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ABSTRACT

Ion Exchange Membrane (IEM)-based Electrodialysis (ED), as one of the most promising separation techniques, 
plays a vital role in industrial separation. In particular, for special mono-/multivalent anion separation process in 
practical industries or academic explorations, highly ion-selective membranes for ED applications is critical but 
challengeable. To further understand the advances of this specific technique, herein, we have summarized our recent 
contributions on Monovalent Anion-Selective Membranes (MASMs) fabricated in our research group through:

(1) Surface modification on commercial Anion Exchange Membrane (AEM)

(2) Micro-phase structure regulation of homogeneous AEM. We have also discussed the advantages and 
disadvantages with respect to some specific cases in detail and the future perspectives of MASMs

Keywords: Monovalent anion selective membranes; Anions; Surface modification; Micro-phase structure regulation; 
Electrodialysis

Abbreviation: ED: Electrodialysis; MASM: Monovalent Anion-
Selective Membrane; AEM: Anion Exchange Membrane; IEM: Ion 
Exchange Membrane; GO: Graphene Oxide; DC: Dilute Cell; PSS: 
Poly(sodium 4-styrene sulfonate); HACC: Hydroxypropyltrimethyl 
Ammonium Chloride Chitosan; L-B-L: Layer-By-Layer; SDA: 
Sulfonated Dopamine; QPPO: Quaternized Poly(Phenylene 
Oxide); DAS: 4,4-Diazostilbene-2,2-Disulfonic Acid Disodium Salt

INTRODUCTION

Ion Exchange Membranes (IEMs) are typically composed of 
hydrophobic substrates, immobilized ion-functionalized groups, 
and movable counter-ions [1,2]. With the growing IEM-based 
applications in chloride-alkali manufacture, fuel cells, ED, electro-
membrane reactor batteries, etc., developing IEMs having superior 
ion perm-selectivity between mono-/multi-valent ions (e.g., Li+/
Mg2+; Cl-/SO4

2-) or equal valent ions (e.g., NO3
- and Cl-) are highly 

desirable [1-4]. In recent years, a soaring interest in exploring 
some green processes to force the migration of anions or cations 
towards a specific direction has been widely aroused, especially 
over electrically-driving membrane processes in resource recovery, 
energy production, seawater desalination, and water treatment/
pre-treatment, etc. [4,5]. These extensive applications of IEMs 
further promote the investigations in both academic and industrial 

level. The discrimination of anions by an AEM over ED process 
remains more challenges, because of the quite similar hydrated 
radii of some specific anions (e.g., F-, 3.52 Å ; Cl-, 3.32 Å; Br-, 3.30 
Å; NO3

-, 3.35 Å; CO
3

2-, 3.94 Å; SO
4

2-, 3.79 Å) [6,7]. Thus far, the 
lack of advanced MASM for some specific systems still limits the 
development and applications of ED in many fields [4,5]. Thereby, 
more efforts have been devoted to the preparation of MASMs with 
perm-selectivity for monovalent anions.

Figure 1 shows the proposed schematic experimental setup for 
ED fabricated with MASMs. Therein, MASMs allow the smooth 
transport of monovalent anions (A-), while blocking migration of 
multivalent anions (Bn-) through the MASM matrix. As a result 
of the distinguished features, MASMs have been extensively 
investigated in different applications like ED and reverse ED, etc. 
[4,8]. Herein, in this mini-review encompasses:

(1) Surface modification on AEM with polyelectrolyte layer 
coating, functional Graphene Oxide (GO) layers and 
surface covalent crosslinking

(2) Regulation of micro-phase structure of homogeneous 
AEM to realize the monovalent anion selectivity for ED 
applications



2J Membr Sci Technol, Vol. 9 Iss. 1 No: 192

Liao J, et al.

MECHANISM OF THE PERM-SELECTIVE SEPARA-
TION OF MASMS
Perm-selectivity of anions in a mixture solution through MASMs 
is basically governed by their affinity towards the MASMs (ion 
exchange equilibrium constant) and the migration speed in the 
membrane phase (mobility ratio among the cations) [1,5]. In 
general, the selectivity for monovalent anions can be realized 
through MASM with the mechanisms of:

(1) Pore-size sieving effect (the different hydrated ionic radii)

(2) Electrostatic repulsion (the difference in electrostatic 
repulsion between mono-/multi-valent anions)

(3) Hydration energy difference (the different Gibbs hydration 
energy) etc. [5,9]

Figure 2 illustrates the possible mechanisms of MASMs in ED 
process (Cl-/SO

4
2- separation system as the example).

