness of the membrane was measured by

an MK 0-25 micrometer (model 102, Russia) at least
10 times, after which the obtained values were aver-
aged and confidence intervals were calculated.

The water content in the ion-exchange membranes
was determined by a method of air heat dehydration at
70–80°C. The weight fraction of water in the mem-
brane in percents was calculated by the formula

where msw is the weight of the swelled membrane, g,
and mdr is the weight of the dry membrane, g.

The surfaces of the swelled composite membranes
were visualized using an Altami BIO-2 optical micro-
scope equipped with a UCMOSO5100KPA digital
ocular USB camera (magnifications of 4×, 10×, 40×).
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m
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Fig. 3. ChP measured during the synthesis of PANi and
corresponding changes in pH of the solution leaving the
desalination compartment.
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RESULTS AND DISCUSSION
Preparation of the Composite Membranes

Figure 3 presents the ChP recorded in the process
of preparation of a composite based on an MK-40
membrane and polyaniline (MK-40/PANi) for 5 h.
Also, the change in pH of the solution leaving the
desalination compartment was recorded during the
experiment. During the first 2 h of modification, the
shape of the ChP corresponds to the classical shape for
binary electrolytes at currents below the limiting cur-
rent [23]. At the moment of current supply, immediate
drop in the difference of potentials occurs which is
associated with the initial ohmic resistance of the sys-
tem consisting of a membrane and a solution located
between the ends of Lugin–Gabber capillaries. After
this, a slow increase in the potential drop over time is
observed which is associated with the decrease in the
concentration of the electrolyte in the desalinated
layer near the membrane. Further, the onset of a
steady state is observed, at which the magnitude of the
potential drop remains constant.

After 2.5 h of synthesis, the difference of potentials
Δϕ in the system starts sharply increasing. This growth
is possible in the case when the concentration of coun-
MEMBRANES AND M

Fig. 4. Optical images of the surfaces of the composite membran
image.
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terions near the membrane surface becomes low in
comparison with the concentration of ions in the bulk
of the stirred solution and is observed in systems at
currents above the limiting current. M.C. Martí-Cala-
tayud et al. observed the presence of one more addi-
tional sharp growth in Δϕ in the ChP of a homoge-
neous membrane in a solution of Fe2(SO4)3 at currents
above the limiting current which is determined by the
formation of a layer of a Fe(OH)3 deposit on the mem-
brane [30]. In this case, the sharp growth in Δϕ after
2.5 h of synthesis is associated with the onset of forma-
tion of a dense layer of PANi, which has been con-
firmed by the data of optical microscopy (Fig. 4).
Since the resistance of PANi is significantly higher
than the resistance of the initial MK-40 membrane,
the formation of its layer on the surface of the mem-
brane leads to an increase in the value of Δϕ. After
10 min, the rate of growth in Δϕ decelerates, which
evidences a rise of the conjugate effects of concentra-
tion polarization. In this case, this conjugate effect is
water splitting on the membrane. Hydroxyl ions are
transferred to the anode, which induces alkalinization
of the solution in the desalination compartment and a
decrease in the rate of growth in Δϕ (Fig. 3).

The efficiency of surface modification of an
MK-40 membrane with polyaniline has been con-
firmed by the data of optical microscopy. Insular char-
acter of the distribution of PANi can be observed on
the surface of an MK-40 membrane (Fig. 4). It is seen
in the images that the formation of PANi is only
observed on the particles of the ion-exchange resin in
an MK-40 membrane. An increase in the color inten-
sity of the composites occurs with the increase in the
time of synthesis of PANi, which indicates an increase
in its amount in the samples.

