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a b s t r a c t

The endowment of perm-selectivity for specific ions will further extend the applications of hetero-
geneous membrane. In this work, a side-chain type weak cationic polyelectrolyte, PVDF-g-PVP, was 
synthesized for surface hydrophobilization of heterogeneous anion-exchange membrane (AEM) in 
order to impart perm-selectivity between specific anions with different Gibbs hydration energy. 
After microstructure observation and chemical composition analyses by SEM, AFM, EA and FTIR, 
the perm-selectivity between specific anions, electrical resistance, transport number, limiting current 
density, surface homogeneity, as well as salt permeability of the modified AEMs were investigated. 
Series of electrodialysis experiments in SO4

2–/Cl– system indicated that a significant perm-selectivity 
was indeed achieved by the attachment of PVDF-g-PVP coating. In particular, it was worth not-
ing that only a small loss of membrane conductivity was observed after the functionalization. This 
should be closely related to the micro-phase separation morphology of the coating layer which was 
induced by the polarity difference between the main chains and side chains of PVDF-g-PVP. Besides, 
the chronopotentiometric analyses indicated surface homogeneity of the heterogeneous AEM was 
significantly enhanced and then effectively ameliorated concentration polarization behaviors at the 
membrane-solution interface. Meanwhile, the perm-selectivity for co-ions was also improved and 
suppressed back diffusion behaviors of salt driven by concentration gradient. In brief, the modifying 
scheme proposed in this work can effectively improve comprehensive transport properties of con-
ventional heterogeneous AEM. 
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1. Introduction 

It is well known that the electrodialysis technology 
plays more and more important roles today in the industrial 
applications for the deionization of aqueous solutions [1]. 
As the core of the process, ion exchange membranes (IEMs) 
with some special properties must be developed accord-
ingly to meet new requirements from some practical appli-
cations [2]. For example, how to remove harmful ions such 

as fluoride and nitrate ions from groundwater and brack-
ish water has attracted much attention in the field of water 
purification [3–7]. Besides, the separation of SO4

2– from 
mixtures for avoiding the scale formation in a subsequent 
industrial process is often expected. Thus, it is clear that the 
anion-exchange membrane (AEM) with the selective rejec-
tion or permeation for some specific anions is badly needed.

Nowadays, various mechanisms for imparting AEMs 
with perm-selectivity between specific anions have been 
proposed and practiced, including size-sieving effect by 
increasing crosslinking degree of AEMs, the differences 
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in electrostatic interaction between anions and mem-
brane surface by introducing an anionic polyelectrolyte 
layer as well as their differences in affinity by adjusting 
hydrophilicity/hydrophobicity of membrane surface 
[8]. Around the above mechanisms, series of preparation 
schemes have also been developed, such as adsorption 
[9,10], coating [11,12] and layer-by-layer assembly [13,14], 
to attach an oppositely charged layer or a relatively hydro-
phobic layer to conventional membrane surface. Although 
the above-mentioned schemes were mostly designed 
for homogeneous AEMs, some of them have also been 
extended for the development of special heterogeneous 
membranes in view of their wide applications in water 
purification and waste water reclamation. For instance, 
Kikhavani et al. attempted to prepare a heterogeneous 
AEM with high selectivity for the nitrate by choosing 
the hydrophobic polymer (chlorinated polypropylene) as 
binder and the hydrophobic compound (activated carbon 
particles) as additive, respectively [15]. In addition, we 
also immobilized the PEI layer on heterogeneous AEM 
surface by self-assembly and covalent grafting, respec-
tively, and preliminarily achieved the selective separation 
effects between anions with different Gibbs hydration 
energy, such as F–/Cl– system and SO4

2–/Cl– system [16–
17]. However, the experimental results indicated that a 
significant enhancement of electrical resistance seemed 
to be unavoidable after the above functionalization, par-
ticularly for the employment of some weakly dissociated 
functional groups [18]. In addition, it can be anticipated 
that the non-conductive inert binders which distributed 
at the heterogeneous membrane surface must bring some 
difficulties to achieve a flawlessly modified layer. 