To simplify the evaluation system, in our cases, Cl- and SO
4

2- are 
used as the standard anions in a mixture solution. When one 
equivalent of SO

4
2- ion permeates through MASMs, the permeated 

equivalency of a given anion is evaluated. Perm-selectivity between 
anions Cl- and SO

4
2- is represented as 2

4

Cl
SO

P
−

− ,which is called as 

relative transport number ratio of anions Cl- to SO
4

2-.
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Where, J
i
=flux (mol.m-2.s-1) of the target anions transferring through 

MASMs;

Cl
t −  and 2

4SO
t −  are the transport numbers of Cl- and SO

4
2-, 

respectively;

Cl
c −  and 2

4SO
c − are the concentrations (M) of Cl- and SO

4
2- in 

Dilute Cell (DC);

V=volume (L) of the feeding solution in DC;

A=effective area of MASMs.

Figure 1: The schematic experimental setup for ED fabricated with MASMs.

Figure 2: The proposed possible mechanisms of MASMs in ED process (Cl-/SO
4
2- solution system as an example).
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TECHNOLOGIES FOR MAPM FABRICATION
Surface modification

To fabricate functional layers having perm-selectivity, the surface 
polymerization, direct coating, electro-deposition of functional 
layer or multilayers (Layer-By-Layer (L-B-L)) onto the IEM surface 
and cross-linking of a thin layer have been widely reported [10,11]. 
In our cases, both surface physicochemical modification and 
covalently chemical modification have been employed to enhance 
the monovalent ion perm-selectivity. The modified layer features 
hydrophilic nature and different charge density from functional 
groups, resulting in adjusted surface compactness, ion conductivity 
and perm-selectivity [12,13].

Polyelectrolyte layers: Here, some examples of polyelectrolytes of 
Poly(Sodium 4-styrene Sulfonate) (PSS) and Hydroxypropyltrimethyl 
Ammonium Chloride Chitosan (HACC) or modified 
HACCs deposited on AEMs have been taken to illustrate the 
physicochemical modifications (L-B-L) [14]. Figure 3a shows a 
facial avenue to modify the commercial AEM by a coating of (PSS/
HACC)

N
. Under the external electric force filed, negative PSS and 

positive HACC molecules were alternately deposited on the surface 
(HACC and PSS as the bottom and top layers, respectively). As a 
result, we can find that the coating of (PSS/HACC)N (where N is 
from 0 to 9) layers boost the perm-selectivity (Cl-/SO

4
2-) of the AEMs 

obviously from 0.66 to 2.90 and separation efficiency of Cl- and 
SO

4
2- ions increased from 0.19 to 0.28 with only 9 bilayers within 

90 min. Therein, alternative compact charged layers are beneficial 
to strengthen the pore-size sieving effect and electrostatic repulsion, 
contributing to the significantly enhanced perm-selectivity.

Following this strategy, we have also investigated L-B-L layers 
assembled of AEMs by HACC and N-O-Sulfonic acid Benzyl 
Chitosan (NSBC) (Figure 3b) via by electric-pulse deposition 
method [15]. The investigation demonstrates that the constructed 
NSBC/HACC polyelectrolyte layers with 7.5 bilayers exhibit 
significantly enhanced monovalent anion (Cl-) selectivity (47.04) 
with small additional surface area resistance (from 1.31 Ω cm2 to 
4.25 Ω cm2). This selectivity stems from an increased electrostatic 
repulsion effect for divalent anions and hydrophilicity of the 
modified layers with a separation efficiency of Cl-/SO

4
2- increasing 

from -8.93% (unmodified AEM) to 94.43% within 20 min. It is 
noted that the multilayers constructed by electric-pulse deposition 

technology show much superiority over the traditional electrostatic 
deposition and the electro-deposition modification methods.