After obtaining the composite membranes, the
amount of aniline remaining in the solution feeding
the desalination compartment was photometrically
determined (Table 1). As it was expected, with
increasing the time of synthesis, the amount of aniline
in the solution decreases at a constant rate from the
initial value of 0.01 down to 0.006 mol/L after 5 h of
synthesis. A layer of PANi formed on the surface of the
membrane which faces the concentration compart-
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023

es in the swelled state. The modification time is indicated in the

100 �m 100 �m

300 min300 min300 min



ELECTROCHEMICAL BEHAVIOR OF POLYANILINE-MODIFIED... 183

Table 1. Parameters of modification and properties of the membranes

Membrane Modification
time, min

Concentration of aniline
in the desalination compartment 

after modification, mol/L

Thickness of the 
membranes, mm Moisture content

MK-40 – – 0.51 ± 0.01 0.42 ± 0.02

MK-40/PANi_1 90 0.009 0.51 ± 0.01 0.41 ± 0.02

MK-40/PANi_2 180 0.008 0.54 ± 0.01 0.40 ± 0.02

MK-40/PANi_3 300 0.006 0.55 ± 0.01 0.38 ± 0.02
ment does not prevent the passage of anilinium cat-
ions to the reaction zone.

The time required for visually uniform coloring of
the entire working surface of the membrane with poly-
aniline is about 3 h. With the increase in the time of
synthesis of PANi, the thickness of the sample
increases, which confirms the formation of a notice-
able amount of the modifier. In this case, a slight
decrease in the moisture content of the modified
membranes is observed, which should lead to some
decrease in their thickness. However, the appearance
of PANi compensates for this effect. The rate of the
increase in the thickness of PANi layer on the surface
of an MK-40 membrane has a nonmonotone charac-
ter. After 1.5 h of synthesis, the thickness of the com-
posite does not differ from that of the initial MK-40
membrane. However, after 3 h of synthesis, the thick-
ness of the composite membrane increases by 6% in
comparison with the initial membrane. These data
also confirm the formation of a noticeable layer of
PANi. After 5 h of synthesis, the thickness of the
membrane slightly changes, which is associated with
the decrease in its moisture content. Here, the amount
of PANi continues increasing, which is seen by the
image of the surface of the composite and decrease in
the concentration of anilinium cations in the desalina-
tion compartment.

It is known that the moisture content of mem-
branes depends on the nature and structure of the
polymer matrix, amount of ionogenic groups in the
membrane, and hydration capacity of the fixed groups
and counterions. Since all the composites were
obtained based on the same MK-40 membrane, the
reason for the decrease in the moisture content is the
appearance of PANi. N.P. Berezina et al. [31] found
that intercalation of the aromatic chains of polyaniline
into the membrane matrix induces reorganization of
water molecules at the boundaries between the base
polymer and electrically conductive chains of PANi.

Therefore, with the increase in the time of synthe-
sis of PANi on the surface of an cation-exchange
MK-40 membrane, the thickness of the obtained
composite and uniformity of its coating with polyani-
line increase and the moisture content decreases. This
MEMBRANES AND MEMBRANE TECHNOLOGIES  V
is accompanied by a change in the electrochemical
characteristics of the composite because water split-
ting at the depleted membrane/solution boundary
starts at a current density below the limiting current
density of the initial MK-40 membrane. After 2.5 h of
synthesis, the layer of PANi uniformly and densely
covers all the grains of the ion-exchange resin on the
surface of the membrane.

Voltammetry

CVCs were measured for the initial and modified
membranes in 0.05 mol-equiv/L solutions of NaCl
(Figs. 5a, 5b), MgCl2 (Figs. 5c, 5d), and CaCl2
(Figs. 5e, 5f) in the case of orientation by the modified
and unmodified layer to the counterion flow. The key
characteristics of the current–voltage curve such as
the values of the limiting and overlimiting current and
values of the potential drop corresponding to them,
slopes of the ohmic region, and plateau length were
determined by the tangent method. The conductivity
of the membranes was estimated from the slope of the
ohmic region of the current–voltage curve.

