
Desalination 545 (2023) 116159

0011-9164/© 2022 Elsevier B.V. All rights reserved.

Polyelectrolyte multilayers coating of aliphatic polyamide anion-exchange 
membranes to increase monovalent/divalent anions selectivity 
in electrodialysis 

Muhammad Ahmad a,*, Mahmood Ahmed a,*, Shabbir Hussain b, Abid Ali c, Manzar Zahra d, 
Muhammad Imran Din e, Zeeshan Mustafa f 

a Department of Chemistry, Division of Science and Technology, University of Education, Lahore 54770, Pakistan 
b Institute of Chemistry, Khawaja Fareed University of Engineering and Information Technology, Rahim Yar Khan, Pakistan 
c Department of Chemistry, The University of Lahore, Lahore 54000, Pakistan 
d Department of Chemistry, Lahore Garrison University, Lahore, Pakistan 
e Centre for Physical Chemistry, School of Chemistry, University of the Punjab, Lahore 54590, Pakistan 
f Department of Physics, Lahore Garrison University, Lahore, Pakistan   

H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Deposition of PAH/PSS-films on anion- 
exchange membranes increases the 
Cl− /SO4

2− ED selectivity up to 180. 
• Increase in Cl− /SO4

2− selectivity is 
highly dependent on the feed concen
trations and the applied currents. 

• As high as 90 % current efficiencies are 
achieved in ED separations in the Ohmic 
region. 

• Polyelectrolyte multilayers facing either 
the source or the receiving phase show 
different selectivities. 

• Coatings terminated with polycations 
show much lower anion selectivities 
than those terminated with polyanions.  
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A B S T R A C T   

Layer-by-layer (LBL) modification of aliphatic polyamide anion-exchange membranes (AEMs) with poly(4- 
styrenesulfonate) (PSS) and protonated poly(allylamine) (PAH) coatings increases monovalent/divalent anion 
transport selectivities. Remarkably, in electrodialysis (ED) Cl− /SO4

2− selectivities increase from 1.3 to ~180. In 
addition, current efficiencies reach ~90 %. Selectivity, however, decreased to ~50 when the Cl− /SO4

2− source- 
phase ion concentrations increased from 10 to 100 mM and from ~180 to ~10 when the current density went up 
from 0.63 to 2.23 mA⋅cm− 2. The current efficiency also went down to ~50 % at 2.23 mA cm− 2 which indicates 
the introduction of some parasitic phenomenon at higher current densities. Moreover, for a coated membrane, 
the polyelectrolyte multilayer (PEM) coating facing the source phase is comparatively more selective in ED 
whereas the PEM facing the receiving phase is relatively more selective in diffusion dialysis (DD). Also, the (PSS/ 
PAH)11–films (11 bilayers of PSS and PAH polyelectrolytes) which are terminated in polycations show much 
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lower Cl− /SO4
2− selectivity and current efficiency as compared to the (PSS/PAH)10PSS-films (10 bilayers of PSS 

and PAH polyelectrolytes capped with a layer of PSS polyelectrolyte) which are terminated in polyanions. These 
relatively inexpensive but highly selective and current efficient AEMs can be used in ED for the purification of 
salts containing divalent and/or multivalent anions.   

1. Introduction 

Highly selective ion separation methods are gaining much impor
tance in this modern era of technology because of their enormous po
tential to supply materials for devices such as batteries and high 
performance magnets [1,2]. Traditional techniques (e.g. precipitation 
and solvent extraction) can be useful to perform ion-separations, but the 
requirements of long evaporation times and/or toxic chemicals can 
preclude the use of these techniques on a wider scale [3]. Ion separations 
through membranes can be performed continuously often without 
involving any addition of external reagents [4]. Particularly, mono
valent ion permselective (MIP) ion-exchange membranes (IEMs) reject 
divalent and multivalent ions while permitting passage of only mono
valent ions [5–10]. Highly monovalent to divalent (or monovalent to 
multivalent) selective IEMs can be employed in electrodialysis (ED) to 
remove sulfate ions and hence to enhance the quality of edible salt 
[11,12]. In ED, an applied electrical current drives anions and cations 
through IEMs from diluate to concentrate compartments. Therefore, MIP 
membranes can play a prime role in the separation of ions of different 
valence in ED. Some other important areas where MIP membranes can 
extend the applications of ED include separation and purification of 
mixtures of different salts [13], avoidance of crossover of vanadium in 
redox flow batteries [14], electrochemical addition of acid to food 
products to prolong their life spans [15], divalent ions (Ca2+ and Mg2+) 
removal to treat the water hardness [16], and acid recoveries from the 
industrial wastes having metallic salts [17]. 

Highly permselective IEMs can further increase the importance of ED 
by yielding current-efficient separations of ions. However, a typical 
cation-exchange membrane (CEM) demonstrates a lower selectivity 
among cations of different valence and a typical anion-exchange mem
brane (AEM) shows a lower selectivity among anions of different 
valence. Many studies have reported increased selectivities through 
IEMs in dialysis experiments by depositing highly selective coatings 
[5,18–21]. The sign of the fixed charge of a coating matches to that of 
the IEM counterions [22]. Due to electrostatic forces of repulsions, 
counterions for the IEM are excluded [23]. The electrostatic exclusions 
are particularly high for divalent and multivalent ions and thus coatings 
may selectively exclude divalent and multivalent ions because of their 
large hydrated radii and hydration energies [24–26]. A large number of 
studies indicate that layer-by-layer (LBL) deposited polyelectrolyte films 
can serve as highly selective thin films for separation membranes 
[27–29]. The stability of the deposited film for the separation of ions 
comes from hydrophobic interactions and an increased entropy due to 
release of counterions [30,31]. 

In some studies, the monovalent ion permselectivity of membranes 
has been increased by increasing the crosslinking density of a mem
brane’s matrix. Thus, ions of larger hydrated radii feel more hindrance 
during their movement across an IEM. Ge and coworkers added a dense 
top layer onto the surface of a nanofiltration membrane to increase the 
crosslinking density of membrane’s matrix and reported a selectivity of 
7 in a Na+ to Mg2+ separation during ED [32]. However, scaling due to 
formation of precipitates of multivalent ions onto the surfaces of such 
modified membranes can greatly reduce the fluxes of ions of interest 
[33,34]. The LBL deposition of PEMs provides a net charge to the coating 
and hence the scaling process may be decreased considerably due to 
electrostatic forces of repulsions present between a membrane’s surface 
and the precipitates of multivalent ions [30,35]. 

LBL deposition of polyelectrolyte multilayers was employed by a 
large number of research studies to obtain a selective transport of ions 

through IEMs by varying the thickness, swelling and charge density of 
the membrane coating. Abdu et al. deposited thin films on a Neosepta 
CMX IEM by employing LBL deposition of polyethylenimine(PEI)/PSS 
polyelectrolytes to increase the Na+ to Ca2+ ED selectivity from 0.64 to 
1.5 while minimizing the transport resistance of ions through mem
branes [36]. In another study, a layer of PEI film was electrochemically 
deposited on Nafion cation-exchange membranes (CEMs) to achieve a 
Na+/Cr3+ selectivity >10 [37]. White and coworkers also employed the 
same LBL method to deposit five and half bilayers of PAH/PSS poly
electrolytes on Nafion CEMs and remarkably increased the monovalent 
to divalent and monovalent to multivalent cation selectivities >1000 
[19,20]. Zhu et al. used cost effective Fujifilm CEMs and deposited 5.5 
bilayers of PAH/PSS polyelectrolytes by LBL method and achieved the 
same remarkable selectivities of >1000 [9]. Yang and coworkers 
modified Nafion CEMs with the deposition of 5.5 bilayers of PAH/PSS 
polyelectrolytes to improve selectivity among monovalent cations in 
dialysis experiments [10]. 

