
ORIGINAL PAPER

Polymerization of aniline in perfluorinated membranes
under conditions of electrodiffusion of monomer and oxidizer

Marina Andreeva1 & Natalia Loza1 & Natalia Kutenko1
& Natalia Kononenko1

Received: 14 October 2019 /Revised: 28 November 2019 /Accepted: 29 November 2019 /Published online: 17 December 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
A series of composites based on the perfluorinated MF-4SK membrane and polyaniline was obtained under electrodiffusion of
monomer and oxidizer. Aniline was used as monomer and potassium dichromate as oxidizer. Chronopotentiometry was proposed
as the method of monitoring the formation of polyaniline in the near-surface layer of the membrane. The electronic absorption
spectra of the composites and optical microphotographs of the surfaces were obtained right after membrane modification. A
combined interpretation of results revealed the following stages: the accumulation ofmonomer in the reaction space accompanied
by the onset of polymerization, the polymerization with a subsequent increase in rate, and the formation of modifier layer on the
membrane surface. The polarization behavior of composite membranes was studied using voltammetry. It was shown that the
presence of two limiting currents (pseudo-limiting and limiting) on the current-voltage curves when the composite was oriented
with a polyaniline layer to the counterion flow but only for membranes obtained at synthesis times more than 35 min. Also for
these composite membranes, no plateau of the limiting current on the current-voltage curve was observed in the case of reverse
membrane orientation. But at the same time, the fluctuations of potential drop on the current-voltage curve indicated the
overlimiting state of electromembrane system. A correlation between the shape of the chronopotentiogram recorded during
membrane modification and the polarization behavior of the obtained composites was found.

Keywords Nafion-type membrane . Polyaniline . Polymerization under electrodiffusion . Surface modification .

Chronopotentiometry . Current-voltage curve

Abbreviations
IEM ion-exchange membrane
PANI polyaniline
CVC current-voltage curve
ChP chronopotentiogram
An+ anilinium cations
PD potential drop

Introduction

Awide range of applications of perfluorinated cation-exchange
membranes such as Nafion® and its Russian equivalent MF-

4SK is tied with their unique properties. They have a cluster-
channel structure and high ionic conductivity. In addition, such
type of membranes is chemically and thermally stable.
Modification of ion-exchange membranes (IEMs) with addi-
tives of organic and inorganic naturemakes it possible to extend
the functional properties of the membranes [1, 2]. Polyaniline
(PANI) is one of the effective modifiers of IEMs today.
Composite membranes with deposited PANI layer on the sur-
face are successfully applied to the separation of poly- and
singly charged ions [3–7]. Perfluorinated membranes modified
by PANI are used in sensors and fuel cells [8–12].

Various methods for preparing composites based on IEMs
and PANI are mentioned in the literature [5, 13, 14]. Methods
are divided into two large groups. The first group includes
introduction of the prepared PANI into the membrane at the
stage of its formation. For example, at first, PANI is synthe-
sized from monomer aniline with a further sulfonation of the
vacuum-dried PANI granules. Then the blend of Nafion and
sulfonated PANI solutions is casted on flat glass plates and
kept in an oven for 24 h under a constant temperature [11].
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The advantage of the method is that the prepared PANI has
optimal conductive properties, which are defined primarily by
synthesis conditions [15]. In addition, the exact amount of
introduced modifier is known. The disadvantage of the meth-
od is the possible nonuniform distribution of PANI particles in
the membrane due to its sedimentation during the solvent
evaporation.