It is worth noting that the construction of so-called 
microphase-separated membrane morphology can facili-
tate the transport of counter-ions because their mobility 
and concentration are simultaneously improved in the 
formed ion nano-channels, which have been confirmed 
many times by the recent studies on IEMs for fuel cells 
[19,20]. Moreover, the related experiments have also indi-
cated that a side-chain type polymer which was composed 
of hydrophobic backbone and hydrophilic side chains will 
contribute to the formation of the above characteristic 
membrane structure due to their significant polarity dif-
ference. Enlightened by these, a novel weak cationic poly-
electrolyte, PVDF-g-PVP, was synthesized and used as 
coating material to adjust the affinity between AEM and 
anions with different Gibbs hydration energy in this work. 
Hopefully, the coating layer prepared from the novel side-
chain type copolymer can not only impart the AEM with 
the perm-selectivity between the specified anions embrac-
ing different hydration energies but also facilitate its elec-
trodialytic transport properties due to the construction of 
microphase-separated morphology.

2. Experimental section

2.1. Materials

The heterogeneous AEM, a product of Zhejiang Qian-
qiu Environmental Protection & Water Treatment Co. Ltd. 
(China), was selected as the base membrane in this study. 
Meanwhile, the heterogeneous cation-exchange membrane 

(CEM) produced by the same company was also employed 
in the relevant electrochemical characterization experi-
ments. PVDF (FR904) was purchased from Shanghai 3F 
New Material Co., Ltd. vinyl pyridine (VP) and azodiisobu-
tyronitrile (AIBN) were purchased from Aladdin reagent 
company and refined before use. Other reagents, such as 
NaCl, KOH, Na2SO4 and N, N-dimethylformamide (DMF) 
were used directly without further purification. The indi-
cator, Erio-chrome Black T (EBT), was newly prepared and 
stored at low temperature.

2.1. Synthesis of the PVDF-g-PVP copolymer

The synthetic scheme of PVDF-g-PVP copolymer was 
shown in Fig. 1. Briefly, the PVDF (100 g) powder was first 
treated with a KOH solution (2.5 mol/l) at 60°C for 25 min. 
The precipitate was collected by filtration and then washed 
several times with deionized water. After being dried at 
60°C for more than 48 h, 9.152 g alkaline-treated PVDF was 
dissolved in 100 ml DMF till a complete dissolution. Sub-
sequently, 15 ml VP and 0.939 g AIBN were added to the 
above PVDF solution. Along with a continuous mechanical 
stirring, the radical graft copolymerization reaction pro-
ceeded at 70°C for 24 h under N2 atmosphere. At last, the 
product was precipitated with ethanol and washed with 
deionized water to remove the remaining initiators and 
monomers. At last, the synthesized copolymer was dried 
fully in a vacuum drying oven at 45°C for 72 h.

 

Fig. 1. Schematic diagram of AEM modification process.
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2.3. Membrane modification

Specified amounts of PVDF-g-PVP copolymer were dis-
solved in 100 ml DMF to prepare series of casting solutions 
with different concentrations, such as 1 wt.%, 5 wt.% and 10 
wt.%. After being cured at 50°C for 24 h, the casting solu-
tion was coated on the conventional heterogeneous AEM to 
form a film of 30 µm in thickness. At last, the modified AEM 
was kept in air for more than 48 h for a complete solvent 
evaporation and stored in a 0.025 mol/l NaCl solution for 
subsequent characterizations. For the convenience of narra-
tion, the membrane samples were named in this article as 
follows: A0, the bare AEM; A1, the AEM modified by 1 wt.% 
PVDF-g-PVP casting solution; A5, the AEM modified by 5 
wt.% PVDF-g-PVP casting solution; A10, the AEM modified 
by 10 wt.% PVDF-g-PVP casting solution.

2.4. Characterization of PVDF-g-PVP copolymer  
and as-modified AEM 

The chemical composition of synthesized PVDF-g-PVP 
copolymer was investigated by Fourier Transform Infrared 
Spectra (FTIR, Nicolet iN10 FTIR Microscope) and Elemen-
tal Analysis (EA, Vario EL Cube, Elementar). Surface and 
cross-section morphologies of membrane samples were 
observed by Field Emission Scanning Electron Microscope 
(FESEM, Hitachi S-4800). Furthermore, the surface phase 
behavior of the as-modified AEM was investigated by an 
Environment Control Scanning Probe Microscope (SPM, 
SII Nanonavi E-Sweep) using the tapping mode with the 
silicon cantilever (AN-NSC01) under ambient conditions. 
In addition, Attenuated Total Reflection-Fourier Transform 
Infrared Spectra (ATR-FTIR) were also collected for explor-
ing their surface chemical composition by the Nicolet iN10 
FTIR Microscope equipped with a smart iTR ATR sampling 
accessory (germanium crystal, 27º). During the measure-
ments, sixteen scans were taken for each spectrum at a nom-
inal resolution of 4 cm–1.