A number of recent studies also employed the LBL deposition method 
to modify anion-exchange membranes (AEMs) to increase the mono
valent to divalent (or monovalent to multivalent) anions transport se
lectivities. Pan et al. deposited a layer of polyethyleneimine 
electrochemically on the surface of an AEM and then immobilized it 
covalently to achieve monovalent to divalent anions selectivity upto 
4.27 [38]. Zhang et al. used interfacial polymerization to graft a thin 
electronegative layer on an AEM’s surface and thus increased Cl− /SO4

2−

selectivity to 10.3 from 1.8 [39]. Liu and coworkers crosslinked the 
deposited polyelectrolyte multilayers to improve the stability of 
deposited film and reported a selectivity to 4.36 through these films 
[40]. Zhao et al. used electric pulse deposition method to modify AEM 
by depositing layers of N-O-sulfonic acid benzyl chitosan and hydrox
ypropyl trimethyl ammonium chloride chitosan and achieved Cl− /SO4

2−

selectivity up to 47 during first 20 min of ED [41]. In another study [7], 
Fujifilm type-1 AEMs were coated with 5.5 bilayers of PAH/PSS poly
electrolytes and Cl− /SO4

2− selectivity as high as 140 was reported for the 
source phase containing 0.1 M of each NaCl and Na2SO4. The authors 
reported that an increase in monovalent/divalent anions selectivity was 
highly dependent on the source phase salt concentrations. The modified 
AEMs demonstrated an increase in Cl− /SO4

2− selectivity from 1.7 to 5.3 
when the source phase contained 0.01 M concentration with respect to 
each NaCl and Na2SO4. 

A detailed review of the literature indicates that ion transport se
lectivities through ion-exchange membranes coated with polyelectrolyte 
multilayers increases appreciably. But the problem is that the current 
efficiency in the electrodialysis decreases due to an increased hindrance 
to mass transport through polyelectrolyte multilayer coated membranes. 
Therefore, a comprehensive study is required to better understand the 
effect of various factors on the transport of ions across AEMs in elec
trodialysis experiments. A number of factors such as current density, 
source phase concentration and the side of coating can play a prime role 
on the fluxes of anions, their selectivities and current efficiencies in ED. 
An estimation of the value of limiting current is also important to make 
ED separations of anions as current efficient. Moreover, it is imperative 
to explore relatively inexpensive anion-exchange membranes to 
decrease the cost of ED separations. In addition, we need to further in
crease the monovalent to divalent anion selectivities to increase the 
usefulness of AEMs in ED. 

In this study, we have employed relatively inexpensive Fujifilm type- 
1 anion-exchange membranes and performed their modification by 
depositing 10.5 bilayers of PAH/PSS polyelectrolytes to completely 
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cover and modify the inhomogeneous surfaces of the membranes. Such a 
modification of AEMs remarkably increases the monovalent/divalent 
anions selectivity in ED. The ED and DD selectivities are comparatively 
higher than those reported in the literature. We measured an estimated 
value of the limiting current using I-V curves method and then we per
formed ED separations at different current densities to see the effect of 
current density on the fluxes of ions, selectivities and current efficiency 
in the Ohmic, plateau and overlimiting zones. 

Next, we performed a range of experiments to better understand the 
transport phenomenon of cations and anions across an AEM in the 
electrodialysis experiments. We also tried to decrease the hindrance to 
mass transport by coating the membranes on only one side and thus 
measured the difference in selectivity due to the PEM coating either 
facing the source phase or the receiving phase. Finally, we performed ED 
in a 2-compartment cell and compared its performance with that of a 3- 
compartment cell and figured out the reasons behind the differences in 
the performances of both cells. 

2. Experimental 

2.1. Materials 

Sodium sulfate, poly(sodium 4-styrenefulfonate, Mw = 70,000 Da), 
and poly(allylamine hydrochloride, Mw = 17,500 Da) were acquired 
from Sigma-Aldrich. Jade Scientific provided the sodium chloride and 
potassium chloride. Potassium sulphate was acquired from VWR, 
whereas sodium bicarbonate and sodium carbonate were procured from 
Columbus Chemicals. All the chemicals were used as received, whereas 
all solutions were prepared using DI H2O (Milli-Q reference Ultra-pure 
Water Purification System, 18 M cm). The pH levels of the both PSS 
and PAH polyelectrolyte solutions were adjusted using 0.1 M solutions 
of HCl and NaOH. Fujifilm type-1 cation-exchange membranes and 
Fujifilm type-1 anion-exchange membranes were purchased from Fuji
film. Alumina membranes (pore size = 20 nm, diameter 25 mm) were 
purchased from Whatman. 

2.2. Characterization of CEMs and AEMs 

A Magellan 400 FESEM (field-emission scanning electron micro
scope) was used to take images of bare and coated membranes. The AEM 
samples were dried for 24 h at 30 ◦C in a vacuum oven and were sputter 
coated with 2 nm thick iridium layers before taking images. 

The ion exchange capacities (IECs) of CEMs and AEMs were 
measured by immersing them in 0.1 M KCl solution for 3 days and the 
solutions changed to fresh solutions after every 24 h to equilibrate the 
membranes with the solution. After equilibration, the excess solution 
was removed by rinsing the membranes for ~6 s with DI H2O from a 
wash bottle. Next, the AEMs were soaked in 50 mL solution containing 
0.01 M NaHCO3 and 0.1 M Na2CO3 for 2 days to remove the Cl− ions 
from AEMs into the solution and CEMs were soaked in 50 mL solution 
containing 0.1 M NaCl for 2 days to remove K+ ions from the CEMs into 
the solution. The concentration of Cl− in AEMs was measured with ion 
chromatography and the concentration of K+ in CEMs was measured 
with ion coupled plasma optical emission spectroscopy. The ion ex
change capacities of the membranes were measured by calculating the 
total mmol of ions displaced from the membranes and then dividing 
them with the dry weights of membranes. 

Resting drop method [42] was used to determine the water contact 
angles of the swollen surfaces of AEMs and CEMs. The distilled H2O was 
used as a test liquid. After the test drop touched the surface of the AEMs 
and CEMs, the water contact angle was measured in 20 s. 

2.3. Polyelectrolyte multilayered film deposition and thickness 
measurement 

A mechanical die was used to punch Fujifilm cation- and anion- 

exchange membranes into 25-mm disks. The punched membranes 
were kept in a 0.01 M NaCl solution overnight for pretreatment. Mem
branes were thoroughly rinsed with DI H2O after pretreatment with a 
squirt bottle. For modification, AEMs were soaked in PSS and PAH so
lutions alternatively for approximately 10 min. The solutions of both 
PSS and PAH polyelectrolytes were prepared in 0.5 M NaCl while the 
concentrations of repeat units in both polyelectrolyte solutions were 25 
mM. The pH of the polyelectrolyte solutions was set to ~2.3 with 0.1 M 
NaOH and 0.1 M HCl solutions. The AEMs were thoroughly rinsed with 
DI H2O for 30 s to remove weakly attached polyelectrolytes in between 
any two adsorptions of polyelectrolyte layers. A Teflon O-ring holder 
was used to coat only one side of the AEMs where just one side of the 
AEM was exposed to the polyelectrolyte and rinsing solutions. 

Au-coated Si wafers were employed to measure the (PAH/PSS)10PAH 
film thickness using ellipsometry. Initially, the wafers were cleaned for 
15 min in a UV/O3 chamber and were then immersed in 0.005 M 
ethanolic solution of 3-Mercaptopropionic acid (MPA) overnight. After 
depositing a layer of MPA, wafers were rinsed with DI H2O and C2H5OH. 
Next the wafers were dried with N2 gas and these modified wafers served 
as a substrate for the deposition of (PAH/PSS)10PAH films. The coating 
of the wafers started with the deposition of PAH layer, where wafers 
were immersed in 25 mM PAH solution prepared in a 0.5 M NaCl as a 
supporting electrolyte (pH 2.3) for 10 min. After depositing PAH layer, 
wafers were thoroughly rinsed with DI H2O from a squirt bottle for 30 s. 
Next the wafers were immersed in PSS solution of same strength, pH and 
supporting electrolyte. The deposition of polyelectrolytes was repeated 
to deposit the (PAH/PSS)10PAH-film where the wafers were thoroughly 
rinsed with DI H2O between any two consecutive adsorptions. A spec
troscopic ellipsometer (alpha-SE, J.A. Woollam) was used to measure 
the dry thickness of the deposited film at an incident angle of 70◦. Before 
performing in situ ellipsometry, the modified Au-coated wafers were 
soaked in the 0.01 M solution with respect to each NaCl and Na2SO4 for 
90 min. in a 500 μL liquid cell (J.A. Woollam). Cauche model was used to 
fit film refractive indices in these experiments. The model specified DI 
H2O as the ambient medium (25 ◦C) for films in solution. In a prior 
experiment, the gold substrate n and k values were determined in air. 
Three replicate films on three different wafers were used to perform 
ellipsometric measurements on two or three spots for each wafer. 