The second group includes template synthesis of PANI
directly in the membrane matrix. In this case, the matrix of
IEM serves as a template, which determines the structure of
the resulting PANI phase and its spatial arrangement. For ex-
ample, at first, a solution of aniline dissolved in acid is used to
impregnate the cleaned membrane. Then the membrane is
immersed in the solution of oxidizer for polymerization in
static conditions [16]. Another way is chemical synthesis of
PANI under electrodiffusion of a monomer and an oxidizer. In
the latter case, it is possible to modify the IEMs directly in the
electrodialyzer. At the first stage of synthesis, the membrane
saturates with a monomer than the monomer polymerizes un-
der the influence of the oxidizer. Membranes with different
content of modifier are obtained by varying the time of contact
between the membrane and the oxidizer or the duration of the
electric current flow [17, 18]. The advantage of the methods is
that it is quite easy to obtain membranes of any size and use
industrially produced polymer materials with well-balanced
physicochemical properties as basic materials. However, sig-
nificant disadvantages are the uncertainty in the quantity of
introduced PANI and impossibility of creating synthesis con-
ditions that would ensure the maximum conductivity of PANI
[15, 19].

PANI can be synthesized both in the bulk and in the surface
layer of the IEM. The higher the PANI content in the mem-
brane, the lower the values of electrical conductivity, diffu-
sion, and electroosmotic permeability [13, 20, 21]. Such com-
posite membranes are promising for use in the process of
limiting electrodialysis concentration of electrolyte solutions,
since the electroosmotic transfer of the solvent limits the max-
imum achievable degree of concentration [22].

The study of polarization behavior of anisotropic compos-
ites based on perfluorinated membranes and PANI has
shown that there is an asymmetry of the current-voltage
curve (CVC) of the composites [23]. The greater the amount
of synthesized PANI, the more pronounced the asymmetry:
the length of plateau and the slope of the ohmic region differ
significantly at reverse current. The appearance of a pseudo-
limiting current has been observed when the composite
membranes are oriented with PANI layer toward the coun-
terion flow. It is associated with the appearance of an internal
bipolar boundary [18]. Such materials may be promising for
the creation of membrane switches. However, the important
problem is the control of the formation process of the mod-
ifier in the surface layer of IEM in order to obtain materials
with desired properties.

The modification of Nafion® films deposited on the sur-
face of an electrode or conductive glass as a result of electro-
chemical polymerization of aniline is closest to the systems
under study [15, 24]. However, there are substantial differ-
ences. Firstly, the chemical polymerization of aniline occurs
under the influence of an oxidizer, and the reagents are deliv-
ered to the reaction zone by the migration mechanism in the
system under study. Secondly, the free-standing film is obtain-
ed. The process of PANI formation in the near-surface layer of
a perfluorinated membrane under the conditions of
electrodiffusion of a monomer and an oxidizer has not yet
been studied despite the extensive literature in this field.
Moreover, the use of electrochemical methods to control the
formation of PANI is of particular interest. Therefore, the aim
of the paper is to study the patterns of PANI formation on the
surface of the perfluorinated membrane under the conditions
of electrodiffusion of a monomer and an oxidizer. The objec-
tives of the study include an analysis of chronopotentiograms
(ChPs) recorded during the preparation of composites to es-
tablish a correlation between the character of ChPs and vari-
ous stages of oxidative polymerization of aniline in the mem-
brane, as well as studying the features of the CVC of the
obtained composites.

Experimental

Membranes

The commercial cation-exchange MF-4SK membrane was
used to polymerize aniline on the surface. The MF-4SK
membrane is a homogeneous film (JSC “Plastpolymer”,
Russia) obtained by extrusion from sulfo group containing
perfluorinated polymer.

The commercial anion-exchange MA-40 membrane (LLC
“Shchekinoazot”, Russia) was used as an auxiliary membrane
at the stage of preparing MF-4SK/PANI samples and measur-
ing CVCs. The heterogeneous MA-40 membrane is a com-
posite made from ion-exchange resin, polyethylene, and rein-
forcing fabric (polycaproamide fiber). The fixed groups are
secondary and tertiary amino groups and quaternary ammoni-
um bases.