2.5. Measurements of electrochemical properties

2.5.1. Transport number

The membrane was fastened between two half-com-
partments into which NaCl solutions with different con-
centration (C1 = 0.5 mol/L and C2 = 0.1 mol/L) were fed, 
respectively. Then, the membrane potential can be read 
from a multimeter by aid of a couple calomel reference elec-
trodes. During the experiments, the solution was circulated 
in the corresponding compartment by a peristaltic pump 
(LEAD15-44, Baoding Longer Precision Pump Co. Ltd.) at 
a flow rate of 300 ml/min to reduce the influence of bound-
ary layer. The measurements were performed at ambient 
temperature (about 20°C). At last, the transport number can 
be estimated according to the following equation. 
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Here t  is the transport number of Cl–, R is the universal 
gas constant, F is the Faraday constant, T is the test tem-
perature, and γ is the activity coefficient.

2.5.2. Salt diffusion 

The salt diffusion experiments were performed using 
the method described in our previous paper [21]. The mem-
brane sample (effective area: 3 cm × 3 cm) was fastened 
between two cells in which 200 ml 1 mol/l NaCl solution 
and pure water were injected, respectively. During the 
experiments, two-sided solutions were circulated by a per-
istaltic pump (LEAD1544, Baoding Longer Precision Pump 
Co. Ltd.) at a flow rate of 300 ml/min to reduce the influence 
of diffusion boundary layer formed at membrane–solution 
interface. As can be imagined, the diffusion of NaCl which 
is driven by concentration gradient will take place. Accord-
ing to the proportional relation between the conductivity 
and concentration in a dilute solution, the quantity of the 
diffused NaCl in the pure water cell can be obtained. Hence, 
the permeability coefficient (Ds/δm) of NaCl can be calcu-
lated as follows:
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Here Ds/δm is the permeability coefficient of NaCl, Ds is 
the diffusion constant of NaCl, δm is the thickness of mem-
brane, V is the volume of solution, θ is the slope of the lin-
ear relation between concentration and conductivity at the 
pure water side, K is the slope of the linear relation between 
conductivity and time at the pure water side, S is the mem-
brane area, and Δc0 is the concentration difference across the 
membrane.

2.5.3. Current–voltage (I–V) curves 

I–V curves were recorded by means of a four-elec-
trode mode in 0.025 mol/l NaCl solution. That is, the elec-
trical current with a stepwise increase was supplied by a 
potentiostat/galvanostat (DF1731SD2A, Ningbo Zhongce 
Electronics Co. Ltd.) between a couple of electrodes made 
of titanium coated with ruthenium. The corresponding 
steady-state voltage drop values across the membrane sam-
ple (effective area: 3 cm × 3 cm) were measured by a multi-
meter (15B, Fluke Corporation) which was connected with 
a couple of saturated calomel reference electrodes. In par-
ticular, Luggin capillaries were placed closely to membrane 
surface as much as possible for neglecting the contribution 
of electrical resistance from solution layer. In order to elim-
inate the possible influences of the electrode reactions on 
experimental results, the additional compartments filled 
with 0.05 mol/l NaCl solution were arranged between the 
electrode and feed compartments. Before the measurement, 
all the membrane samples were adequately equilibrated in 
the test solution for more than 48 h. Besides, no stirring was 
provided to the test solution during the experiments.

2.5.4. Chronopotentiometry curves

Similar to the equipment used for the measurements 
of the I–V curves, the chronopotentiometry analyses corre-
sponding to different modification conditions were also per-
formed in a 0.025 mol/l NaCl solution with a current density 
of about 10 mA/cm2. During the experiments, no circulation 
was exerted to the test solution. When a constant current 
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density was applied, the voltage drop across the investigated 
membrane (effective area: 3 cm × 3 cm) was automatically 
collected every 0.2 s. The changes in conducting fraction (ε) 
of the AEMs before and after modification can be estimated 
according to the modified Sand Equation [22].

ε
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1 2

i t t
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Here i is the apparent current density; τ is the transition 
time; t is the transport number of Cl– in the solution phase; 
t  is the transport number of Cl– in the membrane phase; z is 
the valence of the ion; D is the diffusion coefficient; C0 is the 
concentration of the electrolyte solution.