2.4. Measurement of current-voltage (I-V) curves 

I-V curves were measured in a home-made 2-compartment cell 
similar to that for ED. A potential was applied across the platinum 
electrodes inserted into the source and receiving phases to generate a 
constant current across the membrane. The voltage drop across the AEM 
was measured with the help of a multimeter attached to Ag/AgCl 
reference electrodes which were sealed into Luggin capillaries. The 
capillaries were kept close to the membrane’s surface (within 4 mm) to 
minimize the voltage drop through the solution. The values of current 
densities ranged from 0 to 3 mA/cm2 and the potential drop across the 
membrane was measured from the potential difference between Ag/ 
AgCl reference electrodes at an applied current density value. Both the 
receiving and source phases were 0.01 M with respect to NaCl and 0.1 M 
with respect to Na2SO4. The phases were stirred vigorously throughout 
the measurements to keep the concentration polarization minimum near 
the membrane’s surface. In a similar way, the resistance of bare AEM 
was measured by obtaining a plot between an applied current density 
and the potential drop across the membrane. The reciprocal of the 
resistance yielded conductance of the membrane. 

2.5. Electrodialysis 

A homemade electrochemical cell having three separate 100 mL 
glass compartments was used to separate Cl− and SO4

2− ions. The com
partments were clamped together with O-rings (Fig. 1) and the exposed 
area of membranes was 3.1 cm2 in these cells. An electric potential was 
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applied to two platinum wires inserted into the solutions of outer two 
compartments, such that anode was dipped in an isolated compartment 
(containing 0.01 M Na2CO3 initially) whereas cathode was dipped in the 
source phase. The central compartment initially contained 0.01 M 
Na2CO3 as a receiving phase. A bare pretreated CEM was inserted be
tween the receiving and the isolated anodic compartments and the 
coated AEM was inserted between the receiving and source phases. 
Under an applied potential, anions move from the source to receiving 
(central) compartment but a CEM blocks their migration from receiving 
to the isolated phase. Cations migrate through CEM from isolated anode 
to the receiving phase. A potentiostat (CH instrument model 604) was 
used to produce a constant current density of 0.63 mA cm− 2 across the 
membranes by applying the potential across a resistor (499 Ω). The 
resistor was attached to the reference and working electrodes. The 
potentiostat’s reference terminal was attached to the Pt anode inserted 
in the isolated phase compartment whereas counter terminal of poten
tiostat was attached to Pt cathode inserted in the source phase [20]. In 
some studies, applied voltage was increased or decreased to generate 
lower or higher current densities by employing the same 499 Ω resistor. 
A vigorous stirring of all the phases was performed during dialysis ex
periments to keep the concentration polarization minimum near the 
membrane’s surface. The purpose of using an isolated compartment was 
to avoid the formation of Cl2 gas in ED due to oxidation of Cl− ions on 
anode which can potentially damage the polyelectrolyte film deposited 
on the AEM [43]. 1 mL sample aliquots were withdrawn from the 
receiving compartment periodically during 2 h of ED. Equal volumes in 
all the compartments were maintained by withdrawing corresponding 
aliquots from the source and isolated phases as well. Ion chromatog
raphy (Thermo Dionex ICS-5000 Ion Chromatograph) was employed to 
determine the concentration of target anions whereas source phase 
concentrations were also analyzed occasionally. The calibration curves 
were obtained by using a number of dilutions with DI H2O of a seven- 
anion standard solution (Thermo Fisher, USA). In some experiments, 
ICP-OES (inductively coupled plasma-optical emission spectroscopy, 
Perkin Elmer Optima 8000 Prep 3) with calibration curves was used to 
determine the concentrations of cations. For diffusion dialysis, the same 
three compartment cell was employed without any applied current. 

The amounts of Cl− and SO4
2− ions permeated through the bare and 

coated AEMs were plotted against time. The fluxes of anions of interest 
were estimated by dividing the slopes of these plots by a membrane’s 
exposed area. To allow steady state to occur, slopes were measured only 
from the data points obtained after 30 min in a 120 min dialysis 
experiment. When the source phase contained equal concentrations of 
Cl− and SO4

2− ions, the Cl− /SO4
2− selectivities were determined by 

dividing the flux of Cl− with that of SO4
2− . 

The minimum calculated selectivities are shown as > values with the 
limit as the smallest selectivity from three different AEMs because the 
calculated selectivities show large deviations due to variations in the 
low multivalent ions fluxes. 

The transference number, ti, was determined by employing Eq. 1 
[20,43], where Ji is the molar flux of ion i, zi is the ion charge, Fis the 
Faraday constant, and I is the current density. 

ti =
JixzixF

I
(1) 

Eq. (1) employs the total ion flux, which may occur either due to 
diffusion or the applied current. Therefore, this method overestimates ti 
values when diffusive transport is significant (see the results and dis
cussion section for more details). 

3. Results and discussion 

Fujifilm ion-exchange membranes are made up of an aliphatic 
polyamide matrix which is impregnated in a fibrous support. Firstly, this 
section shows the surface morphology study of bare and coated Fujifilm 
AEMs and then explores the remarkable improvement in transport 
selectivity of anions that results from LBL deposition of PEMs on these 
substrates. In addition, we estimate current efficiencies and examine if 
selectivities and current efficiencies depend on whether films terminate 
in a polycation or a polyanion. Later subsections investigate limiting 
currents and the effect current density and source phase concentration 
on selectivities. 

3.1. Characterization of Fujifilm anion-exchange membranes 

Deposition of defect-free polyelectrolyte films requires IEMs having 
smaller pore sizes (diameters <20 nm) [44]. Fig. 2 shows some SEM 
images of Fujifilm type-1 AEMs. Although these membranes do not 
demonstrate especially coarse surfaces, they carry some channels of 
widths of 10’s of micrometers (please see Fig. 2 C). A LBL deposition of 
PEMs likely covers both the upper surfaces and the channels. Indeed, 
one of the impressive features of LBL deposited films is conformal 
coverage of 3-dimensional surfaces [45]. Images of modified mem
branes show small nodules that are probably polyelectrolyte complexes 
that form during the LBL deposition of polyelectrolyte layers. The 
presence of these nodules in both channels and on the surface may 
indicate coverage of the entire membrane. 

The SEM images of the coated membranes were taken when they 
were dry but their modification was performed in the wet form. The 
IEMs swell due to excess intake of water when they are wet but shrink 
due to the evaporation of water when they get dry. The undulating 
patterns as shown in Fig. 2D are likely formed because of the evapora
tion of water and thus a decrease in the volume of the membrane. Image 
2F was taken to see if the PEMs cover the inner sides of the channels. The 
image shows the deposition and stacking of the polyelectrolyte multi
layers both on the surface as well as inside the channels. In this figure, 
the nodules of the polyelectrolyte complexes can be seen both on the 
surface as well as inside the channels of the membranes. 

The IECs of the AEMs and CEMs were estimated by calculating the 
total mmol of ions displaced from the membranes and then dividing 
them with the dry weights of membranes. The IECs were found to be 
1.63 ± 0.6 mmol/g and 1.48 ± 0.5 mmol/g for the AEMs and CEMs 
respectively. 

Resting drop method was used to measure the contact angle of CEMs 
and AEMs and it was found to be 36.5 ± 2.4◦ and 29.8 ± 1.9◦ for CEMs 
and AEMs respectively. 