CVCs in the Case of Orientation of the Membrane 
by the Modified Layer to the Counterion Flow

The synthesis of PANi on the surface of an cation-
exchange MK-40 membrane for 90 min leads to an
increase in the slope of the ohmic region in the CVC
of the modified membrane by 30% in a solution of
NaCl and by 20% in solutions of CaCl2 and MgCl2,
which suggests an increase in the conductivity of the
system (Figs. 5a, 5c, 5e). After 180 min of synthesis,
the slope of the ohmic region in the CVC of the mod-
ified membrane becomes comparable to that of the
initial membrane in all the solutions under study
(Figs. 5a, 5c, 5e). Further increasing the synthesis
time of PANi leads to a decrease in the conductivity of
the system in all the solutions under study. For an
MK-40/PANi_1 composite, an increase in ilim by 17%
relative to an MK-40 membrane is observed in a solu-
tion of NaCl and by 7% in solutions of CaCl2 and
MgCl2. Further increasing the time of synthesis time
ol. 5  No. 3  2023
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Fig. 5. CVCs of the initial and composite membranes in solutions of (a, b) NaCl, (c, d), MgCl2, and (e, f) CaCl2 in the case of
orientation by the (a, c, e) modified and (b, d, f) unmodified layer to the counterion f low. The numbers in the curves indicate the
modification time of the sample in min.
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of PANi on the surface of the membrane does not lead
to an increase in ilim but, on the contrary, leads to a
decrease in this parameter. It should be noted that the
value of ilim on an MK-40/PANi_2 membrane is by
13% higher in a solution of NaCl, comparable in a
solution of CaCl2, and by 20% lower in a solution of
MgCl2 in comparison with an MK-40 membrane. The
increase in the value of ilim on an MK-40/PANi_1
MEMBRANES AND M
membrane as well as decrease in the resistance in the
ohmic region of the CVC may be associated with
the equilibrium electroconvection developing by the
mechanism of 1st type electroosmosis because the
concentration of the electrolyte near the membrane
surface is relatively high at this time point, and no
expanded space charge region is formed [32–34]. The
boundary formed between the negatively charged
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023
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Fig. 6. Changes in the (a) length of the plateau and (b) its slope angle in the CVCs of the initial and composite membranes
depending on modification time of the samples.
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fixed groups of the ion-exchange resin and positively
charged PANi determines the appearance of the tan-
gential component of the electric force. The action of
this force on the space charge region near the conduc-
tive surface induces formation of an electroconvective
vortex. It is known that the properties of the surface of
a membrane and distance between the conductive
regions on the surface of a membrane substantially
affect electroconvection [35]. As is seen from the data
of optical microscopy (Fig. 4), the size of inclusions of
PANi on the surface of an MK-40/PANi_1 membrane
is much smaller, and the distance among them is
much longer than on the surface of MK-40/PANi_2
and MK-40/PANi_3 membranes, which may lead to
an increase in the number of electroconvective vorti-
ces per unit surface area. As a result, the value of the
limiting current is higher in an MK-40/PANi_1
membrane than in an MK-40/PANi_2 membrane.

The changes in the plateau length Δ depending on
the time of synthesis of PANi in solutions of NaCl and
CaCl2 have an extreme dependence with the function
minimum in the point corresponding to the time of
modification of an MK-40/PANi_1 composite
(Fig. 6a). In the case of a solution of MgCl2, the value
of Δ decreases with increasing the time of synthesis of
PANi on the surface of an MK-40 membrane, which
may be due to the precipitation and stronger water dis-
sociation. Despite the fact that it was not possible to
visualize the appearance of a precipitate on the mem-
brane surface in a solution of magnesium chloride
using optical microscopy, the presence of a small
amount of precipitate is quite possible. Thus, in [36],
the SEM method confirmed the formation of precipi-
tates in a 0.04 M solution of magnesium chloride on
the surface of an MK-40 membrane under similar
experimental conditions.
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The slopes of the plateau tg2 for the modified
MK-40/PANi_1 and MK-40/PANi_2 membranes
are comparable between themselves and are higher in
comparison with the initial membrane in solutions of
NaCl and CaCl2 (Figs. 6a, 6b). A different dependence is
observed in a solution of MgCl2. The slope of the plateau
increases in the series MK-40 < MK-40/PANi_1 <
MK-40/PANi_2. The reason for the change in the
slope of the plateau is the nonuniformity of occur-
rence of the limiting state across the area of the mem-
brane. Overlimiting transport is associated with the
appearance of additional current carriers that appear
due to the development of water splitting near the
depleted membrane/solution boundary or conjugate
convection [37, 38]. If no water splitting is observed at
the membrane/solution interface, the decrease in the
length of the plateau and increase in its slope can most
likely be associated with the nonuniform development
of nonequilibrium electroconvection near the mem-
brane surface.

