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A B S T R A C T

A way of improvement of electromembrane technology for water production required in heat-
and-power engineering by applying modified anion exchange membranes is proposed. The novel
membranes are produced by treatment of commercial Russian heterogeneous MA-40 membranes
with a polyelectrolyte bearing quaternary ammonium groups. It is found that this modification
results in lowering the rate of Hþ and OH– ions generation (water splitting) at overlimiting cur-
rents and in a considerable increase in current efficiency due to the decrease in the OH– ions trans-
fer across the anion-exchange membrane. Moreover, we observed an increment in the salt
counterion transfer through the membrane. The decrease in water splitting rate at the interface
‘anion-exchange membrane/depleted solution’ leads to increasing pH in the desalting compart-
ment and decreasing pH in the concentrating one. As a consequence, the risk of the salt precipita-
tion on the membrane surface in the concentrating compartment is reduced, and the removal of
weak acids from the desalting water is found enhanced.

Keywords: Ion exchange membrane; Modification; Water splitting; Hþ(OH–) ions generation;
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1. Introduction

Economic and ecological problems caused by
anthropogenic pollution of environment requires con-
version of conventional technologies into the alterna-
tive ones like membrane technology characterized by
low chemical consumption and resource saving [1].
The ways of membrane technology evolution, in parti-
cular, the technology of makeup water production for

thermal power stations (TPS), in many aspects depend
on the properties of the membranes [2].

The makeup water for TPS must not contain the
salts of hardness and its pH should be alkalescent or,
at least, neutral. In this case, it is possible to minimize
the salt precipitation and extend the equipment’s life-
time due to the removal of aggressive carbonic acid
from water. Widely introduced today, the reverse
osmosis (RO) plants are sufficiently advantageous,
however, they require specially treated water and are
characterized by low water recovery. Besides, when
applying the pressure driven technologies, it is not�Corresponding author
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possible in principle to achieve high concentrations of
retentate because of the necessity to overcome the
osmotic pressure difference (about 1 bar per 1 g
salts/L). The incorporation of electromembrane mod-
ules into the systems for makeup water production for
TPS improves the ecological impact of the technology.
Fig. 1 depicts an example of such a system developed
by ‘‘Membrane Technology’’ Innovation Enterprise
(Krasnodar, Russia).

The parameters of raw artesian water and water
after baromembrane and electromembrane modules
are shown in Table 1. The hardness is eliminated by
sodium cation-exchange (IE). The RO modules are
used to obtain the demineralized water with concentra-
tion 10–50 mg/l. Residual ionic impurities are removed
in an electrodialyzer with ion exchange bed (electro-
deionizator) (EDI), which allows the simultaneous
pH correction.

When a current normal to membrane surface is
applied in an ED, the cations, Cþ, and anions, A–,
migrate across cation-exchange (CEM) and anion-
exchange (AEM) membranes, respectively (Fig. 2).

pH of the desalted solution depends strongly on the
rate of Hþ and OH– ions generation at the interface of
CEM and AEM in the desalination compartment
(DC). If the rate is higher at the AEM, the outlet solu-
tion is acidified. Otherwise, the desalted solution
becomes alkalinized.

The goal of our work is the improvement of the elec-
trodialysis technology applied in desalination/deioni-
zation of diluted solutions, by means of surface
modification of anion exchange membranes with a
polyelectrolyte containing quaternary ammonium
groups.

2. Experimental

It is known that commercial Russian heterogeneous
MA-40 and MA-41 membranes (Schekinoazot, Russia)
contain secondary and tertiary amino-groups with
high catalytic activity regarding water dissociation
reaction while MK-40 cation exchange membrane com-
prises sulfo-groups with low catalytic activity towards
water dissociation reaction [3–5]. Therefore, generally,
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Fig. 1. Flowsheet of a membrane system for makeup water production for thermal power station.