3.2. Measurement of (PAH/PSS)10PAH film thickness and ion 
permeability coefficients 

Ellipsometry was used to measure the (PAH/PSS)10PAH-film 

Cathode
( - )

Anode
( + )

Source 
Phase

Receiving 
Phase

Isolated 
Phase

Overhead
Stirrer

Coated AEMStandard CEM

Stir Bar

Fig. 1. Homemade ED setup consisted of three 100 mL glass compartments 
filled with respective phases. To avoid leaking, compartments were joined by 
2.5 cm number 15 flat joints having embedded tracks for O-rings. 
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thickness and Cauche model was employed to fit film refractive indices, 
where DI H2O was specified as ambient medium at 25 ◦C. Ellipsometric 
measurements were performed on 2 or 3 spots of each wafer. Three 
triplicate films on three different wafers were used for these measure
ments. The fitted refractive index for the swollen film was 1.460. The dry 
thickness of the (PAH/PSS)10PAH film assembled on Au-coated wafer 
was found to be of 620 ± 6 Å, whereas thickness of the film in 0.01 M 
solution with respect to each NaCl and Na2SO4 was found to be 945 ± 7 
Å. 

We estimated the ion permeability coefficients in the (PSS/ 
PAH)10PSS films by depositing these films on porous alumina substrate. 
The diffusion dialysis fluxes of ions through these membranes depend on 
both the alumina substrate and the coating. Eq. (2) [46,47] describes the 
flux of salt, j, through each region of these composite membranes. 

j = PΔC (2)  

where ΔC is the concentration difference across the membrane and P is 
the local permeance. Eq. 3 [46] describes the film permeance, Pfilm. In 
Eq. (3), Pcomposite, is the permeance of the coated alumina membrane and 
Psupport is the permeance of the bare membrane. 

Pfilm =
PcompositePsupport

Psupport − Pcomposite
(3) 

We used Eq. (2) to determine the values of Pcomposite and Psupport for 
sodium chloride and sodium sulfate. Next we employed Eq. (3) to esti
mate the values of Pfilm for NaCl and Na2SO4. The Pfilm values for NaCl 
and Na2SO4 were found to be 5.12 μm/s and 1.24 μm/s respectively. 
Then, we used salt permeance values in eq. 4 to determine the ion 
permeance coefficients. Eq. (4) [47] describes the Psalt (salt permeance) 
in terms of Pcat (cation permeance) and Pan (anion permeance). In this 
equation, zcat is the charge on the cation and zan is the charge on the 
anion. 

Psalt =
− zanPanPcat + zcatPanPcat

zcatPcat − zanPan
(4) 

To describe PNaCl and PNa2SO4, Eq. (4) provides 2 separate equations in 
terms of PCl− , PSO42− , and PNa+. We require one more independent equa
tion to determine the values of ion permeances. Literature suggests that 
PAH/PSS films are selective for anions transport over cations transport. 
The Cl− transference number was found to be ~0.65 through PAH/PSS 
films, whereas K+ transference number was ~0.35. The same behavior 

was assumed for Na+ and Cl− to obtain another independent equation to 
estimate the PCl− , PSO42− , and PNa+ values. 

We calculated the ion permeability coefficients of 2.44 × 10− 11 dm2/ 
s for Cl− , 1.71 × 10− 12 dm2/s for SO4

2− , and 1.22 × 10− 11 dm2/s for Na+

ions. We used Na2CO3 as an eluent in ion chromatography and thus we 
could not determine its permeability coefficients. However, we can as
sume that permeability coefficient of CO3

2− will approximately be the 
same as that of SO4

2 ions. Literature [48] suggests the values of diffusion 
coefficients of 4.61 × 10− 8, 2.43 × 10− 8, 2.18 × 10− 8, and 3.02 × 10− 8 

dm2/s for Cl− , SO4
2− , CO3

2− , and Na+ ions respectively in the anion- 
exchange membranes. 

3.3. Current-voltage (I-V) curves 

The values of limiting currents for the AEMs coated with different 
PAH/PSS-films were measured by employing current-voltage curves 
method. An estimation of Ilim values is important to perform a current 
efficient separation of ions in electrodialysis. A four-point approach was 
opted to measure current-voltage curves in an electrochemical cell. To 
establish a constant current across the membrane, a potential was pro
vided to the Pt electrodes dipped into the receiving and source phases. 
At the same time, both phases were aggressively swirled to lessen con
centration polarization. To reduce the voltage drop across the solution 
between the AEMs and the reference electrode, the Haber-Luggin cap
illaries were kept within 4 mm of the AEM’s surface. At current densities 
increasing from 0 to 4.7 mA cm− 2, the voltage drop across the unmod
ified and modified membranes was calculated using the electrical po
tential difference between the reference electrodes. For these 
measurements, 0.01 M NaCl and 0.1 M Na2SO4 were present in both the 
source and the receiving phases. The high concentration of multivalent 
anions is needed to decrease the solution resistance and to accurately 
measure the transmembrane potential. Over the course of I-V mea
surements, the pH of the source phase changed from ~6.6 to ~10.7 and 
the receiving phase pH decreased from ~6.6 to ~3. 

The limiting current can be estimated using I-V curves. Three zones 
make up a typical I-V curve, as indicated in the Fig. 8. The potential drop 
across an IEM in the ohmic zone rises linearly at low current density 
values. However, the voltage drop across an IEM increases rapidly when 
current density values increase beyond the limiting current density to 
form a “plateau area”. An overlimiting area eventually develops at even 
higher values of current density, where several phenomena, including 

Fig. 2. SEM images of a bare (A, B & C), and (PSS/PAH)10PSS-modified (D, E & F) Fujifilm anion-exchange membranes.  
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electro-convection and water splitting, cause the current to grow. An 
estimate of the limiting current can be obtained from the junction of the 
lines designating the ohmic and plateau regions. 

Fig. 3 shows I-V curves for a bare membrane and (PSS/PAH)10PSS- 
and (PSS/PAH)11-coated AEMs. In these studies, the solutions contained 
0.01 M NaCl and 0.1 M Na2SO4 in both the receiving and the source 
phases. The high SO4

2− concentration minimizes the solution resistance 
to allow an accurate measurement of the transmembrane potential dif
ference, but if the membrane is not highly selective SO4

2− passage may 
increase the limiting current. This is a major limitation of these exper
iments because in ED experiments with a current density of 0.63 mA 
cm− 2, the ratios of Cl− and SO4

2− fluxes were only 2. Moreover, this ratio 
may decline further at higher current densities. Thus, the limiting cur
rents likely represent the sum of Cl− and SO4

2− transport. Unfortunately, 
lower SO4

2− concentrations in the solutions lead to unacceptably high 
potential drops. 

The I-V curves for AEMs coated with (PSS/PAH)10PSS on both sides 
or on the cathode side exhibit distinguishable ohmic, plateau and 
overlimiting regions, with a limiting current density of 1.7–1.8 mA 
cm− 2. The overlimiting region is not as distinct for the (PSS/PAH)11- 
coated membrane, but the limiting current density is around 2 mA cm− 2. 
For the same current density, the potential drop across (PSS/PAH)11- 
coated membranes is marginally lower than the potential drop across 
(PSS/PAH)10PSS membranes, presumably because termination with a 
polycation leads to less electrostatic exclusion of anions. Again, we 
emphasize that the limiting current includes a large contribution from 
SO4

2− transport. 
Fig. 3 also shows the I-V curves for AEMs modified with (PSS/ 

PAH)10PSS films on either their anode-facing or cathode-facing side. 
Bare membranes and the modified membrane with the film on the anode 
side behave similarly showing only ohmic regions. In contrast, the 
membrane with (PSS/PAH)10PSS on the cathode side shows ohmic, 
plateau and overlimiting regions similar to those of an AEM coated on 
both sides. When the film faces the anodic phase, accumulation should 
occur at the AEM-PEM interface and the limiting current due to con
centration polarization at the source-phase/AEM interface is likely 
higher than 4 mA cm− 2. 

We measured resistance of the bare AEM using the same approach 
where a plot between the applied current density and the voltage drop 
across the AEM was obtained. For this purpose, we employed 0.01 M 
NaCl and 0.1 M Na2SO4 both in the source and receiving phases. The 
resistance of the solution was measured separately and the resistance of 
the bare membrane was measured by subtracting the resistance of so
lution from the obtained combined resistance of solution and mem
brane. Conductance of the membrane was measured by taking the 
reciprocal of the membrane’s resistance which was 0.056 ± 0.005 Ω− 1. 