The CVC significantly transforms for the compos-
ite modified for 5 h. The amount of PANi and its uni-
form distribution on the membrane surface increase,
and the modified layer with positively charged fixed
groups increases the surface resistance of the mem-
brane [39]. Two limiting currents are observed in the
current–voltage curve of an MK-40/PANi_3 mem-
brane (Fig. 5a) in a solution of NaCl. CVCs at differ-
ent f low rates of the solution have been studied in
detail for the obtained sample, which makes it possible
to assess the contribution from the external and inter-
nal interfaces to the total effects of concentration
polarization in all the solutions under study (Fig. 7). A
constant value of the first limiting current in the region
of low potentials and an expected increase in the sec-
ond limiting current in the region of high potentials
with the 1.5–3-fold increase in the f low rate of the
ol. 5  No. 3  2023
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Fig. 7. Differential CVCs of an MK-40/PANi_3 membrane in solutions of (a) NaCl and (b) CaCl2 at different f low rates of the
solution.
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electrolyte have been found out in the differential CVC
in a solution of NaCl (Fig. 7a). With the increase in
the f low rate of the solution, the value of ilim at the
membrane/solution external boundary should
increase due to the decrease in the thickness of the dif-
fusion layer at the membrane/solution external inter-
face. Because of this, the second limiting current in
the differential curve has been called a “classical” lim-
iting current induced by the decrease in the concentra-
tion of ions at the membrane/solution external inter-
face like in the case of monopolar ion-exchange mem-
branes. The first limiting current is “pseudolimiting”
and refers to the depletion of the solution at the bipolar
boundary inside the membrane. This bipolar bound-
ary is formed in the process of preparation of the com-
posite at the junction of the layer of PANi that pos-
sesses anion-exchange properties and an cation-
exchange MK-40 membrane.

No classical limiting current is observed in the
CVCs of an MK-40/PANi_3 composite in solutions of
CaCl2 (Fig. 7b) and MgCl2, while the value of the
pseudolimiting current remains unchanged with the
increase in the f low rate of the solution.

CVCs in the Case of Orientation of the Membrane 
by the Unmodified Surface to the Counterion Flow

In the case of orientation of the composite by the
unmodified side to the counterion f low in solutions of
NaCl, MgCl2, and CaCl2, the conductivity of the sys-
tem slightly changes for MK-40, MK-40/PANi_1,
and MK-40/PANi_2 membranes, while the value of
ilim increases by 10% for MK-40/PANi_1 and
MK-40/PANi_2 composites in comparison with the
initial MK-40 membrane (Fig. 5). The decrease in the
plateau length in the CVCs with increasing time of
synthesis of PANi has been found in solutions of NaCl
and MgCl2. However, the increase in the slope of the
MEMBRANES AND M
plateau in the CVCs with increasing time of synthesis
of PANi or modification time of the samples is only
observed in solutions containing doubly charged cat-
ions. For an MK-40/PANi_3 membrane, the value of
ilim becomes comparable to the initial membrane in
solutions of NaCl and MgCl2, while it exceeds the
value of ilim for the initial membrane in a solution of
CaCl2. However, the value of the potential drop, at
which the limiting state appears, increases, and the
conductivity of the system in the ohmic region of the
CVCs becomes lower.

The clearly pronounced asymmetry of the parame-
ters of the CVCs in solutions of NaCl, MgCl2, and
CaCl2 is only observed for the composite modified for
5 h (MK-40/PANi_3). The comparison of the
obtained CVCs (Fig. 5) and ChPs (Fig. 3) recorded in
the process of synthesis of PANi on the surface of an
MK-40 membrane makes it possible to suppose that
the pronounced bipolar boundary between the layer of
PANi and the initial membrane which leads to the
asymmetry of the transport properties starts to form in
the time period corresponding to the region of the
ChPs, where decelerating growth in the potential drop
accompanied by alkalinization of the solution due to
water splitting on the membrane is observed.