2.5.5. Perm-selectivity measurements 

A series of electrodialysis experiments for SO4
2–/Cl– sys-

tem were performed to evaluate the perm-selectivity of the 
membrane samples corresponding to the different modifi-
cation conditions. In this work, a lab-scale membrane stack 
was partitioned into electrode compartments, the concen-
trated compartment and dilute compartment by a piece of 
the investigated AEM (effective area, 3 cm × 3 cm) and two 
pieces of CEMs which were alternately arranged between 
two electrodes made of titanium coated with ruthenium and 
separated by plexiglas spacers (thickness, 1 cm). Therein, the 
modified surface of AEM faced the diluted compartment. 
Initially, the concentrated cell and dilute cell were filled with 
the same salt solution which was composed of 0.05 mol/l 
NaCl and 0.05 mol/l Na2SO4. Furthermore, the influences 
of anion composition in feed solution on the perm-selectiv-
ity of the modified AEM between Cl– and SO4

2– were also 
investigated. For example, the perm-selectivity coefficients 
were measured along with the increase of concentration ratio 
between Cl– and SO4

2– from 1:1 to 1:10. During the experi-
ments, the salt solution with the same composition was used 
as the electrode solution for reducing the influence of elec-
trode reactions on the perm-selectivity measurements. The 
solution was circulated in the corresponding compartment 
by a peristaltic pump at a flow rate of 300 ml/min. After a 60 
min electrodialysis experiment under a constant current den-
sity of 10 mA/cm2 which was determined on the basis of the 
limiting current density of the original AEM and a safe factor 
of 0.85, the concentration of SO4

2– was determined by EDTA 
complexometry titration using EBT as indicator, and the con-
centration of Cl– was determined by potentiometric titration 
(ZD-2, Shanghai Leici). In addition, the selective separation 
performance of membrane sample was also investigated 
under the different concentration ratio between sulfate ion 
and chloride ion. The perm-selectivity coefficient of SO4

2– 
against Cl– can be determined as follows:
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Here t
SO4

2−  and t
Cl−

 represent the transport numbers of 
SO4

2– and Cl– ions, respectively; c
SO4

2−  and c
Cl−  are the aver-

age concentrations (equivalent) of SO4
2– and Cl– during 

electrodialysis in the dilute compartment, respectively. The 

transport number of the specified anion (SO4
2– or Cl–) can 

be defined as the ratio of the current carried by the corre-
sponding anion to the total applied current:

t
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In Eq. (5) F is the Faraday constant (96,500 C/mol); V 
is the volume of the circulated solution; i is the applied 
current; t stands for the electrodialysis time; Δc is the con-
centration change of the investigated ion during an electro-
dialysis process. 

3. Results and discussion

3.1. Synthesis of coating materials

In this work, the surface hydrophobilization of AEM was 
carried out to impart the perm-selectivity between anions 
with different Gibbs hydration energy by the attachment 
of a weak cationic polyelectrolyte layer. In order to allevi-
ate the influence of the surface modification on membrane 
conductivity as much as possible, a micro-phase separated 
structure formed in the modified layer is looked forward, 
which contributes to the facilitated transportation of count-
er-ions according to the relevant experimental results about 
the IEMs for fuel cell. Some public reports have shown that 
one promising approach to construct the above charac-
teristic membrane morphology is to position the charged 
groups on side chains grafted onto the hydrophobic main 
chain [23–27]. Based on the above considerations, the rela-
tively hydrophobic PVDF, a conventional membrane mate-
rial, and a weakly alkaline monomer, VP, were selected as 
main chain and side chain, respectively, for the synthesis of 
the coating material. Herein, dehydrofluorination of PVDF 
and then the formation of carbon–carbon double bond can 
be induced by the heated lye treatment, which paved the 
way for the subsequent graft copolymerization [28–30]. 

