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ABSTRACT

Ion-exchange membranes (IEMs) are ionic conducting materials. They have various
applications such as: fuel cell (PEMFC), electrochemical synthesis (Cl2/NaOH), desalination,
purification, separation, and environment. Despite these applications, several aspects are
still unknown, such as: the membrane structure, the conduction mechanisms, and
concentration polarization. The main obstacle in electro-membrane processes such as
electrodialysis is the concentration polarization phenomenon, which remains one of the
incomprehensible phenomena in IEM transport. This phenomenon is common to all systems
operating a selective ionic transfer through an interface; it arises from the difference in ions
mobility in the solution and in the membrane. A better understanding of concentration
polarization can help to improve the membrane performance, the process efficiency, and in
the reduction the process operation cost. In this research, we studied the effect of the
ammonia buffer (NH3/NHþ

4 ) on the counter-ion transfer through the anion- and the cation-
exchange membranes AMX and CMX, respectively. The results show that the ammonia
addition facilitates the counter-ion transfer in both cases and gives a total elimination of the
system polarization, but with different behaviors of CMX and AMX membranes. The classi-
cal concentration polarization theory remains insufficient to explain the obtained results.

Keywords: Ion-exchange membrane; Limiting current density; Over-limiting current;
Electrodialysis; Concentration polarization; Water dissociation

1. Introduction

An ion-exchange membrane (IEM) is defined as a
permselective barrier between two phases. Under the
influence of a driving force, some components of a feed
mixture can permeate while others are retained [1–3].

IEMs are widely used in various fields such as
electrodialysis (ED) [2–7], electrodeionization [4–7], dif-
fusion dialysis [8], membrane capacitive deionization
[9,10], for energy generation by mixing fresh and salt
water in reverse electrodialysis [1,11–15], from waste-
water in microbial fuel cells (MFC) [16], or in other
types of fuel cells such as proton exchange membrane
fuel cells [17], or direct methanol fuel cells [18].*Corresponding author.
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ED is an electrical potential driven process to con-
centrate and/or to remove ions from an electrolyte
solution through alternately cation-and anion-
exchange membranes [5,6]. When an electric current is
passed through an IEM, salt concentration on the
desalting surface of the membrane is decreased due to
the concentration polarization and reduced to zero at
the limiting current density (Fig. 1) [24]. In this case,
there are no more salt ions available to carry the
electric current.

In practice, if the applied current density exceeds
the limiting one, operational problems occur, such as
inorganic salts precipitation on the membrane surface,
destruction of the membranes, and an increase in the
energy consumption decreasing the process efficiency.
Thus, in order to avoid these problems, a current den-
sity of about 80% of the limiting current value is gen-
erally applied. The current above the limiting current
density is called the over-limiting current (C), and it
has been one of the incomprehensible phenomena in
IEM systems [19–24]. A better understanding of con-
centration polarization can help in order to improve
the membrane performance, the process efficiency,
and the reduction of the process operation cost. One
of the most important parameter in membrane ionic
transport is the membrane surface properties [19,25]
that can determine the concentration polarization con-
ditions and therefore the process efficiency. Several
papers dealing with the effect of the membrane sur-
face on the transport properties have been published
in the literature. Moon et al. [26,27] investigated the
influence of the degree of heterogeneity on the mem-
brane electrochemical behaviors, they concluded that
the heterogeneous membranes have a smaller conduct-
ing region than the homogeneous ones as well as the
heterogeneity may lowers the membrane conductivity
and the limiting current density.

Marder et al. [28] used a nonconductive paint to
reduce the membrane conducting area to 80, 60, and
45%. The obtained results show that the reduction of
the membrane conducting area affects the over-limit-
ing current and the plateau length (region (B)
Fig. 1).

Balster et al. [20] investigated the influence of the
membrane surface heterogeneity on the plateau
length, by preparing membranes with designed undu-
lations and found that the plateau length of the undu-
lated membranes is reduced by up to 60% compared
with that of a flat membrane. In addition, the commer-
cial CMX membrane coated with polyethylenimine
(PEI) led to a strong increase in the plateau length and
a later occurrence of the over-limiting current density.
In our previous studies [24,29,30], the effect of weak
electrolytes and buffer solutions has been examined.
The aim of the present work was to study the effect of
the ammonia buffer (NH3/NHþ

4 ) on the counter-ion
transfer through the AMX and CMX IEMs.

2. Materials and methods

2.1. Ion-exchange membrane

The IEMs used in this work are CMX and AMX
IEMs (Neosepta CMX-AMX. Tokuyama Soda, Japan).
The experiments are carried out after a membrane
equilibration period of at least 24 h in a solution with
the same characteristics used in the experiments. The
solutions are prepared by dissolving analytical grad
reagents in distilled water.