3.4. Electrodialysis and diffusion dialysis with bare and modified anion- 
exchange membranes 

After estimating the values of Ilim through I-V curves, we used the 
coated AEMs in electrodialysis and diffusion dialysis experiments to 
yield a selective transport of anions. Deposition of (PSS/PAH)10PSS- 
films on Fujifilm anion-exchange membranes yields an impressive in
crease in electrodialysis selectivity for Cl− over SO4

2− ions. Fig. 4 depicts 
the total moles of Cl− and SO4

2− in the receiving phase versus time during 
120 min of ED from a source phase which contained 0.01 M NaCl and 
0.01 M Na2SO4. Bare membranes show high passages of both Cl− and 
SO4

2− ions and the average Cl− /SO4
2− selectivity of the unmodified 

membrane was only 1.3. However, after modifying Fujifilm AEMs with 
(PSS/PAH)10PSS films on both sides, the SO4

2− flux decreases to nearly 
undetectable levels and the Cl− flux increases, giving rise to a remark
able Cl− /SO4

2− selectivity of around 180. This value is much greater than 
the typical selectivities of AEMs [49–51] and indicates that poly
electrolyte films fully cover the surface and channels in Fujifilm mem
branes. Thus, PEMs deposited on an AEM act as a selective barrier. 
Increasing the number of bilayers increases the thickness of the film and 
the selectivity of monovalent to divalent ions through a membrane [36]. 
However, increased thickness of the film slows down the electrodialysis 
process and hence the recovery of the ions of interest. We found the 
thickness of 10.5 bilayers of PSS and PAH polyelectrolyte as optimum to 
give us a reasonable flux and a remarkable selectivity through the 
membranes. As Table 1 and Fig. 4 show, the ED Cl− flux through the 
modified membranes increases on average 43 % compared to the bare 
membranes because Cl− ions carry a major portion of the current in the 
coated system. 

We also performed DD using the same 3-compartment cell and so
lutions as in ED but without applying any current. For unmodified 
membranes, the Cl− fluxes in DD were about 20 % lower than those in 
ED (Table 1), and the Cl− /SO4

2− selectivity was 1.7. The (PSS/ 
PAH)10PSS-modified membranes showed a 70 % decline in Cl− flux on 
going from ED to DD, but the SO4

2− flux decreased even more to give a 
Cl− /SO4

2− selectivity >280. The (PSS/PAH)10PSS film clearly provides a 
barrier that decreases diffusive flux compared to a bare membrane, but 
the barrier is selective for Cl− over SO4

2− . 
The DD fluxes through the (PSS/PAH)10PSS-coated AEMs are higher 

than one might expect because Cl− and SO4
2− diffusion from a source to a 

receiving phase requires either counter diffusion of CO3
2− or co-diffusion 

of Na+ through the AEMs. For the bare membrane, counter diffusion of 
CO3

2− may readily occur, but we would expect the coated membranes to 
resist passage of all divalent anions. Below we discuss the mechanisms 
for maintaining electrical neutrality in more detail. 
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As Fig. 4 shows, the total μmoles of Cl− and SO4
2− ions in the source 

phase increase essentially linearly versus time. A small decrease in Cl−

flux near the end of 2 h of ED might occur and stem from an increase in 
the amount of OH− in the source phase (cathodic compartment). Over 
the course of ED, the pH of the source phase goes up from 6.5 to 10.9 
(coated membranes) and from 6.5 to 11.1 (bare membranes), whereas 
the receiving phase pH goes a little down from 11.3 to 11.1 (for both 
bare and modified membranes). A 0.01 M solution of Na2CO3 in the 
receiving and isolated anode compartments resists the significant pH 
change that should result from formation of protons at the anode. During 
ED, the pH of the isolated phase decreases more (from 11.3 to 10.7) than 
the pH of the receiving phase. In DD, the amounts of Cl− and SO4

2− in
crease linearly with time due to the low receiving-phase concentrations 
of these ions and, hence, a constant concentration gradient across the 
membrane. 

To examine whether selectivity depends on the composition of the 
terminating polyelectrolyte layer, we also determined the selectivities of 
membranes coated with (PSS/PAH)11 films, which terminate in a poly
cation (PAH). Fig. 5 demonstrates the total moles of Cl− and SO4

2− that 
permeated through the membrane during 2 h of DD or ED. Over the first 
30 min of ED, the Cl− flux was about 9.80 ± 0.38 nmol cm− 2 s− 1, but 
then it decreased significantly to 4.65 ± 0.34 nmol cm− 2 s− 1 during the 
remaining 1.5 h of dialysis. The SO4

2− flux increased to 0.467 ± 0.120 
nmol cm− 2 s− 1 after 30 min giving rise to a selectivity of 10 ± 3 in ED. 
We think that SO4

2− adsorption into these polycation-terminated films 

increases films swelling to decrease selectivity. The Cl− flux declines 
because SO4

2− carries a larger fraction of the current. We performed 
another 2 h of ED with the same membranes after rinsing the cells with 
DI H2O and refilling them with new solutions. For the second 2 h of ED, 
plots similar to Fig. 5 showed linear trends over the entire time. The Cl−

flux decreased to 4.4 nmol cm− 2 s− 1 while the SO4
2− flux increased to 

0.67 nmol cm− 2 s− 1 to give a Cl− /SO4
2− selectivity of ~7. In DD, the Cl−

flux was 4.56 ± 0.98 nmol cm− 2 s− 1 during the first 30 min and then 
decreased significantly to 1.80 ± 0.14 nmol cm− 2 s− 1 during remaining 
90 min which again in part be due to an increase in the SO4

2− flux after 
30 min of diffusion dialysis. 

To measure the Cl− /SO4
2− selectivity, we used AEM between the 

central and the cathodic compartment to transport our ions of interest 
from the source (cathodic) to the receiving (central) phase. We inserted 
a bare CEM between the central and the anodic compartment to block 
the passage of Cl− to the anodic compartment and hence to avoid the 
oxidation of Cl− ions into Cl2 gas on the anode. Conversion of Cl− into 
Cl2 could alter our results. Also, literature suggests that Cl2 gas can 
potentially destroy the deposited PEMs on the IEMs. Therefore, it was 
important to isolate the anodic compartment from the receiving phase 
by inserting a standard CEM. It is important to note that OH− ions are 
produced due to the reduction of water on the cathode, which may carry 
current across the AEM (in addition to our anions of interest) to decrease 
the current efficiency. At 2 mA cm− 2 applied current density, the con
centration of OH− ions in the source phase at the end of 2 h ED is only 
0.0017 M which is much lower as compared to the concentrations of Cl−

in the source phase. We used a four compartments cell to avoid the 
transport of OH− across an AEM, where we isolated the source phase 
from the cathodic compartment by inserting a CEM between them but 
the pH of the source and the cathodic was not found much different from 
each other. The OH− ions are highly mobile and the applied electric 
potential favors their movement from cathodic compartment to the 
source phase. Also when we used 0.005 M or 0.01 M concentrations with 
respect to each NaCl and Na2SO4 in the source phase, the electrical 
resistance of the four compartments ED setup increased unacceptably 
and we were unable to generate higher current densities to study the 
transport phenomenon in the overlimiting zone. Keeping in view all 
these factors, we used 3-compartment electrodialysis setup and per
formed the ED experiment for 2 h to keep the concentration of OH− ions 
lower in the source phase. Unfortunately, there would be a small portion 
of the current being carried by OH− ions especially near the end of 2 h 
ED. 

We used sodium carbonate solution as the receiving phase because in 
ion chromatography the suppresser suppresses the concentration of 
carbonate ions and we do not get any additional peak in the ion chro
matograph due to them. However, we could get giant peaks in ion 
chromatographs if we employ some other salt solutions (such as NaNO3, 
Na3PO4, Na2SO4 etc.) as the receiving phase which may interfere with 
the peaks of our ions of interest and hence with the accuracy of our 
results. We used sodium carbonate in the anodic compartment as well 
instead of some other salts (such as NaNO3, Na2SO4 etc.) because our 
CEMs are not 100 % selective for cations over anions and diffusion of 
SO4

2− ions from anodic compartment to the receiving phase could alter 
our results. Moreover, Na2CO3 acts as a buffer to resist a change in the 
pH of the anodic compartment due to the production of H+ ions on the 
anode. 