Method for obtaining MF-4SK/PANI composites

The set of MF-4SK/PANI membranes was obtained in a four-
chamber electrodialysis cell under conditions of an external
electric field (Fig. 1). The time required to the modification
process varied from 5 to 60 min. In total, 14 samples were
obtained. They are identified as “MF- 4SK/PANI_N,” where
N is the time of PANI synthesis in min.

Electrode chambers were supplied with 0.05-M HCl solu-
tion at flowrate 14 mL/min (Fig. 1,№4). Desalination chamber
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was fed with a 0.01-M C6H5NH2 solution in 0.05-M HCl so-
lution (Fig. 1, №3), concentrating chamber – with a 0.002-M
K2Cr2O7 solution in 0.05-M HCl solution (Fig. 1, №2). The
solutions in the desalination and concentrating chambers were
stagnant. The temperature of these solutions was 25 °C. The
membrane area was 7.1 cm2. The original MF-4SK membrane
was placed between concentrating and desalination chambers.
The studied system (MF- 4SK membrane and two adjacent
solution layers) was isolated from products of electrode reac-
tions by the auxiliary MA-40 and MF-4SK membranes. The
direct current was supplied to the platinum electrodes (Fig. 1,
№5). The current density was fixed, i = 200 A m−2. The
anilinium cations (An+) formed as a result of aniline protonation
migrate through the membrane under study. The dichromate
anions migrate to the surface of the membrane under study.
Thus, the oxidation of aniline to PANI takes place on the sur-
face ofMF-4SKmembrane side facing the concentrating cham-
ber. PANI layer forms in the near-surface layer of MF-4SK
membrane looking toward the cathode.

ChPs were measured during the PANI synthesis. The po-
tential drop (PD) across the membrane under study is regis-
tered by means of two Ag/AgCl electrodes (Fig. 1, №6).
These electrodes are placed in the Haber-Luggin capillaries.
The Haber-Luggin tips are installed at both sides of the mem-
brane under study in its geometric center at a distance of about
0.5 mm from the membrane surface.

Voltammetry measurements

The CVCs of obtained composite membranes were measured
using the same four-chamber electrodialysis cell as that used
for the membrane modification (Fig. 1). The difference

consists in that all chambers were fed with 0.05-M HCl solu-
tion at flowrate 14 mL/min. The current step was 10−4 A s−1.
The slope of the ohmic region, the limiting current density
(ilim), the PDs for the corresponding limiting and overlimiting
currents, and the plateau length were determined from CVC
by the tangent method [25, 26]. In addition, ilimwas estimated
as the maximum of derivative of CVC obtained by numerical
differentiation of CVC.

Ultraviolet spectroscopy and optical microscopy

The electronic absorption spectra of the obtained composite
membranes were measured within a wavelength range of
310–900 nm using a LEKI SS 2109 scanning spectrophotom-
eter. The measurements were performed in relation to the
original MF-4SK membrane.

The visualization of the surfaces of the swollen composite
membranes was carried out using an optical microscope
Altami BIO-2 equipped with a digital eyepiece USB camera
UCMOSO5100KPA (4x, 10x, 40x magnification).

Results and discussion

Study of polyaniline formation on membrane surface
using chronopotentiometry

The polarization behavior of a membrane is determined pri-
marily by the state of the surface [27]. The appearance of a
new material on the surface of a perfluorinated membrane
should lead to a change in the behavior of the representative
ChP. The representative ChP of homogeneous MF-4SK