Table 1
Main characteristics of raw and treated water

Chemical parameters Artesian water Water after
reverse osmosis

Water after
continuous EDI

Ca2þ, mg/l 41.4 3.0 Not detected
Mg2þ, mg/l 11.9 0.8 Not detected
Naþ, mg/l 90 0.7 Not detected
Fe2þ, mg/l up to 0.1 <0.05 Not detected
Fe3þ, mg/l up to 0.1 <0.05 Not detected
Ba2þ, mg/l up to 1.0 Not detected Not detected
Sr2þ, mg/l up to 1.0 Not detected Not detected
Cl–, mg/l 11.0 1.8 <0.05
NO3

–, mg/l 12.0 1.3 Not detected
F –, mg/l 0.9 <0.19 <0.01
HCO3

–, mg/l 137 6.1 Not detected
Si, mg/l 10.0 0.3 0.05
pH 8.0 5.6 7.0
r, MOhm�cm 0.001 0.2-0.25 10.5
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the desalted solution is acidic. In order to increase the
solution pH, it is sufficient to convert secondary and
tertiary amines on AEM’s surface into quaternary
amines with low catalytic activity. For this purpose, a
commercial MA-40 membrane was modified by a
strong polyelectrolyte bearing the quaternary ammo-
nium groups.

The pictures of membrane surface and cross-section
were obtained with the help of scanning electronic
microscope (SEM) combined with energy dispersive
X-ray analysis. IR-spectra of the commercial MA-40
membrane and modified MA-40M membrane were
recorded with the help of IR-spectrometer ‘‘InfraLUM
FT-0.2’’ (Russia). Interpretation of the spectra was per-
formed using the characteristic infrared absorption fre-
quencies [6,7].

The concentration dependencies of membrane
electrical conductivity in NaCl solutions were

measured with an RLC MT 4080A immittance device
(Motech Industries) at a frequency of 100 kHz by a dif-
ferential method with a clip-cell [8]. Experimental data
were treated by the microheterogeneous model [9] in
order to reveal bulk morphology changes [10].

Current–voltage characteristics (CVC) and pH var-
iation vs. potential drop across the membrane are
obtained for commercial MA-40 and modified MA-
40M membranes with the help of a setup providing
laminar uniform flow of solution between the mem-
branes [11]. Ion transport numbers across the mem-
branes in desalination channel were measured by
means of technique maintaining constant solution
composition and pH [12]. For the formation of desali-
nation channel commercial heterogeneous MK-40
membrane (Schekinoazot, Russia) and commercial
homogeneous CMX membrane (Tokuyama Soda,
Japan) were used. The experiments were performed
in 0.005M NaCl solution.

3. Results

3.1. Surface morphology and chemical composition

Analysis of the SEM data showed that the surface
and bulk morphology of the modified MA-40M mem-
brane does not significantly change in comparison to
the initial MA-40 membrane [13]. Results of probing
X-ray microanalysis (Fig. 3a,c) lead to the conclusion
that the polyethylene forming part of MA-40 as filler
does not interact with the polyelectrolyte, but the reac-
tion occurs with the ion exchange grains inside a sur-
face layer of the membrane (Fig. 3b).

The comparison of the conductivity–concentration
curves obtained for the unmodified and modified
membranes has shown that the surface of MA-40M is
enriched with quaternary amines [13]. IR-spectra
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Fig. 2. Scheme of ion fluxes in the desalting compartment of a
membrane stack.
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Fig. 3. Results of electronic scanning microscopy (b) combined with probing X-ray microanalysis of polyethylene (a) and
ion-exchange resin particle (c) on the MA-40M membrane surface.
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revealed the presence of –CH2 and –OH groups both
for commercial and modified membranes (Table 2).
These groups belong to anion exchanger EDE-10P
forming the conducting phase of the MA-40 mem-
brane. The treatment of MA-40 by polyelectrolyte
results in appearance of –C�N and –COO_� groups in
the membrane (Table 2). These groups can interact
with secondary and tertiary amines of MA-40 forming
electrostatic and chemical bonds between the polyelec-
trolyte and ion exchange material.

3.2. Rate of Hþ and OH� ions generation

By means of registration of pH within the boundary
layers of solutions near the membrane from its
depleted and concentrated side, it is found that with
the current growth, pH of the desalted solution close
to the MA-40M surface decreases less than that near
the MA-40 and the commercial homogeneous AMX
membranes; the latter membrane is considered for
comparison (Fig. 4). This observation testifies that the
transformation of secondary and tertiary amino groups
into quaternary ammonium bases lowers the rate of Hþ

and OH– ion generation. The suppression of this

reaction promotes development of electroconvection
at the MA-40M membrane [14] resulting in intensive
mixing of the solution near the membrane. The latter
causes a higher decrease in the effective thickness of
the depleted diffusion boundary layer near the modi-
fied membrane, in comparison to the original mem-
brane, that leads to considerable augmentation of Cl–

ion flux through the MA-40M membrane. As a result,
at overlimiting currents, under the same voltages, the
mass transfer across the modified membrane is higher
in comparison with the original membrane (Fig. 4).