To improve the long-term stability and meanwhile endow this L-B-L 
type modified AEMs with specific performance, like anti-fouling 
properties, we have modified a commercial AEM with “sandwich”-
like structure, composed of upper/bottom bilayers of PDA and 
sandwich alternating bilayers of PSS/HACC-nanosilver particles 
(HACC-Ag Np) (Figure 4a), aiming to enhance the monovalent 
selectivity and fouling resistance for ED application [16]. Our 
investigations suggest that the perm-selectivity ( 2

4

Cl
SO

P
−

− )of the 
modified AEM with 4.5 bilayers of PSS can reach 5.1, significantly 
outperforming that of commercial standard AEM without 
modification (0.98) (Figure 4b). Possibly, the strong adherent 
strength of the top PDA layer from “sandwich”-like structure can 
well consolidate the sandwich alternating bilayers inside, which 
contributes greatly to a long-term stability test within 50 hrs.

Encouraged by the superior performance of “sandwich”-like 
structure gathering anionic and cationic groups in one thin layer, 
we have been in search of better-performing modification layers 
for high-performance AEMs. As reported, zwitterionic materials 
bearing the homogeneously-distributed anionic and cationic 
groups in one segment have been broadly employed for antifouling 
porous membrane [17]. Inspired by this, we have further proposed 
a facile surficial adhesive modification process to fabricate a highly 
perm-selective AEM for ED application by solely coating polymer-
like Sulfonated Dopamine (SDA) adhesive on commercial AEMs 
under alkaline and aerobic conditions [18], which is shown in 
Figure 5a. We have found that the SDA coating can significantly 
enhance the monovalent perm-selectivity (Cl-/SO

4
2-), with a value 

of 34.02, which is much higher than the corresponding values of 
DA modified AEM (11.59) and results from many other elegant 
surface modifications (Figure 5b and 5c). The long-term stability 
of ED with SDA-modified AEM operated for 90 h, indicating the 
relatively strong adherent strength of SDA layer on the surface of 
AEMs.

To firmly anchor the multilayers of PSS and HACC through 
alternating electro-deposition on AEM surface, a photosensitive 
molecule of 4,4-Diazostilbene-2,2-disulfonic acid disodium salt 
(DAS) has been used to bind the multilayers via covalent bonds by 
UV irradiation (Figure 6a) [19]. The optimized DAS cross-linked 

Figure 3: (a) Schematic of coating of (PSS/HACC)
N
 Alternate Electro-deposition Multilayer on surface of commercial AEM (FUJIFILM, Japan) 

[14]; (b) The chemical structures of 2-HACC and N-O-Sulfonic acid Benzyl Chitosan (NSBC) [15].



4J Membr Sci Technol, Vol. 9 Iss. 1 No: 192

Liao J, et al.

(PSS/HACC)5PSS modified AEM has an improved monovalent 
anion selectivity (Cl-/SO

4
2- system) of 4.36 (Figure 6b) and stable 

selectivity during the entire duration of testing (76 hrs), relative 
to a conventional multilayer modified AEMs completely loses its 
selectivity after 30 hrs, suggesting that cross-linking effectively 
improved the monovalent anion selectivity and stability.

Functional GO layers: Thus far, the perm-selective ion separation 
of L-B-L modified IEMs still remains a big challenge. A detailed 
and deep description of ion transport through the multilayer 
architectures is needed as the results from different studies are 
controversial [5,20]. In addition, the L-B-L layers via relatively-
weak Van der Waals' force or electrostatic interaction under severe 
condition undergo a gradual loss over the practical ED process. 
This significantly decays the ion selectivity and thus shortens the 
life-span during a continuous ED operation process [21,22]. Thus, 
systematic researches on diversified parameters in L-B-L process 

should be considered to investigate the mechanism on how the 
parameters affect the final performance of the membranes [5].

Coating GO with lamellar structure can be another modification 
for MASMs. To explore this type, Sulfonated reduced Graphene 
Oxide (S-rGO) nanosheets with negatively charged sulfonic acid 
groups were synthesized via a facile distillation-precipitation 
polymerization, followed by hydrazine reduction (Figure 7) [23]. The 
sulfanilic acid was grafted on the GO sheets to separate GO nano-
sheets each other, providing anion channels for anions selectivity. 
As a result, unmodified AEM has no monovalent selectivity, while 
the perm-selectivity and separation efficiency of S-rGO modified 
AEMs (reduced by hydrazine hydrate steam in 10 min) increases 
from 0.65 to 1.80 and from -0.13 to 0.31 (in 40 min), respectively. 
Another similar work on S-rGO-PDA modified AEMs show the 
perm-selectivity of 2.5 at 120 min [24].