The chemical compositions of alkaline-treated PVDF 
and synthesized PVDF-g-PVP copolymer were investigated 
by FTIR and compared with that of the pristine PVDF. As 
can be seen clearly from Fig. 2, they all embraced some 
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Fig. 2. FTIR spectra of PVDF, alkali-treated PVDF and PVDF-
g-PVP.
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characteristic peaks, such as C–H stretching at 1405 cm–1, 
C-F stretching at 1080 cm–1 and 1180 cm–1, and amorphous 
phase at 880 cm–1 and 840 cm–1. Besides, some new bands 
were also observed. For example, a weak absorbance at 1650 
cm–1 appeared after alkalization treatment, which should 
be ascribed to the stretching vibration of the C=C double 
bonds. Moreover, after graft copolymerization with VP, the 
corresponding spectrum did show two additional peaks 
at 1555 cm–1 and 1600 cm–1, which should be assigned to 
symmetrical and asymmetrical stretching vibration of C=N, 
respectively. In addition, in comparison to the spectrum of 
pristine PVDF, some new peaks at 2850 cm–1, 2930 cm–1 and 
3020 cm–1 were also observed, which should be attributed to 
stretching vibration of C-H. All these results indicated that 
the VP has been successfully grafted onto PVDF. At last, the 
successful synthesis of PVDF-g-PVP was confirmed again 
by elemental analysis and a grafting degree of about 15% 
which was defined as the number of VP unit per repeat unit 
of PVDF was determined.

3.2. The chemical composition and morphology of the modified 
membrane

After modification, the changes in chemical compo-
sitions of membrane surface were also investigated by 
ATR-FTIR and compared with those of base membrane. 
As demonstrated in Fig. 3, some new peaks at 1555 cm–1 
and 1600 cm–1 which should be attributed to the stretching 
vibration of C=N bonds appeared. These showed that the 
weakly cationic functional groups did distribute at the sur-
face of modified membrane. Interestingly, some character-
istic peaks, such as 1465 cm–1 and 1720 cm–1 which should 
have belonged to –CH3 stretching vibration of quaternary 
ammonium groups and the ester groups of the reinforced 
polyester cloth of the base membrane, were also observed 
in the spectrum of modified membrane though their cor-
responding intensities were reduced to a certain extent. In 
view of the detection depth of the ATR-FTIR characteriza-
tion, this indicated that the thickness of the modified layer 
should be very thin, even less than 1 µm. 

Subsequently, the surface and cross-section morpholo-
gies of the AEMs before and after modification were stud-
ied by means of SEM observation. When compared with 

that of the base AEM, it can be noticed from Fig. 4 that a 
very thin and flat coating layer was indeed attached. On 
the one hand, the original conductive regions mainly com-
posed of quaternary ammonium groups were covered by 
the weakly cationic PVDF-g-PVP layer and then the surface 
hydrophilicity must be reduced, which made the perm-se-
lectivity between specific anions with different Gibbs 
hydration energy become possible. On the other hand, the 
inert binders which distributed at membrane surface were 
also covered by the attached PVDF-g-PVP layer. This may 
result in a more uniform electric field distribution at the sur-
face of heterogeneous IEM during electrodialysis and then 
delay the occurrence of concentration polarization.

Furthermore, the micro-phase separated behavior of 
PVDF-g-PVP layer was investigated by means of AFM. As 
shown in Fig. 5, the patterns of dark and light were indeed 
observed. Generally speaking, the hydrophilic domains 
appear darker in the phase images, whereas the hydropho-
bic domains appear brighter. Thus, this indicated that the 
expected micro-phase separation did occur between the 
stiff hydrophobic main chains and the hydrophilic graft 
chains of PVDF-g-PVP due to their enthalpy dissimilarities.

3.3. The perm-selectivity of membranes between specific anions

Some anions, such as the scale-forming ions and harm-
ful ions, are often required to a selective removal in the 
water purification and wastewater reclamation during an 
electrodialysis process. In view of the significant difference 
between anions in hydration energy (for examples, SO4

2–, 

–1000 kJ/mol and Cl–, –317 kJ/mol) [31], the perm-selec-
tivity between specific anions can usually be carried out 
by adjusting surface hydrophilicity/hydrophobicity of the 
AEM. Therefore, a modification scheme by coating a PVDF-
g-PVP layer was devised and then evaluated through series 
of electrodialysis experiments in SO4

2–/Cl– system. 
Above all, it was observed from Fig. 6 that the original 

AEM itself displayed a certain selectivity to Cl– in this study, 
which seemed to oppose to a general awareness that the 
multiply charged ions are preferentially adsorbed by the ion 
exchange materials. In fact, the different selectivity can even 
be observed for the same membrane. For example, in Mulya-
ti’s work [13], the well-known AMX membrane (Astom 
Corp., Tokyo, Japan) demonstrated a P

Cl
SO

−

−
4
2

 which was greater 
than 1. On the contrary, in Güler’s work [11], the achieved 
P