Fig. 1 Experimental unit. 1
electrodialysis cell, 2
concentrating chamber, 3
desalination chamber, 4 electrode
chamber, 5 platinum electrode, 6
AgCl electrodes placed in
Luggin-Haber capillaries, 7
SourceMeter KEITHLEY 2420, 8
Ethernet multimeter KEITHLEY
2701, and 9 computer
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membrane in 0.05МHCl solution at overlimiting current den-
sity i = 200 A m−2 (i/ilim = 1.3) without solution flow is
shown in Fig. 2. ChP is split into five separate segments.
The height of I segment is equal to the value of the ohmic
PD (ΔφOhm) due to the initial ohmic resistance of the system
consisted of working solutions and membrane between the
tips of the Haber-Luggin capillaries. Then there is very slow
increase of PD in time (Fig. 2, II segment). This growth is due
to a decrease in the concentration of counterions in the diffu-
sion layer in the desalination chamber. In this case, the mass
transfer mechanism is electrodiffusion in the absence of
coupled effects of concentration polarization (water splitting
and convection). After the inflection point τ, called the transi-
tion time, there is a sharp increase of PD (Fig. 2, III segment).
The transition time corresponds to the drop in concentration at
the membrane/solution interface toward zero; meanwhile PD
becomes close to infinity in the mathematical model that does
not take into account the coupled effects of concentration po-
larization. In real systems, there is a change in the delivery
mechanism of ions from bulk solution to the membrane inter-
face after the transition time. It means that coupled effects of
concentration polarization start making a contribution in the
mass transfer mechanism. The system switches to a quasi-
steady state mode after III segment, when the PD slightly
changes in time on representative ChP of homogeneous mem-
brane obtained as the solution circulates in all chambers of an
electrodialysis cell [28]. However, under conditions of our
experiment, since the solutions on either side of the membrane
under study are stagnant, the thickness of the boundary layer
increases with time. Therefore, PD remains increasing with
time and growth rate slows down (Fig. 2, IV segment). It
can be assumed that the thickness of the boundary layer
reaches the finite thickness after reachingΔφmax. In addition,
coupled effects of concentration polarization affect the value
of PD. Finally, the quasi-steady state is reached characterized
by large fluctuations in PD (Fig. 2, V segment). The fluctua-
tions of PD in time indicate the emergence of coupled effects
of concentration polarization. The most likely cause of low-
frequency oscillations is the hydrodynamic instability of

electroconvective flows near the membrane interface or water
splitting reaction at the membrane/solution interface [28–30].
The amplitude of these fluctuations clearly increases with in-
creasing applied current density [28].

ChPs (Fig. 3) have been measured in the process of PANI
synthesis in the near-surface layer of MF-4SK membranes.
They are reproducible, and the shapes of the curves are simi-
lar. However, the nature of the curves obtained during the
PANI synthesis (Fig. 3) differs significantly from ChP mea-
sured at the original MF-4SK membrane (Fig. 2). The ChP
measured in the process of PANI synthesis during the longest
time of modification (60 min) is shown in Fig. 3. Electronic
absorption spectra of the composites (Fig. 4) have been ob-
tained right after membrane modification. The analysis of the
electronic absorption spectra of the composites shows that the
spectra of all samples contain characteristic absorption peaks
for the emeraldine form of PANI (not oligomers): about
350 nm, due to π – π * electron transitions in the benzene
rings of PANI, and a wide band at 800 nm corresponding to
radical cations (Fig. 4) [31, 32].

Let us first consider the ChP registered in the process of
PANI synthesis in the near-surface layer of theMF-4SKmem-
brane (Fig. 3). Initially, the ChP has a classical form for a
membrane which is in an overlimiting current mode under
conditions of natural convection (Fig. 2) during the first
3 min (Fig. 3, I segment). An increase of the PD on the mem-
brane to 2.7 V is observed. Then, there is a sharp decrease of
PD to 1.5 V till 7 min (Fig. 3, II segment). Apparently, it is due
to the onset of the reaction of PANI formation. It is confirmed
by the electronic absorption spectra of the composites. The
absorption bands characteristic of PANI appear on the elec-
tronic absorption spectra of the composites after 5 min of
synthesis (Fig. 4).