To further explore the functional graphene nanosheets for MASMs, 

Figure 4: (a) The schematic of “sandwich”-like structure modified AEM for ED process; (b) The perm-selectivity (Cl-/SO
4
2-) of original AEM and 

“sandwich”-like structure modified AEMs with 1.5, 2.5, 3.5, and 4.5 bilayers, respectively, at interval time.

Figure 5: (a) The synthesis of SDA; (b,c) Perm-selectivity (Cl-/SO
4
2-) of modified AEMs with DA or SDA and commercial selective AEMs (ACS 

and ASV) during ED process.
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a multilayer architecture of graphene, grafted with Sulfonated 
4,4’-Diaminodiphenyl Sulfone (SDDS) was designed [25]. SDDS 
was mixed with Quaternized Poly(Phenylene Oxide) (QPPO) to 
form a Multilayer Graphene-Organic Framework (MGOF) having 
both positive and negative groups. The optimized AEM (rGO-
SDDS-rGO@QPPO-2) has a low surface electric resistance (2.79 Ω 
cm2) and shows the selective separation (Cl-/SO

4
2-) of 36.6%. 

Surface covalent cross-linking: Though deposition of functional 
layers on the surface of AEMs is a simple and versatile method 
that achieves high monovalent anion selectivity, the stability of 
the polyelectrolyte multilayers can be compromised by the weak 

interactions formed between the deposited barrier and the pristine 
membrane surface. To overcome this drawback, covalently chemical 
modification like cross-linking appears as an efficient method 
to improve the chemical stability of IEMs by covalent bonding 
[26,27]. In our case, a photosensitive molecule DAS was used to 
infiltrate into the AEM surface and immobilize in the structure 
by cross-linking under UV irradiation (Figure 8a) [28]. The 
introduced negative charges in the surface layer of AEM without 
increasing its thickness render high Cl- selectivity with a value of 
11.21, significantly superior to the commercial selective membrane 
Selemion ASV (4.81) as shown in Figure 8b. Furthermore, the 

Figure 6: (a) Schematic diagram of cross-linked electro-deposition multilayer modified AEM with cross-linker DAS; (b) Perm-selectivity (Cl-/SO
4
2-) 

of modified AEMs during ED process [19].

Figure 7: (a) The synthesis of reduced GO and Sulfonated reduced Graphene Oxide (S-rGO) nanosheets; (b) Perm-selectivity and separation 
efficiency of Cl-/SO

4
2- of unmodified AEM, S-GO, S-rGO-1, S-rGO-2 modified AEMs at 40 min, respectively.
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newly developed membrane exhibits excellent long-term stability, 
which maintains constant perm-selectivity during the 80 hrs.

Another example is a simple preparative pathway to covalently 
immobilize the Polyethyleneimine (PEI) onto the surface of 
partly QPPO (Figure 9a) [29]. As shown in Figure 9a, relative to 
unmodified QPPO AEMs, the perm-selectivity of PEI modified 
AEMs increases from 0.79 to 4.27 and the SO

4
2- leakage rate 

decreases from 39.6-19.4%. The results indicate that this is an 
effective strategy to fabricate advanced MASMs.

Regulation of micro-phase structure

Nevertheless, surface modification by fabricating a dense ionic 
layer on the surface of a substrate membrane is the main method 
for preparing MASMs [4,5]. However, this method has a trade-
off between the ionic flux and perm-selectivity. Fabricating 
homogeneous MASMs with desirable stability and high perm-
selectivity for ED applications is critical and meaningful. It is 
reported that covalent cross-linking is a promising strategy to 
improve both the compactness and chemical stability of MASMs. 

Though the improved compactness of AEM matrix might lower 
the migration speed of anions and thus increase the surface area 
resistance to a degree, the ion perm-selective separation of AEMs 
via pore-size sieving effect shows the great possibility upon the 
difference in hydrated ionic radius of ions (Cl- ion with hydrated 
radii of 3.32 Å; SO

4
2-, 3.79 Å) [30,31]. 