Cl
SO

−

−
4
2

 of AMX membrane was less than 1. This indicated the 
selective separation effects also closely related to the electro-
dialysis conditions besides membrane itself. Therefore, the 
testing conditions for the perm-selectivity should remain 
the same for investigating the effects of the weakly cationic 
coating layers prepared by casting solutions with different 
concentrations on the perm-selectivity between SO4

2– and 
Cl–. As can be seen from Fig. 6, all the perm-selectivity coeffi-
cients, P

Cl
SO

−

−
4
2

 , did significantly decrease after the attachments 
of the modified layers, which indicated that the expected 
perm-selectivity was successfully conferred. However, it 
was also noticed that the perm-selectivity coefficients didn’t 
varied monotonically with the increase of modified solution 
concentration as expected. Namely, the perm-selectivity was 
strengthened when increasing the concentration of modified 
solution from 1 wt.% to 5 wt.%, whereas the perm-selectivity 
was weakened when continuing to increase it from 5 wt.% 
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Fig. 3. ATR-FTIR spectra of A0 and A5 membrane samples.
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to 10 wt.%. The experimental phenomena should be under-
stood as follows: a moderate increase of modified solution 
concentration can make the modified layer denser, whereas 
an excessive increase in concentration will result in a signif-
icant rise in viscosity of modified solution and then some 

  
                           Membrane surface 

  
Membrane cross-section  

Fig. 4. SEM images of AEMs before and after modification.

Fig. 5. AFM tapping phase image of PVDF-g-PVP layer.
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Fig. 6. The perm-selectivity of membranes between SO4
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flaws appear during the formation of modified layer on the 
base AEM. 

Furthermore, the work performances of the modi-
fied AEMs were continuously investigated in a simulated 
electrodialysis process and compared with those of con-
ventional AEM. It can be seen clearly from Fig. 7 that the 
concentration ratio of Cl– to SO4

2– in the concentrated com-
partments moderately increased with time elapsing when 
the modified AEM was assembled. This showed that the 
transport of SO4

2– across the modified AEM was blocked 
to a large extent and then the separation between Cl– and 
SO4

2– can be carried out. In view of the diversity of appli-
cation background, the influences of anion composition in 
feed solution on the permselectivity of the modified AEM 
between Cl– and SO4

2– were also investigated. As shown in 
Fig. 8, the perm-selectivity coefficients gradually increased 
along with the increase in the concentration ratio between 
Cl– and SO4

2– from 1:1 to 1:10. The deterioration of perm-se-
lectivity between Cl– and SO4

2– should be attributed to a 
higher probability to contact with membrane surface for 

SO4
2– than that for Cl– after the SO4

2– concentration was 
 significantly increased.

3.4. Current–voltage curves 

In order to further explore the interfacial transport phe-
nomena taking placing at the interface of AEM and solu-
tion, I–V curves of AEMs before and after modification 
were measured. Series of typical I-V curves, including an 
ohmic region and a pseudo-plateau region, are demon-
strated in Fig. 9. In view of the employment of the same 
test conditions, the changes of membrane electrical resis-
tance induced by the modification operation can be approx-
imately evaluated according to the corresponding slope of 
the linear part. As can be seen, only a slight increase in elec-
trical resistance (R), less than 6%, was observed. It seemed 
to be puzzling because the weakly charged PVDF-g-PVP 
was used as modified material to adjust the hydrophilicity 
of conventional AEM for a separation between anions with 
different Gibbs hydration energy in this work. The results 
may be understood as follows. Above all, it should be partly 
attributed to the thinness of modified layer which has been 
confirmed by SEM observations and ATR-FTIR analyses. 
On the other hand, the possible roles played by its unique 
micro-phase separation induced by the polarity difference 
between main chain and side chain should also be taken 
into consideration. Just as confirmed many times by the 
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related studies on IEMs for fuel cells, a microphase-sepa-
rated membrane morphology contributes to the simulta-
neous improvements in the mobility and concentration 
of counter-ions in the formed ion nano-channels and then 
facilitates their transport.  