An increase in the color intensity of composites is observed
(Fig. 5) with an increase in the synthesis time till 15 min, as
well as a slight increase in the optical density at the absorption
maxima. All of this points to an increase in the quantity of
PANI in the composites. However, the rate of aniline polymer-
ization remains low, due to the low monomer concentration in

Fig. 3 Chronopotentiogram of MF-4SK membrane during the
polyaniline synthesis

Fig. 2 Chronopotentiogram of MF-4SK membrane in 0.05М HCl at i =
200 A m−2 without solution flow
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the reaction zone. Apparently, this happens due to the accu-
mulation of aniline in the membrane at the initial stage,
resulting from the transition of the membrane from H+- to
An+-form. An analysis of the dependence of optical density
at the absorption maximum to time shows that there is a sharp
increase of optical density at the absorption maximum from
about 20 min (Fig. 4). It indicates an increase in the rate of
polymerization reaction of PANI (Fig. 6).

Along with this, the PD on the ChP does not reach quasi-
steady state mode, but slowly increases with time within 25–
30 min (Fig. 3, III segment). The similar pattern of ChP was
observed for electromembrane systems in the process of pre-
cipitate formation on the surface of IEMs [33]. It is expected
that PANI is synthesized around the outlets of the transport
channels on the membrane surface at this time. The monoto-
nous growth of Δφ is replaced by a noticeable decrease,
which is associated with the formation of continuous layer
of PANI from 35 min (Fig. 3, IV segment).

As is well-known, PANI has anion-exchange properties,
and the MF-4SK membrane has cation- exchange properties.
The appearance of a PANI layer on the membrane surface
leads to the formation of a bipolar junction of the base mem-
brane and the modifying layer. H+ cations are formed in the
process of polymerization of aniline [34]. They must migrate
toward the cathode through the PANI layer. Therefore, H+

cations can accumulate at the bipolar boundary, which may

explain the decrease in PD observed at ChP in IV segment
(Fig. 3). However, a further increase in PANI content leads to
a decrease in the conductivity of the electromembrane system.
This is reflected in a growth of PD at ChP from 45 min of
synthesis. It must be noted that PANI has a lower ionic con-
ductivity compared with the MF-4SKmembrane. At the same
time, the optical density in the maxima of the absorption spec-
tra of the composites becomes higher than the working range
of the spectrophotometer at about 40 min of synthesis.

The increase in the polymerization rate after 15 min of
PANI synthesis allows us to conclude that the rate-limiting
step is the electrodiffusion of the monomer through the mem-
brane into the reaction space. One of the interesting questions
is the site of polymerization reaction. On the one hand, it can
be a receiving diffusion layer, and the formation of PANI
occurs in solution, like systems with inert substrates [35].
On the other hand, the formation of PANI can be on the mem-
brane surface. In this case, the oxidizer is in the solution and
the monomer in the membrane.

Alternatively, the site of polymerization reaction can be the
near-surface pore space of a homogeneous membrane.
According to the model representation, a homogeneous mem-
brane has a cluster-channel structure [36], wherein two phases
can be conventionally distinguished. One phase has unipolar
conductivity that is provided by counterions of sulfo groups.
The composition of this phase will change as the H+ are

Fig. 5 Optical micrographs of swollen MF-4SK/PANI membranes at different synthesis time: (a) 5 min, (b) 15 min, and (с) 35 min

Fig. 4 Absorption spectra of MF-4SK/PANI membranes obtained at various time of polyaniline synthesis. The time is shown in the figure
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replaced by An+. The second phase is a solution identical to
the external bulk solution. In our system, the solutions on both
sides of the membrane have different composition. In addi-
tion, the MF-4SK membrane is in the H+ form at the initial
moment of time. Besides the direct migration of An+ through
the membrane, An+ accumulates in the membrane phase as a
result of the ion-exchange reaction:

R−SO3
−Hþ þ C6H5NH3

þ⇔R−SO3
−C6H5NH3

þ þ Hþ

PANI formation has not been observed in the solutions con-
taining 0.002-M K2Cr2O7, 0.01 M C6H5NH2 and 0.05-M HCl
for a long time comparable to the time of the described exper-
iments. However, we observed the formation of PANI in the
membrane. This may be attributed to an increase of the con-
centration of An+ in the membrane phase as a result of the ion-
exchange reaction to H+ ions. A study of aniline sorption by
the IEM under static conditions was conducted [37]. It was
shown that An+ completely replaced hydrogen ions in the case
when the amount of aniline in the solution exceeded the ion-
exchange capacity of the membrane. In this regard, let us esti-
mate the concentration of An+ in the membrane phase. The
ion-exchange capacity ofMF-4SKmembrane of present instal-
ment is 0.6 meq g-1 in swollen state, the density of the mem-
brane swollen in water is 1.55 g cm-3. Accordingly, the con-
centration of An+ will be equal to 0.93M. It was shown that the
current efficiency of H+ is 4–5 times higher than that of An+ at
their initial concentrations of 0.05 and 0.01 M, respectively,
during electrodialysis process [38]. Therefore, the monomer
did not reach measurable concentration in the diffusion layer
after 5–10 min of experiment. At the same time, the concen-
tration of the oxidizer is rather higher in the near-surface mem-
brane layer than in the bulk solution from the outset of exper-
iment due to the migration of Cr2O

2- anions from solution to
the membrane surface. Thus, it can be assumed that the most
likely site of the polymerization reaction is the near-surface
pore space of the membrane. The formation of PANI primarily
will be observed at the outlets of the mesopores on the

membrane surface, because the electroneutral external solution
containing Cr2O7

2- co-ions can be found in mesopores. The
process is accompanied by subsequent germination of PANI
into the membrane phase, which is confirmed by published
data [39].

Current-voltage curves of MF-4SK/PANI composites

A representative CVC of homogeneous MF-4SK membrane
in 0.05-М HCl solution is presented in Fig. 7a. CVC can be

Fig. 6 Optical density in
maximum intensities on
absorption spectrum vs time of
polyaniline synthesis on the
surface of MF-4SK membrane.
The wavelength is shown in the
figure

Fig. 7 (a) Current-voltage curve of MF-4SK membrane in 0.05М HCl
and (b) its derivative dV/di at corresponding current density
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divided into 3 segments: the ohmic region (Fig. 7a, I segment),
the plateau of the limiting current (Fig. 7a, II segment), and the
overlimiting region (Fig. 7a, III segment). The slope of the
ohmic region is determined by the electrical resistance of the
membrane under study and the diffusion layers adjacent to the
membrane. The concentration polarization increases linearly
with an increase in applied direct current. A deviation from
linearity takes place in II segment. The solution concentration
at the membrane/solution interface is significantly reducing in
comparison with the bulk solution concentration. It leads to a
sharp increase in the PD onChP. The electrolyte concentration
at the membrane/solution interface approaches zero when the
system reaches the limiting state and the plateau of the limiting
current is observed. The emergence of III segment on the
CVC is associated with the development of the coupled effects
of concentration polarization: water splitting and convection.
Appearance of oscillations of PD on the CVC is a typical sign
of demonstration of coupled effects of concentration
polarization.

The derivative of CVC as a function of current density is
presented in Fig. 7b. The dV/di value increases slightly with
increasing current at currents below the limiting (~150 A m−2)
pointing to a slightly pronounced concentration polarization.
The dV/di value increases sharply reaching a maximum at the
peak at i from 150 to 170 Am−2. Themaximum on the derived
CVC corresponds to the inflection point of the CVC and is
taken for the limiting current density. Strong fluctuation in the
overlimiting current region is observed due to the electrical
noise on the CVC.

The influence of polymerization time during the aniline
synthesis on the CVCs of obtained composites has been stud-
ied. The results are presented in Fig. 8 in the case when non-
modified surface of the composite (Fig. 8a, so called “1 side”)
and PANI layer (Fig. 8b, so called “2 side”) are oriented to-
ward the desalination chamber. Table 1 presents some charac-
teristics of experimental CVCs of initial MF-4SK membrane
and MF-4SK/PANI composites: the experimental limiting

current density (ilim); the plateau length (Δ); the slopes of
ohmic region (1/R1); and overlimiting region (1/R3), deter-
mined as shown in Fig. 7a.