In the DC formed with a MK-40 and a MA-40
membranes, the desalted solution is acidified due to a
more intensive Hþ and OH� ion generation at the surface
of anion exchange membrane in comparison with the
cation-exchange one (Fig. 5). In a DC formed by a
cation-exchange membranes with sulfonic groups (CMX,
MK-40) and a MA-40M membrane, the desalted solution
becomes more alkaline (CMX) or without pH changes
(MK-40) at overlimiting currents at least up to i/ilim< 3
(Fig. 5a) (or up to 8 V per cell pair, Fig. 5b) that testifies
that the rate of Hþ and OH� ion generation reaction is
higher at the CMX membrane and the same at MK-40
membrane in comparison with the MA-40M membrane.

3.3. Stability of modification

The properties of modified membrane are stable. It
is found that the mass transfer characteristics and elec-
trochemical properties of modified membranes do not
change during at least 300 h of continuous exploitation
in electrodialyzer (Fig. 6).

3.4. Advantages of electrodialysis with modified membranes

The following effects determine some economic
benefits from the use of modified MA-40M membrane:
– An increase in current efficiency up to 20–30% at

concentrations <0.01 M and a potential drop about
2 V or higher;

– A decrease in salt precipitation on the concentrating
membrane surface due to the reduced water splitting
rate at anion exchange membrane and elimination of

Table 2
Characteristic frequencies of the IR-spectra for MA-40 and MA-40M membranes

Membranes cm–1

� –OH � Csp3–H d –NH2 d Csp3–H d Csp3–H � –C�N � as –COO– � s –COO– d –NH2

MA-40 3427.17 2918-2851 1643 1474-1464 1385 – – – 874–656
MA-40M 3442.6 2924-2852 1664 1473-1463 1360 2241 1638 1358 1054–720

Type of vibration: � – stretch, � as – asymmetrical stretch, � s – symmetrical stretch, d – bend.
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Fig. 4. Current–voltage curves and pH evolution of the solu-
tion adjacent to the depleted membrane surface vs. the current
density. The concentration of NaCl feed solution C ¼ 0.005 M;
the intermembrane distance h ¼ 7 mm; the active membrane
area S¼2 � 2 cm2 the flow velocity V ¼ 0.32 cm s�1.
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pH growth on the concentrating side of the
membrane;

– A growth in the pH of desalted solution that leads to
an increase in the dissociation of weak acids, such as
carbonic and silicic acids, and enhances the rate of
their removal during ED/EDI.

At lower rate of membrane scaling in concentrating
compartment, the frequency of acid rinsing of electro-
dialyzers’ compartments is reduced. This leads to an

increase in working hours and in annual output of the
plant as well as to a decrease in water discharge. The
membrane lifetime increases as well that result in redu-
cing the number of membrane replacements.

4. Conclusion

From the practical point of view, the surface modifi-
cation of MA-40 anion exchange membrane described
above is of a great interest. First, the current efficiency
increases considerably, in the considered case about
20–30% at the concentrations <0.01 M and the potential
drops close to 2 V per cell pair, � due to the decrease
in OH– ion transport through the anion-exchange mem-
brane. Second, the mass transfer of salt counterions
grows because of decrease in the rate of Hþ ions genera-
tion (water splitting) that leads to increasing elec-
troconvection. Besides, the membrane modification
diminishes the salt precipitation on the concentrating
membrane surface due to reducing the pH at this inter-
face. As a result, the frequency of acid rinsing of electro-
dialyzers’ channels and the water discharge decrease
and the membrane lifetime increases. Finally, lower rate
of Hþ and OH� ions generation at anion-exchange mem-
brane results in a growth of desalting solution pH that
leads to an increase in dissociation degree of weak acids,
e.g. carbonic and silicic acids. The last effect is very
important for water deionization by electrodialysis.
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