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Abstract

Ion exchange membranes (IEMs) are used for exchanging or removing ions from the solutions so that they are fabricated by polymers
rather than metals or ceramics. When metal is in contact with the solutions, some reaction or corrosion occurs, and ceramic is difficult to use in
membrane form because it is brittle. Also, normal metals and ceramics do not have high ion-exchange properties so that polymers are used widely
as a host material of the [EM. The conventional IEMs are either layered membrane consisted of ion exchange material and support layer, and thick
bulk membrane. There are no critical problems to use them for water treatment, but they are not suitable for electrochemical application such
as reverse electrodialysis (RED). RED is a method of making electricity by sequential ion transport through semi-permeable membranes and
electrochemical reaction at the electrode part so that the IEMs need to be developed for getting the structure not to interfere with ion movement
through the IEM body. In the RED system, the IEMs are involved in separating ions to create the chemical potential which makes a voltage in the
electrochemical system. IEMs for RED has not yet been widely adopted, and most of them are the membrane for electrodialysis (ED). Therefore,
we need to study engineering approaches to improve the IEM properties.
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Introduction

Ion exchange membrane (IEM) isa semi-permeable membrane
that consisted of various polymers. When giving the driving force
of ion transport, IEM allows the counter-ions and rejects the co-
ions [1]. The IEM determines the mobility and selectivity of the
ions with assumed that the same driving force is given in the
system. There are two types of IEM according to the fixed charge in
their body, cation exchange membrane (CEM) and anion exchange
membrane (AEM). CEM has a negative charge, thereby the anions
are rejected and the cations are exchanged by CEM. On the
contrary, since AEM has a positive charge, the cations are rejected
and the anions are exchanged by AEM (Figure 1). In addition, IEMs
are classified into homogeneous and heterogeneous membranes
according to their features. Homogeneous membranes can be
fabricated by polymerization of monomers or blending and
grafting polymers with different moieties [2-4]. Homogeneous
membranes have evenly distributed fixed charges throughout
the entire body so that uniform properties appear in all regions.
Heterogeneous membranes can be obtained by blending charged
resin with a binder and casting them on support [5,6].

Usually, the fixed charge distribution of heterogeneous
membrane is uneven compared to homogeneous membrane due
to the intrinsic drawback of the manufacturing process. In general,
therefore, homogeneous membranes have better ion exchange
properties than heterogeneous membranes, but heterogeneous
membranes are mechanically strong compared to homogeneous
membranes. However, both types of membranes can improve their
properties through material or structural engineering. There are
many high-quality commercial products in the market (Table 1).
In the case of CEMs, the most representative commercial product
is the Nafion from DuPont. It has a thickness of 178 nm, IEC of
0.84 meq/g, and exact permselectivity is unknown [7]. NEOSEPTA
CM-1 of ASTOM, Selemion CMV of Asahi glass, RALEX CM(H)-PES
of MEGA, and CEM type 1 of FUJIFILM are also well-developed
CEMs. These products showed a thickness of 100-450 nm, IEC
levels of 0.84-2.30 meq/g, and permselectivity of 92.0 -98.8%
[5,8]. In the case of AEM, CJMA-2 of Hefei chemjoy, NEOSEPTA
AM-1 of ASTOM, Selemion AMV of Asahi glass, RALEX AM(H)-PES
of MEGA, and AEM type 1 of FUJIFILM exhibited thickness of 110-
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450 nm, IEC values of 0.80-2.20 meq/g, and permselectivity of
90.0-95.0% [5,9-13].