Chronopotentiometry and Effect of pH
To deeply study the development of effects associ-

ated with concentration polarization, ChPs of all the
obtained membranes were measured in solutions of
NaCl, CaCl2, and MgCl2 with a concentration of
0.05 mol-equiv/L accompanied by the measurement
of pH at the outlet from the desalination compart-
ment. The value of pH in the desalination compart-
ment depends on the difference between the f lux of
OH− ions generated on the membrane under study
and flux of H+ ions generated on the auxiliary anion-
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023
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Fig. 8. Change in pH in the desalination compartment depending on the current density in the case of orientation of the compos-
ite by the modified side to the counterion flow. The numbers in the curves indicate the modification time of the sample in min.
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exchange MA-40 membrane. When the f lux of OH−

ions is higher than the f lux of H+ ions, the solution in
the desalination compartment is alkalinized. Other-
wise, it is acidified. The recorded value of pH results
from the process of water splitting on the anion- and
cation-exchange membranes. However, since the
same auxiliary MA-40 membrane is used in all the
experiments, the analysis of the values of pH of
the solution under desalination makes it possible to
compare the rate of water splitting on different mem-
branes under study at the same values of current den-
sity (Fig. 8).

In the underlimiting modes, no process of water
splitting is observed on MK-40, MK-40/PANi_1, and
MK-40/PANi_2 membranes in all the solutions under
study because the concentration of the ions of salts
near the surface of the membrane is high. In a solution
of NaCl, the process of water splitting at the depleted
membrane/solution surface in the overlimiting current
modes is the same for the MK-40, MK-40/PANi_1,
and MK-40/PANi_2 membranes (Fig. 8a). However,
there is a different picture for an MK-40/PANi_3
membrane in the solution of NaCl. At current densi-
ties above 20 A/m2 (i/ilim = 0.6), slight alkalinization
of the solution is noticeable in the desalination com-
partment. As it was shown above, there are two limit-
ing currents in the CVC of such a composite. At a cur-
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rent density of 20 A/m2 (i/ilim = 0.6), the classical lim-
iting current density has not yet been reached;
however, depletion of the solution of the electrolyte at
the internal bipolar boundary between the layer of
PANi and the membrane had already occurred, which
had led to the water splitting at the internal boundary.
Appearance of the first transition time can be
observed in the differential ChP for an
MK-40/PANi_3 membrane at i/ilim = 0.6 (Fig. 9a).
Upon reaching the limiting current on an
MK-40/PANi_3 membrane and up to i = 45 A/m2

(i/ilim = 1.5), alkalinization of the solution continues
in a solution of NaCl. Two transition times are
observed in the differential ChP at these current
modes (Fig. 9a), and the concentration of OH− ions in
the solution in the desalination compartment
increases after the second transition time comes up.
Therefore, the first transition time corresponds to the
depletion of the internal bipolar boundary of an
MK-40/PANi_3 membrane, and the second, to the
depletion of the membrane/solution external bound-
ary. Upon further increasing the current density, the
water splitting on an anion-exchange MA-40 mem-
brane develops stronger than on the membrane under
study, because of which the solution in the desalina-
tion compartment is acidified.
ol. 5  No. 3  2023
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Fig. 9. Differential ChP for an MK-40/PANi_3 membrane at (a) i/ilim = 0.6 and 1.2 in a solution of NaCl and (b) i = 56 A/m2

in a solution of CaCl2 and corresponding to them changes in pH in the desalination compartment.
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A solution of CaCl2 and MgCl2 in the desalination
compartment starts being acidified at i = 40 A/m2