Experimental data shows that the intercalation of PANI into
the near-surface layer of the original MF-4SK membrane
leads to a decrease in the limiting current density (Table 1).
Furthermore, an increase in the synthesis time while obtaining
the composite membranes results in an increase in the resis-
tance of the electromembrane system, with attendant decrease
in the slope of the ohmic region. The decrease in the limiting
current and electrical conductivity of the composite membrane
in comparison with the initial membrane is due to the barrier
effect of the PANI layer on the membrane surface. PANI,
which has anion exchange properties, blocks part of the
cation-exchange membrane surface. The larger the amount
of PANI is formed, the lower the limiting current density
and the higher the membrane resistance is observed
(Table 1). However, in general, the shape of the CVC of the
composites obtained during 15 and 30 min of PANI synthesis
is similar to the original MF-4SK membrane despite the ob-
served changes in the conductivity and the limiting current
density. The asymmetry of the CVCs of the obtained compos-
ite membranes has been discovered. Moreover, the longer the
synthesis time, the more pronounced the effect of asymmetry.
An increase in ilim, 1/R1, and 1/R3 and a decrease in the
plateau length with increasing amount of introduced PANI
are observed in the case when the composite membrane is
oriented with the non-modified surface to the desalination
chamber (Table 1, side 1) compared with the reverse orienta-
tion (Table 1, side 2).

A sharp change in all parameters and the shape of the CVC
of the composites is observed with an increase in the synthesis
time over 35 min. The CVCs and derived CVCs are deemed
abnormal for composite membranes obtained for synthesis
time of 45 and 60 min for both membrane orientations. The
detailed study of the CVCs of composite membranes obtained
at different current density showed the similar data [18].

Fig. 8 Current-voltage curve of MF-4SK and MF-4SK/PANI membranes in 0.05-МHCl. The composite is oriented with (a) non-modified (side 1) and
(b) PANI (side 2) layer to the counterion flow
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However, in this case, all CVCs [18] were similar to the CVCs
of the composites obtained within 45 and 60 min. There is no
plateau of the limiting current in the case when the non-
modified surface is oriented toward the counterion flux.
However, the oscillations of the PD characteristic for the
overlimiting state are observed at current densities above 9
A m−2. Two local maxima on the derived CVC are evidenced
when the PANI layer is oriented toward the counterion flux
(Fig. 9). The first maximum in the region of low PD is asso-
ciated with the depletion of the internal bipolar boundary in-
side the composite membrane. The internal bipolar boundary
forms at the junction of PANI having anion-exchange proper-
ties and the base cation-exchange membrane. Cations migrate
from the bipolar boundary into the membrane bulk and anions
through the PANI layer into the bulk solution under the action
of an external electric field. Diffusion of the anions from bulk
solution through a thin PANI layer allows one to reduce the
deficit of ions at the bipolar boundary. However, this is not
enough, and the ion concentration at the bipolar boundary
becomes low at a certain current density. This limiting current
density caused by the depletion of the bipolar boundary can be
called a pseudo-limiting current density. Moreover, the longer
the time of PANI synthesis, the more pronounced the first
maximum on the derived CVC. Therefore, the internal bipolar
boundary in the composite membrane plays a large role. The
second maximum on the derived CVC corresponds to the

depletion of the external boundary between the composite
membrane and depleted solution, as in the case of a
monopolar membrane. However, the limiting current is signif-
icantly lower than for the initial MF-4SK membrane. This
confirms not only the role of the membrane surface but also
the membrane phase in the formation of concentration polar-
ization. The presence of twomaxima on the CVC confirms the
formation of PANI layer on the membrane surface.