Features of the conventional ion exchange membranes

The conventional IEMs have been developed in an aspect
of IEC and mechanical endurance because the conventional
products are generally used for adsorbing/exchanging ions to
the membrane surfaces in a field of water treatment or ED. These
are either layered structure that consisted of ion exchange and
support layers or the thick bulk membrane that composed with
ion-exchange resin and binder polymer (Figure 2). These type
of membranes showed excellent performances for exchanging
ions in solution or eliminating specific ions from water, but not

suitable to maximize the power density of the applications that
ions need to move in an opposite area through the IEM, such as
RED. The ions would be hindered physically by a support layer
or membrane body in conventional cases, no matter how much
other properties are excellent. Thus, the idea that finding a novel
material, developing a new surface treatment technique, and
conducting structural engineering needs to be considered for
fabricating novel IEMs for RED. The RED can be an alternative
to overcome the dependency of climate and time for producing
electricity because it uses saline water as an energy source. Also,
there is no pollutant emission during power generation from the
RED system.
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Figure 1: (a) CEM and (b) AEM, which have fixed negative and positive charge in the matrix, respectively.
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Figure 2: Structure of (a) layered membrane and (b) resin/binder composite membrane.
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Table 1: Commercial IEMs and their key properties.

Membrane Thickness (nm) IEC (meq/g) Permselectivity (%) Ref.
I\l(;lijfliloprl)rlltlf 178 0.84 N.A. [7]
NEO(ZESPT'B?VI C)M-l 133 2.3 97.2 (5]
sl 101 2o e .
RALEE( N}:é\:l}(lg)—PES 450 2.2 92 (5]
FFY 135 ’ ” o
(Hef((a:in\é[lirznjoy) 145-200 0810 o -
NEO&ESP;EAM?MJ 126 1.77 91.8 (5]
Choah glse) 1207150 “ ” -
RALEE( l\;lt\El\El;%)-PES 450 1.8 90 (11]
(FUIAL) 2 L o -

The important parameters of the IEM for RED system are
the thickness, membrane structure, IEC, areal resistance, and
permselectivity, etc. [14-16]. Among them, the thickness and
structure of the IEM influence critically the performance of
the RED system because it affects how ions move smoothly
by penetrating the IEM body. Another thing to consider is the

selectivity between cation and anion. If the ion penetrates the
IEM easily, the selectivity of IEM is low because it has a trade-off
relation between ion conductivity and selectivity. Therefore, it is
very important to develop IEMs which has high ion conductivity
and selectivity, simultaneously, for expanding the application area
of IEMs to electrochemical energy generation.

Operating mechanism and stack configuration of the RED system

e N
Electrode part Electrode part
CEM AEM
Figure 3: RED stack configurations.
\ J

The RED system can convert ionic to electric current by
circulating two feed solutions that have different salinity, it is just
an inverse procedure of the ED system. Salts or solutes in feed
solutions are adsorbed to IEM by the induced potential difference
between electrodes in the ED process so that the dilute and the
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concentrate are obtained [14,17]. However, RED makes the ions
transport through the IEMs without an applying potential, and
current is generated by a redox reaction at the electrode parts. In
other words, the concentration difference between the two feeds
is the driving force to move the ions, and the alternating CEM and
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AEM make the ions separate. Thus, high and low salinity solutions
need to be supplied alternately across the IEMs for inducing
concentration difference. The separation of cation and anion
creates a chemical potential in the system so that electrochemical
reactions occur to generate electric current (Figure 3) [18-21].
The larger the concentration difference, the higher the power
density can be obtained theoretically, but the power density
would be decreased owing to an increase of internal resistance in
the real case. To enhance the maximum power density, it needs to
maintain a high concentration difference between the two feeds
with preventing the increase of internal resistance at the same
time. IEM is the key to solve this issue. If the IEM performance
is improved, the internal resistance of the system would be
maintained at a low level even the concentration difference is
increased. Therefore, the power density of RED can be determined
by the properties of IEM assuming that all conditions of the
systems are constant.