(i/ilim = 1.4) on the initial MK-40 membrane
(Figs. 8b, 8c). The water splitting on an anion-
exchange MA-40 membrane develops stronger than
on the MK-40 membrane under study because the
ionogenic groups of an MA-40 membrane possess
higher catalytic activity in the reaction of water split-
ting in comparison with the ionogenic groups of an
MK-40 membrane [40]. Because of this, the solution
in the desalination compartment is acidified. In the
case of a solution of NaCl, the process of water split-
ting is not as strongly pronounced as in the solution
with doubly charged ions. Water splitting sharply
intensifies in this system upon replacing Na+ cations
by Ca2+ and Mg2+ cations. The rate of water splitting
on an MK-40/PANi_1 membrane is higher than on an
MK-40 membrane in solutions of CaCl2 and MgCl2
because the solution in the desalination compartment is
slower acidified in an MK-40/PANi_1//MA-40 system
in comparison with an MK-40//MA-40 system. As it
was expected, the rate of water splitting on the modi-
fied membranes is higher than on the initial MK-40
membrane in solutions of doubly charged ions. How-
ever, the rate of water splitting is lower on an MK-
40/PANi_2 membrane than on an MK-40/PANi_1
membrane. Here, in the case of an MK-40/PANi_3
membrane, the solution leaving the desalination com-
partment starts being alkalinized already at i =
20 A/m2 (Figs. 8b, 8c) in solutions of CaCl2 and
MgCl2 as opposed to the membranes with a shorter
modification time.

Strong water spliting at the internal  bipolar bound-
ary in CaCl2 and МgCl2 solutions leads to the appear-
MEMBRANES AND M
ance of a f low of OH– ions, which, in turn, can induce
the exaltation effect [41]. The exaltation effect will not
allow one to achieve a decrease in the electrolyte con-
centration in the diffusion layer, which corresponds to
the onset of limit state at the outer boundary of the
membrane/electrolyte solution. Аs is seen from the
differential CVC (Fig. 7b), no limiting state occurs at
the membrane/solution external boundary, which
means that alkalinization of the solution occurs due to
the water splitting at the internal bipolar boundary. No
transition time has been recorded in the differential ChP
for an MK-40/PANi_3 membrane in solutions of both
CaCl2 (Fig. 9b) and MgCl2 even at relatively high cur-
rent densities; however, here, quite intensive alkalini-
zation of the solution in the desalination compartment
is observed. Upon further increasing the current den-
sity in a solution of CaCl2, alkalinization of the solu-
tion in the desalination compartment up to pH 7.5 is
observed, while the value of pH does not exceed 6.5 in
the region of current densities above i = 40 A/m2 in a
solution of MgCl2 (Figs. 8b, 8c). A deposit was found
after the experiments in a solution of MgCl2 on an
MK-40/PANi_3 membrane (Fig. 10). The appear-
ance of OH− ions generated near the surface of an
MK-40/PANi_3 membrane//solution of MgCl2 leads
to the formation of crystals of a deposit of Mg(OH)2,
because of which, in this case, alkalinization of the solu-
tion is not as noticeable as in the case with an MK-
40/PANi_3//solution of CaCl2 system. This is associ-
ated with the higher solubility of calcium hydroxide
in comparison with magnesium hydroxide: the solu-
bility product of Mg(OH)2 at T = 25°C is 1.8 × 10−11

mol3/L3, while it is 6 × 10−6 mol3/L3 for Ca(OH)2
[42].
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023
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Fig. 10. Optical images of a deposit of Mg(OH)2 on the surface of an MK-40/PANi_3 membrane after the performed experiments
in a solution of MgCl2.
Transport Numbers of Counterions in the Membrane

To determine the transport numbers by chronopo-
tentiometry by Eq. (2), it is necessary to know the
apparent fraction of the conductive surface of the
membrane ε. The apparent fraction of the conductive
surface is calculated for all the membranes in a solu-
tion of NaCl and it is supposed that it remaines
unchanged in solutions of other electrolytes. The tran-
sition times are determined from the chronopotentio-
grams in the differential form, and the transport num-
bers of the cations in the membrane are determined by
potentiometry by Eq. (3). The obtained value of ε is
further used for the calculation of the transport num-
bers in solutions of CaCl2 and MgCl2. 

As is seen from Table 2, about 73% of the entire
working surface of an MK-40 membrane is conduc-
tive. In the case of a small amount of PANi on the sur-
face of an MK-40 membrane, the apparent fraction of
the conductive surface grows for both orientations of
the composite. Upon increasing the time of synthesis
of PANi on the surface of the membrane (above 3 h),
the apparent fraction of the conductive surface of the
modified side of the membrane and transport number
of Na+ ions in the membrane decrease.