To measure the stability of coating at a wider range of pH, we kept 
our coated membranes in 0.5 M NaOH solution overnight and then 
performed the ED through them. The ED results (in terms of fluxes of 
ions and selectivities) were not different from those obtained through 
coated membranes which were not kept in 0.5 M NaOH solutions 
overnight. Similarly, we kept our coated AEMs in 0.5 M HCl solutions 
overnight prior to using them in ED. Again the results were not found 
different. This shows that the membranes are stable at a wider range of 
pH. 

Table 1 
Cl− and SO4

2− fluxes and Cl− to SO4
2− selectivities during DD and ED through 

coated and bare Fujifilm AEMs. 0.01 M Na2CO3 was used as a receiving phase 
initially, the source phase was 0.01 M with respect to each NaCl and Na2SO4, and 
0.63 mA cm− 2 was the current density. The current efficiencies were calculated 
in terms of transference numbers in ED which are listed in parentheses.   

Fujifilm 
membrane 

Cl− flux (nmol 
cm− 2 s− 1) 

SO4
2− flux (nmol 

cm− 2 s− 1) 
Selectivity 

ED (PSS/PAH)10PSS- 
coated 

5.94 ± 0.13 
(0.90 ± 0.02) 

0.036 ± 0.009 
(0.011 ± 0.003) 

180 ± 60 

Bare 4.15 ± 0.18 
(0.63 ± 0.02) 

3.13 ± 0.14 (0.95 
± 0.04) 

1.33 ±
0.01 

DD (PSS/PAH)10PSS- 
coated 

1.81 ± 0.22 <0.0067 >244 

Bare 3.44 ± 0.06 2.08 ± 0.12 1.66 ±
0.07 

ED (PSS/PAH)11- 
coated 

4.65 ± 0.34 
(0.70 ± 0.05) 

0.467 ± 0.120 
(0.141 ± 0.036) 

10 ± 3 

DD (PSS/PAH)11- 
coated 

1.80 ± 0.14 0.096 ± 0.032 21 ± 6  
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compartments contained 0.01 M Na2CO3 as initial solutions. The open symbols 
represent DD and filled symbols represent ED through (PSS/PAH)11 modified 
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3.5. Selectivities of membranes coated on one side 

One-sided coated membranes (rather than coated on both sides) may 
show less resistance to mass transport. Thus, we examined the DD and 
ED fluxes of targeted anions through one-sided coated AEMs where 
coating either faced the anode or the cathode. Table 2 compares ED and 
DD ion fluxes and Cl− /SO4

2− selectivities for bare and several membranes 
modified on only one side. With (PSS/PAH)10PSS films and comparison 
of the one-side and two-side coated membranes, the ED and DD selec
tivity is at least an order of magnitude higher for films coated on both 
faces. Moreover, for single-side coated membranes, the ED selectivity 
with the coating facing the cathode (equivalently facing the receiving 
phase) is double that when the coating faced the anode. In some pre
vious work with cation transport through modified CEMs, a similar 
trend where the K+/Mg2+ selectivity was higher with the coating facing 
the anode was reported [9]. This effect likely stems from concentration 
polarization at the AEM-coating interface when the coating faces the 
receiving phase in ED (Fig. 6). Inside the AEM anions are the primary 
current carriers, but both the monovalent ion and Na+ carry current 
through the (PSS/PAH)10PSS film. Thus, the anion and cation concen
trations, especially the divalent ions, will increase near the membrane/ 
film interface. When the membrane faces the source phase, sulfate will 
accumulate at the surface of the (PSS/PAH)10PSS film, but high diffusion 
coefficients in solution will help mitigate this concentration 
polarization. 

In all cases, the Cl− and SO4
2− fluxes are lower in DD than in ED. 

However, the Cl− /SO4
2− selectivity trends among the different mem

branes listed in Table 2 are different for ED and DD. In particular, in DD 
selectivity for single-side coated membranes is higher when PEMs faced 
the receiving phase. The (PSS/PAH)10PSS film may become more se
lective due to lower ion chemical potentials at the membrane-film 
interface compared to at the solution-film interface when PEMs faced 
the source phase. 

3.6. Estimation of current efficiencies 

High current efficiencies are important for creating energy-efficient 
ED separations. However, determining current efficiencies in the 
three-cell setup is difficult due to the presence of both diffusive and 
electromigration transport. Moreover, the non-electrical transport in
volves coupled ion diffusion. One could simply subtract the DD flux from 
the ED flux to try to calculate transport due to electromigration, but the 
electrically coupled ion diffusion may change significantly due to the 
applied electrical potentials in ED. 

To better understand the electrically coupled diffusion, we replaced 
the 0.01 M NaCl, 0.01 M Na2SO4 source phase with 0.01 M KCl, 0.01 M 
K2SO4 so we could determine whether there is significant cation 
movement from the receiving to the source phase and vice versa. In DD, 
the flux of K+ permeating to the receiving phase was 0.191 ± 0.032 

nmol cm− 2 s− 1, whereas the flux of Cl− permeating to the receiving 
phase was 1.76 ± 0.21 nmol cm− 2 s− 1. The co-diffusion of K+ and Cl−

would account for only 12 % of the Cl− diffusive flux. Unfortunately due 
to the use of CO3

2− as an eluent in ion chromatography, we could not 
measure the CO3

2− flux to the source phase. However, ICP analysis 
indicated an undetectable Na+ concentration in the source phase, ruling 
out significant co-diffusion of CO3

2− and Na+ to the source phase or 
counter-diffusion of Na+ and K+. During 2 h of DD, the source-phase pH 
increased from 6.5 to 10.2 while the receiving phase pH decreased from 
11.4 to 10.7. These pH changes suggest coupled counter-diffusion of Cl−

with OH− or CO3
2− . Because CO3

2− is divalent, we suspect the coupled 
diffusion primarily occurs with OH− . We performed DD experiments to 
understand of co-diffusion of cations and counter diffusion of anions 
through AEMs. 

In ED with 0.01 M KCl, 0.01 M K2SO4 as the source phase and (PSS/ 
PAH)10PSS-coated membranes (both sides), the flux of K+ to the 
receiving phase was only 0.029 ± 0.006 nmol cm− 2 s− 1, consistent with 
the applied potential decreasing cation transport to the source phase. 
Similarly, the flux of CO3

2− or OH− to the source phase should also 
decrease in ED compared to DD to reduce coupled anion counter- 
diffusion. When we used 0.03 M NaHCO3 in the receiving phase, the 
chloride flux was 3.82 nmol cm− 2 s− 1 in DD which is ~2 times greater 
than the DD Cl− flux with 0.01 M Na2CO3 in the receiving compartment, 
indicating higher counter-diffusion of Cl− with HCO3

− compared to with 
CO3

2− . In contrast Cl− flux (5.92 nmol cm− 2 s− 1) in ED was about the 
same when using 0.03 M NaHCO3 or 0.01 M Na2CO3 in the receiving 
phase. Also, for both ED and DD, the Cl− /SO4

2− selectivity did not change 
significantly while using either 0.03 M NaHCO3 or 0.01 M Na2CO3 in the 
receiving and isolated phases. Thus, for coated membranes transference 
number calculated based on ion analyses are likely reasonable estimates. 
This is not the case for bare membranes. 

Table 1 gives values of Cl− transference numbers for several different 
membranes. These values do not correct for possible diffusive flux, so for 
bare membranes the sum of the transference numbers may exceed unity. 
Membranes coated on both sides with (PSS/PAH)10PSS films show an 
impressive Cl− transference number of ~0.9. For membranes modified 
with (PSS/PAH)11 films, the transference number is only 0.70 ± 0.05. 
Much of the remaining transference stems from SO4

2− . The uncorrected 
Cl− transference numbers of membranes coated with (PSS/PAH)10PSS 
only on one side are also <1, primarily because sulfate carries a large 
portion of the current. For AEMs coated with (PSS/PAH)10PSS only on 
the anode side, the sum of the SO4

2− and Cl− transference numbers is >1, 
showing that this system clearly needs some correction for diffusive flux. 
When the sums of transference numbers for Cl− and SO4

2− are signifi
cantly <1, water splitting may account for the extra current [36,52]. 
Please note that the current efficiencies are measured in terms of 
transference number, which is portion of the current being carried by a 
given ion in electrodialysis. 