Moreover, the limiting current density which was tra-
ditionally regarded as the maximum current for an eco-
nomical operation in an electrodialysis process can also 
be obtained according to the pseudo-plateau region in the 
I–V curves. Similar to our previous works [16,17], the sur-
face modification of the heterogeneous AEM by the attach-
ment of PVDF-g-PVP polyelectrolyte layer can significantly 
delay the occurrence of concentration polarization at the 
AEM-solution interface. As known to all, the heterogeneous 
membranes usually demonstrate a lower limiting current 
density than that of the homogeneous one because the exis-
tence of non-conductive binders at membrane surface, such 
as Polyethylene and Polyvinyl chloride, will expedite salt 
depletion at the conductive regions [32,33]. One can easily 
imagine that the attached polyelectrolyte layer will contrib-
ute to tangential diffusion of anions from the non-conductive 
regions to the conductive ones and then the ion exhaustion 
was delayed.

3.5. Chronopotentiometric curves 

Subsequently, the chronopotentiometric measurements 
were also carried out to understand the influences of surface 
modification performed in this study on the interfacial trans-
port behaviors. As can be seen from Fig. 10, all the chronopo-
tentiometric curves are smooth and the inflection regions are 
diffuse, which should be the characteristic shape displayed 
by a heterogeneous membrane. Above all, it was observed 
that all the initial potentials were almost equal. This con-
firmed again that there were no significant changes in mem-
brane conductivity before and after modification. In addition, 
based on the relationships between dE/dt and time, it can be 
noticed that the transition time which denoted the time taken 
for the ion depletion at membrane surface to occur after a 
constant current is applied was remarkably prolonged, for 
an example, from 23 s of A0 to 44 s of A10. Furthermore, the 
conducting region fraction increased by 38.3% according to 
an approximate estimation by the modified Sand equation. 
This showed that the attachment of polyelectrolyte modified 
layer did facilitate the tangential transport of ions and then 
improve surface homogeneity.

3.6. Salt diffusion of AEMs

As known to all, a concentration difference between 
the diluted and the concentrated compartments will be 
developed gradually during a practical electrodialysis 
process. Thus, the back diffusion of electrolyte which is 
driven by concentration gradient is unavoidable. Without 
question, this must seriously deteriorate product purity 
and current efficiency. Therefore, it is necessary to inves-
tigate the influences of modification operation performed 
in this work on the back diffusion behaviors of electrolyte. 
The NaCl diffusion coefficients of AEMs before and after 
modification were measured and demonstrated in Fig. 11. 
It can be noticed that the NaCl diffusion coefficients were 

significantly reduced after surface modification. Appar-
ently, this should be ascribed to the relatively hydropho-
bic nature of the PVDF-g-PVP modified layer, which did 
effectively weaken the affinity between membrane sur-
face and hydrated ions. Besides, the confinement effects in 
the nano-channel induced by the micro-phase separation 
in modified layer also contribute to improvements in the 
perm-selectivity of AEM, which were displayed in Fig. 12. 
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As a result, the ability to block the back diffusion of electro-
lytes was significant enhanced after modification.

4. Conclusions

In order to alleviate the trade-off between the special 
perm-selectivity for anions and membrane conductivity, 
a side-chain type polymer, PVDF-g-PVP, was synthesized 
and used for the surface modification of conventional het-
erogeneous AEM in this work. Series of electrodialysis 
experiments in the system of Cl–/SO4

2– confirmed that the 
perm-selectivity between the specific anions were indeed 
achieved through the surface hydrophobilizaiton of AEM 
by coating the weakly alkaline polyelectrolyte. For exam-
ple, the perm-selectivity coefficient, P

Cl
SO

−

−
4
2

, decreased from 
0.824 to 0.390 before and after modification. Especially, it 
was worth noting that relatively small loss of membrane 
conductivity was observed after the above functionality. 
This indicated the micro-phase separation in modified layer 
driven by the polarity difference between main chain and 
side chain of PVDF-g-PVP was conductive to the transport 
of anions therein. At the same time, it also contributed to 
the improvement of the perm-selectivity for the co-ions 
and then effectively impeded back diffusion of electro-
lyte driven by concentration gradient. In addition, the I-V 
curves and chronopotentiometric curves showed that sur-
face homogeneity was simultaneously increased and then 
the occurrence of concentration polarization behaviors 
at the surface of heterogeneous AEM were significantly 
delayed. For instance, the conducting region fraction of the 
conventional heterogeneous AEM increased by 38.3% after 
being modified according to the proposal put forward in 
this study. In brief, it is promising to prepare a modified 
layer from the side-chain type weakly cationic polyelectro-
lyte for improving the comprehensive transport properties 
of heterogeneous anion exchange membrane. 
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