After determining the apparent fraction of the con-
ductive surface of the samples under study, the trans-
port numbers of counterions in solutions of CaCl2 and
MEMBRANES AND MEMBRANE TECHNOLOGIES  V

Table 2. Transport numbers of Na+ ions and apparent fractio
entations of the membranes to the counterion f low

Membrane  (mod. side)  (unm

MK-40 0.952 ± 0.017
MK-40/PANi_1 0.957 ± 0.013 0.965 
MK-40/PANi_2 0.937 ± 0.014 0.941 
MK-40/PANi_3 0.863 ± 0.015 0.885 

app
it

app
it
MgCl2 are calculated. According to the data of a series
of ChPs of the membranes under study, dependences
of τ on (C0/i)2 are plotted for each individual solution
(Fig. 11). The coefficient of the slope angle of the
curve in the corresponding solution is used for the cal-
culation of the transport number by Eq. (2) in solu-
tions of CaCl2 and MgCl2.

As is seen from Table 3, the transport number of the
counterion in an cation-exchange MK-40 membrane
decreases in a series Na+ (0.952) > Mg2+ (0.906) >
Ca2+ (0.897). According to the data of Demina et al.
[43], the amount of electrolyte sorbed by an MK-40
membrane increases upon the transition from singly to
doubly charged counterion: Na+ < Mg2+ < Ca2+. The
higher the Donnan sorption the higher the number of
coions present in the membrane and the lower its
selectivity. The adequacy of determination of the TNs
by chronopotentiometry for the initial MK-40 mem-
brane makes it possible to apply this method for the
assessment of the selectivity of the obtained composite
membranes.

An increase in the transport numbers of Mg2+ and
Ca2+ is observed for the membranes with the time of
modification with PANi of less than 3 h (Table 3). No
appearance of a transition time in a solution of CaCl2
has been recorded in the chronopotentiograms of an
MK-40/PANi_3 composite in the case of orientation
ol. 5  No. 3  2023
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0.729 ± 0.025
± 0.015 0.907 ± 0.023 0.941 ± 0.024
± 0.016 0.921 ± 0.023 0.935 ± 0.023
± 0.012 0.685 ± 0.017 0.836 ± 0.021
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Fig. 11. Dependence of τ on C0/i obtained for an MK-40
membrane in 0.05 M NaCl for the determination of the
apparent fraction of the conductive surface.
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by the modified side to the counterion flow (Fig. 12).
Because of this, it appears impossible to calculate the
transport numbers of Ca2+ cations. The chronopoten-
tiograms of an MK-40/PANi_3 composite in a solu-
tion of MgCl2 have the same shape as in a solution of
CaCl2. However, the local maximum is present in dif-
ferential ChP (Fig. 12) which may be associated with
the appearance of a deposit of Mg(OH)2 on the mem-
brane surface (Fig. 10).

Increasing the time of synthesis of PANi on the
surface of an ion-exchange membrane up to 3 h leads
to a decrease in the transport numbers of singly
charged cations and an increase in the transport num-
bers of doubly charged cations. However, upon further
increasing the time of synthesis of PANi, samples with
a clearly pronounced bipolar boundary formed at the
junction of the ion-exchange resin and polyaniline are
obtained. The transport numbers of singly charged
cations in such a composite membrane decrease.
Hydrogen and hydroxyl ions formed at the space
charge regions at the internal bipolar boundary are
involved in the process of ion transport through the
composite membrane in solutions with doubly
charged cations. H+ and OH– ions prevent the transfer
of doubly charged ions through the membrane to a
MEMBRANES AND M

Table 3. Transport numbers of the cations in the membrane at d

Membrane  (mod. side)  (un

MK-40 0.897 ± 0.034
MK-40/PANi_1 0.967 ± 0.025 0.970
MK-40/PANi_2 0.965 ± 0.024 0.975
MK-40/PANi_3 – 0.971

2+Cat 2+Cat
greater extent than of the singly charged Na+ ion.
Here, according to the Donnan effect, the application
of a positively charged layer onto the surface of a cat-
ion-exchange membrane leads to electrostatic repul-
sion of cations moving across the field through the
membrane. Ions with a higher charge repulse from the
surface of a composite membrane with a greater force
than in the case of singly charged ions. It can be
assumed that the formation of a dense layer of PANi
on the surface of membranes also leads to a decrease in
the sizes of the surface defects at the junction between
the grain of the ion-exchange resin and polyethylene.
Here, a sieve effect can appear which will promote
transport of ions with a smaller radius in the hydrated
state.