2.2. Electrochemical cell and current–voltage measurements

The current–voltage curves (CVC) are obtained
using a two-compartment electrochemical cell as
shown in Fig. 2 [24]. This cell is composed of two
25 ml symmetrical half-cells between them, the mem-
brane is integrated. In both compartments, solutions
of identical concentration and composition are used
and the circular exposed area of the membrane surface
is 0.5 cm2. The potential drop across the membrane is
measured using two reference golden Luggin elec-
trodes. Moreover, all measurements are carried out
in galvanostatic mode, and two graphite electrodes
are used to impose the current density, supplied
by a potentiostat/galvanostat (Autolab PGSTAT 30,
Ecochemie, The Netherlands) at a current scanning
rate of 10 A/s. The limiting current density is esti-
mated by taking the current value at the inflection
point of the curve in the limiting current region. All
experiments are conducted at room temperature and
without stirring the solution.

Fig. 1. Typical current–voltage curve of a mono-polar IEM.
(A) the ohmic region, (B) the limiting current density, and
(C) the over-limiting current region.
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3. Experimental results and discussion

3.1. CVC obtained during the NHþ
4 and Cl− transfer

Fig. 3 shows typical CVC obtained for a 0.05 N
(NH4)2SO4 through the CMX membrane (black) and
NH4Cl through the AMX membrane (blue). As it can
be seen, the three characteristic regions can be distin-
guished. It is also observed that the limiting current
densities of both Cl− and NHþ

4 are approximately the
same due to their same ionic motilities under an
electrical field.

Fig. 4 shows the differential ΔV/ΔI curves of the
CVC as a function of the current density. The peak in
the figure corresponds to the inflection point of the

CVC that determines the limiting current density
value (Ilim) in more accurate way than the Cowan–
Brown method [31].

3.2. The effect of the ammonia buffer (NH3/NHþ
4 ) on the

counter-ion transfer

3.2.1. Through the CMX cation-exchange membrane

In this case, the NHþ
4 counter-ions are the carri-

ers of the current, the weak electrolyte is ammonia
(NH3) and the buffer mixture (NH3/NHþ

4 ) will main-
tain the pH of the solution at a constant value
(pH = pKa = 9.25). Fig. 5 shows the CVC of (NH4)2SO4

0.05 N without (black), and with ammonia from 0.01
to 0.1 N. The obtained results showed that the addi-
tion of ammonia does not affect the limiting current
density and has no effects on the first ohmic region. It
can be also seen that the plateau length decreases and
its slop increases with increasing the concentration of
ammonia in the system. When we add 0.1 N of NH3

to the system, the polarization has been totally elimi-
nated, and we have a linear CVC where the current
continues to increase as we increase the electrical
potential driving force.

3.2.2. Through the AMX anion-exchange membrane

Fig. 6 shows the obtained CVC for a 0.05 N NH4Cl
and a AMX membrane. As it can be seen, the presence
of ammonia slightly increases the resistance of the
ohmic region. Also, the plateau length decreases and
its slop increases with increasing the concentration of
ammonia in the system but in a different way of the
CMX membrane. The polarization has been totally
eliminated when the concentration of ammonia was
0.075 N.

Fig. 2. Schematic description of the experimental set-up,
RE: reference electrode, S: sensor electrode, CE: counter
electrode, WE: working electrode, SOL: solutions, IEM:
ion-exchange membrane.
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Fig. 3. CVC of 0.05 N (NH4)2SO4/CMX (black) and 0.05 N NH4Cl/AMX (blue).
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The obtained results show that the addition of
ammonia facilitates the counter-ion transfer in both

cases and gives a total elimination of the system
polarization but with different behaviors of CMX and
AMX membranes, the difference should be associated
to:

� The chemical properties (acid–base) of the func-
tional groups of the membrane.

� The penetration of the buffer couple: In the case
of the CMX membrane, the buffer couple NH3/
NHþ

4 can pass through the membrane, but with
the AMX membrane, only NH3 can pass
through, the co-ion NHþ

4 will be rejected by the
functional groups of the same positive electrical
charge, thus limits its effect on the membrane
surface.

According to the classical concentration polariza-
tion theory described by the depletion of the diffusion
boundary layer and according to the electro-convec-
tion theory proposed by I Rubenstein and co-workers
[32–34], that is the most adapted in electro-membrane
polarization and over-limiting current origin, the
reduction and the elimination of the concentration
polarization plateau could not be expected in such
conditions.

The above finding is of great interest, because the
concentration polarization phenomena were the main
obstacle of the electro-membrane processes such as
ED. It has been eliminated by only ammonia addition,
the question is as follows: How can we exploit and
use this results to make a new generation of IEMs
without polarization and therefore increase the pro-
cess efficiency and reduce the operation cost of such
processes?
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4. Conclusions

In the present work, the effect of the ammonia buf-
fer (NH3/NHþ

4 ) on the counter-ion transfer through
the AMX and CMX IEMs was thoroughly examined.
Based on the obtained CVC, the concentration polari-
zation plateau has been completely eliminated in both
case of the cation- and the anion-exchange mem-
branes, which is in contrast with the expected result
according to the classical concentration polarization
theory in electrochemistry. This result revealed that
the concentration polarization is a phenomenon that
takes place inside the membrane and not necessarily
on its surface (boundary layer) and the electro-convec-
tion theory remains insufficient to explain this unusual
behavior.
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