In our previous work, a series of internally cross-linked monovalent 
selective AEMs were prepared via a one-pot approach by simply 
adding different amounts of Sulfamerazine (SF) to partially-
Quaternized Chloromethylated Polysulfone (QPSF) [32], as shown 
in Figure 10a. By tuning the content of conductive cross-linker 
of sulfamerazine in AEM matrix, the QPSF-SF AEMs show the 
high monovalent anion perm-selectivity ( 2

4

Cl
SO

P
−

− )s of 3.98–15.90, 
possibly, due to the increased compactness of AEM matrix (Figure 
10b and 10c). In particular, the optimized QPSF-SF-0.09 AEM 
has a perm-selectivity of 24.55 in alkaline condition (pH=10.0). 
The facile synthesis procedure and the excellent monovalent ion 
selectivity firmly confirm the possibility of cross-linked AEMs for 
the ion separation process.

Figure 8: (a) Schematic diagram of the surface layer modification strategy using DAS; (b) Perm-selectivity (Cl-/SO
4
2-) of ED fabricated with 

modified AEMs using different DAS infiltration time.

Figure 9: (a) The modification of branched Poly(Ethyleneimine) (PEI) on partly quaternized brominated poly (2,6-dimethyl-1,4-phenylene oxide) 
(BPPO); (b) Perm-selectivity (Cl-/SO

4
2-) and the SO

4
2- leakage rate of modified AEM samples in DC.
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Figure 10: (a) Structure of sulfamerazine-modified QPSF (QPSF-SF) AEMs; (b) AFM phase images of QPSF (A1) and QPSF-SF-0.09 (B1); (c) Perm-
selectivity (Cl-/SO

4
2-) of QPSF-SF-0.09 at different pH.

Figure 11: (a-c) AFM phase images of long-side-chain type imidazolium-functionalized PAEK AEMs at room temperature; (d) The concentration 
change of Cl- and SO

4
2- ions in DC; (e) Perm-selectivity of ED with PAEK-x-im (x=50 and 60) and commercial anion-selective Neosepta ACS at 

interval time.
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In earlier years, Sata, et al. [33-35] have demonstrated that the 
hydrophilicity of the AEMs to hydration energy of anions is 
important for perm-selectivity for specific anions. In general, 
hydration energy of anions rather than hydrated ionic size is 
predominant in changing transport numbers of anions relative to 
chloride ions through the AEM matrix in some cases. On the other 
hand, though ions of Cl- and SO

4
2- show the similar hydrated radii, 

the hydration energy of SO
4
2- ions (-1000 kJ mol-1) is 3 times of that 

of Cl- ions (-317 kJ mol-1) [31,34]. This suggests that an SO
4

2- ion 
binds with H

2
O strongly more, relative to Cl- ion. In addition, SO

4
2- 

ion has a hydration number of 14, while Cl- having 8. Namely, 
Cl- ions permeate through the denser IEM matrix more easily 
under the electric field force through losing their hydration shell, 
whereas the transfer of SO

4
2- ions tend to be blocked. Considering 

this difference, we have reported a strategy for fabricating novel 
AEMs based on a series of fluoro-methyl poly(arylene ether ketone)
s having long-side-chain imidazolium groups for ED. Possibly 
owing to the synergistic effect of pore-size sieving effect resulting 
from macro-separation morphology (Figure 11a-11c) from flexible 
side-chain imidazolium groups and rigid hydrophobic backbone, 
as well as hydration energy difference of SO

4
2- and Cl- ions, PAEK-

60-im shows significantly superior perm-selectivity (Cl-/SO
4

2-) of 
7.70 at 30 min, relative to commercial anion-selective Neosepta 
ACS (5.27) (Figure 11d and 11e). The superior ED performance 
of the homogeneous AEM is suggestive of its potential separation 
application.

SUMMARY AND PERSPECTIVE
Though the exploration of high-performance MASMs has been 
made significant progress, it still remains many challenges. The 
“trade-off” effect between ionic flux and perm-selectivity is an 
issue should be improved. In particular, the long-term stability of 
MASMs in the practical application should be concerned. Possibly, 
fabricating homogeneous MASMs with desirable long-term 
stability and anion perm-selectivity is critical and meaningful. It 
suggests some methods and research direction to develop AEMs 
having high perm-selectivity to specific anions. It is expected that 
there should be more novel methods.
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