CONCLUSIONS

A series of composite ion-exchange membranes
based on an heterogeneous cation-exchange MK-40
membrane and polyaniline has been obtained. An
increase in the intensity of coloration of the compos-
ites and their thickness is observed with the increase in
the time of synthesis of polyaniline, which indicates an
EMBRANE TECHNOLOGIES  Vol. 5  No. 3  2023
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increase in the amount of polyaniline in the samples.
The synthesis process of polyaniline on the surface of
the membrane was accompanied by the recording of
chronopotentiograms and pH of the solution leaving
the desalination compartment, which made it possible
to determine the time required for obtaining a sample
with a dense layer of polyaniline which was at least 3 h.
At this particular time, a sharp potential drop is
observed in the chronopotentiogram which is deter-
mined by the appearance of a significant layer of
polyaniline which possesses higher resistance in
comparison with the initial MK-40 membrane.
Increasing the time of modification of the membrane
leads to the appearance of a water splitting at
the membrane/solution interface in the underlimiting
current mode, which suggests a change in the electro-
chemical properties of the composite.

The initial cation-exchange MK-40 membrane
and composites obtained based on it have been studied
by voltammetry and chronopotentiometry in solutions
of NaCl, CaCl2, and MgCl2 in the same flow-type
electrodialysis cell, in which the samples were
obtained. For the sample modified for 1.5 h, an
increase in the conductivity and value of the limiting
current in the solutions under study in comparison
with the initial membrane has been found in the case
of its orientation by the modified side to the counte-
rion flow. The changes in the parameters of the cur-
rent–voltage curve of the composites in overlimiting
current modes are associated with the development of
water splitting at the depleted membrane/solution
boundary which intensifies with the increase in the
time of synthesis of polyaniline. The presence of two
limiting currents has been for the first time found for a
composite obtained based on a heterogeneous mem-
brane, and the time of synthesis of polyaniline
required for obtaining a composite with the clearly
pronounced asymmetry of the transport properties has
been found to be 5 h. Two limiting currents are
observed in the current–voltage curve in the case of
orientation of an MK-40/PANi_3 composite by the
modified side to the counterion f low in a solution of
NaCl. It has been shown that the first pseudolimiting
current is determined by the depletion of the internal
bipolar boundary formed between the layer of poly-
aniline possessing weak anion-exchange properties
and the cation-exchange membrane. The second lim-
iting current is a classical limiting current induced by
the depletion of the concentration of ions on the
membrane/solution external interface. It has been
found that the current–voltage curves of such a com-
posite depend on the nature of the electrolyte.
Appearance of only a pseudolimiting current associ-
ated with the increase in the rate of water splitting at
the internal bipolar boundary in comparison with a
solution of NaCl is observed in the current–voltage
curve of an MK-40/PANi_3 composite in solutions of
CaCl2 and MgCl2 in the case of orientation by the
modified side to the counterion flow.
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The transport numbers of counterions in the initial
membrane and composites based on it have been
determined by chronopotentiometry. Increasing the
time of synthesis of polyaniline on the surface of an
ion-exchange membrane up to 3 h leads to a decrease
in the transport numbers of singly charged cations and
an increase in the transport numbers of doubly
charged cations. However, upon further increasing the
modification time, due to the formation of a clearly
pronounced bipolar boundary in the membrane, the
hydrogen and hydroxyl ions appearing on it are pre-
dominantly transported through the membrane, to a
greater extent preventing the passage of doubly
charged Ca2+ and Mg2+ ions than Na+ ions, which
makes the prepared samples promising for application
in the processes of electrodialysis separation of singly
and doubly charged ions.
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