Tailor-made ion exchange membranes

Many commercial I[EMs are on the market, but they still need
to develop for adopting in electrochemical energy generation
by overcoming their drawbacks. The methods related to cross-
linking (or grafting) other polymers, and incorporating hetero
materials on the membrane have been studied. Pal S, et al. [22]
evaluated homogeneous phase crosslinked poly(acrylonitrile-co-
2-acrylamido-2-methyl-1-propanesulfonic acid) (PAN-co-PAMPS)
network CEM with controlling the mol ratio of monomers (AN
and AMPS) [22]. By using a PAN-PAMPS-1 membrane including
15 mol% PAMPS, pretty good mechanical ability (tensile strength
of 16.4 Mpa) and electrochemical performance (FCD of 0.757
meq/cm?® and transport number of 0.92) were obtained due to its
uniform phase mixing of ionic domains and hydrophobic domains.
Y. Chen’s group attempted to blend nanoparticles in IEM that were
organic-inorganic nanocomposite CEMs such as sulfonated iron
(111) oxides (Fe,0,-SO,*) [23,24] and sulfonated silica (5i0,-SO,H)
[25] to improve the IEC, resistance, and permselectivity. The
Fe,0,-50,%/sPPO nanocomposite CEM was prepared by phase
inversion method using the mixture of Fe,0,-SO,* particles and
sPPO solution. This [IEM showed AR of 0.82 Q) cm?, permselectivity
of 85.6%, and enhanced gross power density of 1.4 W/m? [23].
Si0,-SO,H/sPPO nanocomposite CEM was fabricated by phase
inversion using the mixture solution. It exhibited AR of 0.85 Q0 cm?
and higher gross power density than that of commercial CEM (1.3
W/m?) [25].

Yang S, et al. [26] incorporated ion exchangeable materials
into the porous membrane. This is a roll-to-roll (R2R) pore-
filling process consisting of pretreatment, impregnation, photo-
polymerization, and polishing. The filler material was synthesized
by mixing anionic/cationic electrolyte, crosslinking agent, and
a photoinitiator. Thus, both CEM and AEM can be fabricated,
respectively, depending on which electrolyte is selected and mixed.
The pore-filled CEM (PCEM) showed IEC of 1.839 meq/g, AR of
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0.475 Q cm? and permselectivity of 96%. Also, the pore-filled AEM
(PAEM) exhibited IEC of 1.645 meq/gl, AR of 0.661 Q cm? and
permselectivity of 94.3% [26,27]. Gao H, et al. [9] engineered the
surface of AEMs via layer-by-layer (LBL) method with negatively
charged poly(styrenesulfonate) (PSS) and positively charged
poly(ethyleneimine) (PEI) polyelectrolytes. This membrane has
7.5 bilayers showed excellent anti-organic fouling characteristics
and permselectivity. the antifouling potential also increased
30.29% higher than the pristine membrane and the ratio of
transport number between ClI and SO,* Psc(l)g, was improved
from 1.10 (pristine) to 2.44. These results consequently have been
enhanced the power density generation of RED by up to 17% [9].
Hong JG, et al. [28] fabricated the hybrid IEMs by the chemical
reaction using poly (diallyldimethylammonium chloride)
(PDDA) for AEMs and the sulfated polyvinyl alcohol (sPVA) as
a hydrophilic polymer with sulfonated poly (2,6-dimethyl-1,4-
phenylene oxide) (sPPO) for CEMs to improve AR, permselectivity,
and power density [28-30]. R.A. Tufa et al. fabricated a polymer
layer consisted of polypyrrole (PPy) and chitosan (CS) to prohibit
the passage of the multivalent ions. The modified IEM showed
improvement of open circuit voltage (OCV) and power density of
20% and 42%, respectively, compared to the pristine IEM [31].

Conclusion

Since the past, IEMs have been developed with the application
of various polymer materials. As a result, high-quality commercial
IEMs are being distributed on the market in recent years. These
are quite suitable for application in the water treatment field, but
their disadvantage is poor ionic conductivity for electrochemical
energy applications. Therefore, as the researches introduced
briefly in this review, it is necessary to continuously try to apply
various materials on IEM, and further studies to suggest a novel
structure of the membrane are also needed.
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