Table 2 
Cl− and SO4

2− fluxes and Cl− to SO4
2− selectivities during ED and DD through 

Fujifilm AEMs coated with (PSS/PAH)10PSS-films. The source phase was 0.01 M 
with respect to each NaCl and Na2SO4, the receiving and isolated phases initially 
were 0.01 M Na2CO3 solutions, and 0.63 mA cm− 2 was the applied current 
density in ED. The current efficiencies measured in terms of transference 
numbers for ED are listed in parentheses.   

Coating 
facing 

Cl− Flux (nmol 
cm− 2 s− 1) 

SO4
2− Flux (pmol cm− 2 

s− 1) 
Selectivity 

ED Source phase 4.78 ± 0.35 (0.72 
± 0.06) 

562.6 ± 80.1 (0.167 
± 0.025) 

8.6 ± 0.6 

Receiving 
phase 

5.55 ± 0.39 (0.84 
± 0.06) 

1518.1 ± 202.2 (0.457 
± 0.064) 

3.7 ± 0.2 

DD Source phase 2.02 ± 0.22 226.98 ± 18.4 8.9 ± 0.6 
Receiving 
phase 

2.85 ± 0.26 161.1 ± 45.3 18.2 ± 3.2  

Fig. 6. A schematic diagram qualitatively showing the SO4
2− concentration 

profile (red lines) during ED through an AEM with coating facing the receiving 
phase. The SO4

2− concentration builds up in AEM under applied current because 
of its lower permeability through PEM and lower diffusion in AEM. 
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3.7. Effect of current density on Cl− /SO4
2− separations 

ED induces a depletion layer at the interface between the cathode- 
facing PEM and the AEM because the anion transference numbers are 
higher in the AEM than in the PEM coating (see Fig. 6). Because the 
anions carry a larger portion of current in the AEM than in the PEM, both 
the anion and cation concentrations decrease at the PEM-AEM interface 
[20]. Steady-state transport in this region requires diffusion of anions 
and cations to the interface. However, as the interfacial concentrations 
approach zero, a limiting current appears because the diffusive flux to 
the interface reaches its maximum value. Eq. (5) [20] gives an estimate 
of the limiting current density, Ilim 

Ilim =
PsxcxF
△t−

(5)  

where, Ps is diffusion salt permeance of coating, c is the concentration of 
a monovalent anion in the source phase, F is the Faraday constant and 
△t− is the difference of the transference numbers of monovalent anions 
in the coating and the AEM. The operation of ED at and above the 
limiting current often leads to water splitting which is a parasitic pro
cesses, so a knowledge of the limiting current is important for energy- 
efficient separation. Importantly, higher limiting currents will help to 
increases the rate of ED or decreases the membrane area (Fig. 7). 

Three areas make up a typical current-voltage (I-V) curve. The po
tential drop across the membrane in the ohmic zone rises linearly at low 
current density values. The voltage drop across the membranes rapidly 
rises with an increase in the current density over the limiting current 
density to form a plateau zone. At even higher values of current density, 
an overlimiting area eventually develops where several phenomena, 
including electro-convection and water splitting, cause the current to 
grow. Fig. 8 shows the Cl− and SO4

2− fluxes against current density in ED 
through AEMs coated with (PSS/PAH)10PSS films. The Cl− flux shows an 
initial rapid increase, a plateau region, and then a more rapid increase 
similar to an I-V curve. This plot suggests a limiting current value around 
0.6 mA cm− 2, which is similar to previous estimates of limiting currents 
for cation exchange membranes coated with (PAH/PSS)10PAH films 
[20]. This is also consistent with determination of film permeabilities in 
diffusion dialysis measurements with coated porous alumina mem
branes [43]. 

As the Cl− flux plateaus in Fig. 8, the SO4
2− flux rises rapidly. As 

current densities approach or exceed the limiting value, the electric field 
near the (PSS/PAH)10PSS/AEM interface should increase rapidly and 
may give rise to water splitting and a locally low pH [36,52]. Formation 
of monovalent HSO4

− could greatly increase the sulfate flux. Previous 
studies show that the flux of anions through polyelectrolyte multilayers 

increases after protonation [53,54]. 
As expected, the Cl− transference number decreases as the current 

density approaches or exceeds the limiting value (Table 3). However, in 
the overlimiting region, the Cl− /SO4

2− selectivity and the Cl− trans
ference number are approximately constant. Although operating at such 
high current densities is only 50 % efficient in terms of Cl− transport, it 
does allow for faster separations, and the Cl− /SO4

2− selectivity is still 
around 10. 

3.8. Electrodialysis with different source-phase concentrations 

If a polyelectrolyte film’s ion adsorption or charge screening have an 
impact on ion transport across (PAH/PSS)10PAH films, selectivities may 
differ greatly depending on the amounts of source-phase ions. Further
more, the limiting currents will rise with an increase in the ion con
centrations. We performed ED with Cl− and SO4

2− source-phase 
concentrations varying from 0.005 M to 0.1 M, whereas 0.01 M 
Na2CO3 was always employed as a receiving and isolated phase, and the 
value of current density was adjusted at 0.63 mA cm− 2, to examine the 
impact of concentrations in the source phase on selectivity and fluxes. As 
Fig. 8 shows, the Cl− flux increases from 4.8 to 10.8 nmol cm− 2 s− 1 as the 
concentration in the source phase rises from 0.005 to 0.1 M for both 
NaCl and Na2SO4. The SO4

2− flux, however, initially drops from 0.075 to 
0.036 nmol cm− 2 s− 1 when the Cl− /SO4

2− concentration in the source 
phase rises from 0.005 to 0.010 M, suggesting that the applied current 
density approaches the limiting value for Cl− only at the minimum 
source-phase concentration of 0.005 M. Less water splitting with 0.01 M 
Cl− and SO4

2− source-phase concentrations leads to less sulfate transport. 
The simultaneous decrease in SO4

2− flux and increase in Cl− flux lead to 
an increase in Cl− to SO4

2− selectivity from ~68 to ~180 (see Table 4) 
when the concentrations in the source-phase change from 0.005 to 0.01 
M. 

As the source phase concentration goes up more from 0.01 to 0.1 M, 
the SO4

2− flux increases continuously from 0.036 to 0.220 nmol cm− 2 

s− 1, and the Cl− /SO4
2− selectivity decreases from ~180 to ~50. At these 

Fig. 7. A schematic diagram showing the qualitative concentration profile of 
Cl− (red lines) during ED through a polyelectrolytes coated AEM. The blue 
arrows indicate the magnitudes of electromigration (Jmig) or diffusion fluxes 
(Jdiff) of cations and anions qualitatively in the coating and/or AEM. The sum of 
Jmig and Jdiff in the PEM should equal the Jmig in the AEM at steady state, where 
Jdiff is too small as compared to Jmig. The amount of Cl− may not be constant in 
AEM because of possible [OH− ] gradients. The coating/membrane interface 
near the receiving phase (not shown) should indicate Cl− accumulation instead 
of depletion. 

0

0.4

0.8

1.2

1.6

0

2

4

6

8

10

12

0 0.4 0.8 1.2 1.6 2 2.4

SO
42-

Fl
ux

 (n
m

ol
 c

m
-2

s-
1 )

C
l-

Fl
ux

 (n
m

ol
 c

m
-2

s-
1 )

Current Density (mA cm-2)

Series1

Series2
Cl-

SO42-

Fig. 8. Effect of applied current density on Cl− and SO4
2− fluxes in 3-compart

ment ED experiments with 0.01 M Na2CO3 in the receiving and isolated anodic 
phases. The AEM membrane was modified with a (PAH/PSS)10PAH coating. 
The source phase was initially 0.01 M with respect to each NaCl and Na2SO4. 
Note that the scales for Cl− and SO4

2− fluxes are different. 