Thus, the analysis of the CVCs has shown that the PANI
synthesis on the membrane surface leads to a decrease in the
limiting current density and an increase in the resistance of the
electromembrane system. The asymmetry of the CVCs of ob-
tained composites has been observed. The effect grows with
an increase in modification time of the membrane. It is impor-
tant to note that there is a correlation between ChPs obtained
during the PANI synthesis in membranes and CVCs. The
shape of the CVCs of composites obtained during modifica-
tion time less than 35 min does not differ from the original
membrane. A steady rise in PD is observed at the ChPs re-
corded during the modification process of such samples
(Fig. 3, III segment). Conversely, the shape of the CVCs be-
comes abnormal and differs significantly from the original
membrane for composites obtained within 45 and 60 min.
Two limiting currents appear at the CVC when the composite
membrane is oriented toward the counterion flow. This points
to the fact that the formed internal bipolar boundary is starting

Table 1 Some parameters of current-voltage curves of MF-4SK and MF-4SK/PANI membranes in 0.05-M HCl solution at 25 °С

Membrane Time of synthesis ilim, A m−2

(1/2 side)
Δ, V
(1/2 side)

1/R1, S m−2

(1/2 side)
1/R3, S m−2

(1/2 side)

MF-4SK 0 152 1.1 1826.6 157.0

MF-4SK/PANI_15 15 min 149/142 0.9/1.1 1267.3/1211.6 154.8/146.5

MF-4SK/PANI_30 30 min 137/107 0.7/1.1 910.0/460.5 165.3/102.4

Fig. 9 Derived current-voltage
curve of MF-4SK/PANI_45
membrane oriented with PANI
layer to the counterion flow in
0.05-М HCl
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to provide input to the ion transport. The sharp drop in PD
replaced by its further growth is observed at the ChP recorded
during modification time more than 35 min. The minimum
region of the ChP between the IVand V segments corresponds
to a change in the shape of the CVC. Thus, one can predict the
polarization behavior of the desirable composites based on
ChPs.

Conclusions

The method of polyaniline synthesis in the near-surface layer
of a perfluorinated membrane under the conditions of
electrodiffusion of the monomer and the oxidizer has been
studied by chronopotentiometry. The analysis of
chronopotentiograms during polyaniline synthesis, supple-
mented by measurements of the electronic absorption spectra
of the composite membranes right after their obtainment and
visualization of the membrane surfaces, makes it possible to
use chronopotentiometry as a method of monitoring the for-
mation of polyaniline layer on the membrane surface. A
detailed study of the formation of polyaniline in the near-
surface layer of MF-4SK membrane by chronopotentiometry
has revealed the stages of polyaniline formation: the accu-
mulation of monomer in the reaction space accompanied by
the onset of polymerization, the polymerization with a sub-
sequent increase in rate, and the formation of modifier layer
on the membrane surface.

By means of voltammetry, it has been shown that all
obtained composites have asymmetric current-voltage curves
due to the presence of two layers in the composite mem-
brane. The effect of asymmetry grows with increasing the
modification time of the sample and, accordingly, the amount
of polyaniline. A peculiarity of polarization behavior is the
absence of the plateau of limiting current on the current-
voltage curve when the membrane is oriented with the non-
modified layer to the flow of counterions and the onset of
both the limiting and quasi-limiting state in the
electromembrane system in the case of reverse membrane
orientation. For the first time, the correlation between the
nature of chronopotentiograms recorded during the synthesis
of polyaniline in the near-surface layer of the membrane and
polarization behavior of the obtained composites is shown.
The minimum region of the chronopotentiogram corresponds
to a change in the shape of current-voltage curve pointing to
a brightly formed bipolar boundary.

The established correlation between the stages of
polyaniline formation in the membrane and the character of
chronopotentiograms provides an opportunity not only to con-
trol the process of obtaining composites based on a
perfluorinated membrane and polyaniline but also to predict
polarization behavior of the obtained composites.
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