Table 3 
Transference number of anions and Cl− /SO4

2− selectivities in ED through (PSS/ 
PAH)10PAH-coated aliphatic polyamide AEMs versus current density. Initially, 
the source phase contained 0.01 M NaCl and 0.01 M Na2SO4.  

i (mA cm− 2) Cl− transference SO4
2− transference Cl− /SO4

2− selectivity 

0.32 1.17 ± 0.03 0.013 ± 0.001 >165 
0.63 0.90 ± 0.02 0.011 ± 0.003 >144 
0.98 0.71 ± 0.02 0.035 ± 0.010 42 ± 11 
1.27 0.59 ± 0.01 0.058 ± 0.026 24 ± 8 
1.59 0.51 ± 0.03 0.093 ± 0.018 12 ± 2 
2.07 0.52 ± 0.01 0.104 ± 0.030 11 ± 3 
2.23 0.49 ± 0.02 0.082 ± 0.020 13 ± 3  
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higher concentrations, the ion fluxes are a combination of diffusive and 
electromigration transport. Decrease in the Cl− /SO4

2− selectivity at 
higher source phase concentrations likely stems from charge screening 
that decreases SO4

2− ions electrostatic exclusion. Also, PEM swelling 
increases in solutions of higher ionic strengths [55], which may decrease 
selectivity. We also performed diffusion dialysis under similar condi
tions but with no applied current (Table 5). In DD, the Cl− and SO4

2−

fluxes increase continuously when the feed concentration goes up from 
0.005 to 0.1 M, but the Cl− /SO4

2− selectivity decreases at concentrations 
above 0.01 M. Again, charge screening at high concentrations likely 
leads to less electrostatic exclusion of the divalent SO4

2− [56,57]. 
We also examined the selectivity of PEMs-coated AEMs when source- 

phases contained unequal concentrations of Cl− and SO4
2− . In these ex

periments, the applied current density was 0.63 mA cm− 2 and the iso
lated and receiving phases always contained 0.01 M Na2CO3. When the 
source phase was 0.01 M with respect to each NaCl and Na2SO4, the Cl−

and SO4
2− fluxes were 3.54 ± 0.14 and 1.83 ± 0.05 nmol cm− 2 s− 1 

respectively, producing a Cl− /SO4
2− flux ratio of 1.93 ± 0.08. However, 

if we consider the SO4
2− to Cl− concentration ratio of 10 in the source 

phase, the actual selectivity in this separation is 19.3 ± 0.8. We per
formed DD under similar conditions to find the fluxes and Cl− / 
SO4

2− selectivity without an applied current. The Cl− and SO4
2− diffusive 

fluxes were 1.80 ± 0.04 and 0.60 ± 0.08 nmol cm− 2 s− 1 respectively in 
DD, giving rise to a Cl− /SO4

2− flux ratio of 3.00 ± 0.35 and a Cl− /SO4
2−

selectivity of 30.0 ± 3.5. A higher selectivity in DD than in ED suggests 
that water splitting in ED may produce HSO4

− locally to increase trans
port of sulfate species. This may also help to understand why the Cl− to 
SO4

2− ED selectivity is lower for source phases having 0.01 M Cl− and 0.1 
M SO4

2− compared to solutions containing 0.1 M concentrations of both 
ions. In the reciprocal experiment, when the source phase contained 0.1 
M NaCl and 0.01 M Na2SO4, the Cl− and SO4

2− fluxes were 13.00 ± 0.12 
nmol cm− 2 s− 1 and < 0.0013 nmol cm− 2 s− 1, respectively giving a Cl− / 
SO4

2− flux ratio of >920 in ED. The Cl− transport number was 1.97 ±
0.01 indicating a large contribution of Cl− diffusion to the total flux. 

3.9. Electrodialysis with a 2-compartment cell 

To investigate the effect of having the anode in direct contact with 
the Cl− in the receiving phase, we performed ED in a 2-compartment 
cell, where we used 0.01 M NaCl and 0.01 M Na2SO4 in the source 
phase and 0.01 M Na2CO3 solution as the receiving phase. The applied 
current density was 0.63 mA cm− 2 across a (PSS/PAH)10PSS coated 

Fujifilm AEM. Compared to the 3-compartment ED as explained above, 
the Cl− flux decreased from 5.90 ± 0.13 to 4.51 ± 0.22 nmol cm− 2 s− 1, 
and the SO4

2− flux remained <27 pmol cm− 2 s− 1 yielding a selectivity of 
>164. The lower Cl− flux in 2-cell ED may partly result from oxidation of 
Cl− into Cl2 at the anode. Another possible reason for a lower Cl− flux in 
2-cell ED than in 3-cell ED could be a different pH gradient across the 
AEM in the two systems. In 3-cell ED, the pH values in the source phase 
and receiving phase after 2 h of dialysis were 11.1 and 10.9, respec
tively. (At the start of the experiments the pH values were 11.3 and ~ 7 
in the receiving and source phases, respectively.) In 2-cell ED, the pH of 
the receiving phase and source phase was 10.50 and 10.71, respectively, 
at the end of the dialysis. The higher pH with the 3-compartment cell 
may increase film permeability. We also performed DD in the same 2- 
compartment system without an applied current and the Cl− and SO4

2−

fluxes were 1.90 ± 0.13 nmol cm− 2 s− 1 and 7.42 ± 3.01 pmol cm− 2 s− 1, 
which are not significantly different from the diffusive fluxes of ions in a 
3-compartment DD (see Table 1). 

4. Conclusion 

Layer-by-layer addition of polyelectrolyte multilayers likely covers 
and modifies the entire surface of Fujifilm AEMs. Coated AEMs yield a 
Cl− /SO4

2− selective transport in diffusion and electrodialysis. The in
crease in Cl− /SO4

2− selectivity depends on the source phase salt con
centrations and the applied current density. As the concentrations of 
salts increase from 0.005 to 0.1 M with respect to each NaCl and Na2SO4 
in the source phase, the Cl− /SO4

2− selectivity decreases from 180 to 50 in 
ED. Likewise with an increase in the current density from 0.32 to 2.23 
mA cm− 2, the Cl− /SO4

2− selectivity decreases from >165 to 13 ± 3 for a 
source phase containing 0.01 M of each NaCl and Na2SO4. In addition, a 
decrease in current efficiency was also noted with an increase in the 
current density. Current density-voltage curves indicate that when the 
current density values increase than 1.7 mA cm− 2, the phenomenon of 
water splitting appears and hence the value of current efficiency de
creases. Moreover, the ED results obtained for the AEM coated only on 
the source phase were different from those obtained for the membranes 
coated only on the receiving side. The presence of PEMs on the source 
phase yielded a higher selectivity in ED, whereas the presence of coating 
on the receiving side produced higher selectivity in DD. These permse
lective AEMs can be combined with permselective CEMs in ED to 
separate and purify salt mixtures. 
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Table 4 
Cl− /SO4

2− transference numbers and Cl− /SO4
2− selectivities in ED through (PSS/ 

PAH)10PSS-coated AEMs. 0.01 M Na2CO3 was used in each of the receiving and 
isolated phases. The applied current density was 0.63 mA cm− 2.  

Source-phase Cl− /SO4
2− conc. 

(M) 
Cl−

transference 
SO4

2−

transference 
Selectivity 

0.005 0.73 ± 0.03 0.023 ± 0.006 68 ± 19 
0.010 0.90 ± 0.02 0.011 ± 0.003 176 + 55 
0.020 0.95 ± 0.01 0.022 ± 0.003 88 ± 14 
0.050 1.19 ± 0.02 0.048 ± 0.008 50 ± 9 
0.100 1.64 ± 0.20 0.066 ± 0.007 50 ± 10  

Table 5 
Cl− and SO4

2− fluxes and Cl− to SO4
2− selectivities in DD through (PSS/PAH)10PSS 

modified Fujifilm AEM. 0.01 M Na2CO3 was used in each of the receiving and 
isolated phases.  

Source-phase Cl− /SO4
2−

conc. (M) 
Cl− flux (nmol 
cm− 2 s− 1) 

SO4
2− flux (pmol 

cm− 2 s− 1) 
Selectivity 

0.005 1.62 ± 0.06 <6.37 >265 
0.010 1.81 ± 0.22 <6.69 >244 
0.020 2.30 ± 0.29 18.1 ± 6.7 135 ± 35 
0.050 3.44 ± 0.14 42 ± 10 84 ± 22 
0.100 6.6 ± 1.4 62 ± 19 109 ± 19  
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