
Effect	of	polymeric	matrix	in	anion-exchange	membranes	on
nitrate-chloride	separations
Separation	and	Purification	Technology
Chinello,	Daniele;	Post,	Jan;	de	Smet,	Louis	C.P.M.
https://doi.org/10.1016/j.seppur.2024.129440

This	publication	is	made	publicly	available	in	the	institutional	repository	of	Wageningen	University
and	Research,	under	the	terms	of	article	25fa	of	the	Dutch	Copyright	Act,	also	known	as	the
Amendment	Taverne.

Article	25fa	states	that	the	author	of	a	short	scientific	work	funded	either	wholly	or	partially	by
Dutch	public	funds	is	entitled	to	make	that	work	publicly	available	for	no	consideration	following	a
reasonable	period	of	time	after	the	work	was	first	published,	provided	that	clear	reference	is	made	to
the	source	of	the	first	publication	of	the	work.

This	publication	is	distributed	using	the	principles	as	determined	in	the	Association	of	Universities	in
the	Netherlands	(VSNU)	'Article	25fa	implementation'	project.	According	to	these	principles	research
outputs	of	researchers	employed	by	Dutch	Universities	that	comply	with	the	legal	requirements	of
Article	25fa	of	the	Dutch	Copyright	Act	are	distributed	online	and	free	of	cost	or	other	barriers	in
institutional	repositories.	Research	outputs	are	distributed	six	months	after	their	first	online
publication	in	the	original	published	version	and	with	proper	attribution	to	the	source	of	the	original
publication.

You	are	permitted	to	download	and	use	the	publication	for	personal	purposes.	All	rights	remain	with
the	author(s)	and	/	or	copyright	owner(s)	of	this	work.	Any	use	of	the	publication	or	parts	of	it	other
than	authorised	under	article	25fa	of	the	Dutch	Copyright	act	is	prohibited.	Wageningen	University	&
Research	and	the	author(s)	of	this	publication	shall	not	be	held	responsible	or	liable	for	any	damages
resulting	from	your	(re)use	of	this	publication.

For	questions	regarding	the	public	availability	of	this	publication	please	contact
openaccess.library@wur.nl

https://doi.org/10.1016/j.seppur.2024.129440
mailto:openaccess.library@wur.nl


Effect of polymeric matrix in anion-exchange membranes on 
nitrate-chloride separations

Daniele Chinello a,b, Jan Post a, Louis C.P.M. de Smet a,b,*

a Wetsus, European Centre of Excellence for Sustainable Water Technology, Oostergoweg 9, Leeuwarden 8911 MA, the Netherlands
b Advanced Interfaces & Materials, Laboratory of Organic Chemistry, Wageningen University, Stippeneng 4, Wageningen 6708 WE, the Netherlands

A R T I C L E  I N F O

Editor: Dr. B. Van der Bruggen

Keywords:
Ion-exchange membranes
Nitrate/chloride selective separation
Dehydration energy
Electrodialysis

A B S T R A C T

Selective separation of monovalent ions such as nitrate from chloride using Anion-Exchange Membranes (AEMs) 
is challenging. Previously, we showed that an increased polyvinylidene fluoride (PVDF) concentration in AEMs 
manufactured with an anion-exchange ionomer solution (Fumion FAS-24) increased nitrate over chloride 
selectivity. The membrane containing 50 wt% of PVDF showed higher selectivity compared to two commercial 
membranes (AMX and ACS from Neosepta) when tested in electrodialysis. This improved selectivity was asso
ciated with increased hydrophobicity of the membrane, facilitating the permeation of less hydrated ions such as 
nitrate.

However, due to concerns regarding per- and polyfluoroalkyl substances (PFAS), there is a quest for substitutes 
for fluoropolymers. In this study, we investigated whether using alternative polymers to PVDF influences nitrate/ 
chloride separation performance. Polyvinyl chloride (PVC) and polyacrylonitrile (PAN) were blended with 
Fumion FAS-24 to manufacture new AEMs. The nitrate/chloride selective separation performance of these 
membranes was tested in electrodialysis and compared with the recently introduced PVDF-based AEM.

Results show that although the PVDF-based membrane presents higher hydrophobicity, the PAN-based 
membrane possesses slightly lower selectivity, while the PVC-based membrane exhibits higher nitrate selec
tivity. This study proves that increasing the membrane hydrophobicity is a valid strategy to increase selectivity 
toward nitrate. However, it also suggests that other parameters, such as fixed charge concentration, can play a 
role. Therefore, balancing properties such as hydrophobicity and fixed charge concentration is imperative to 
achieving optimal selectivity and performance when developing ion-selective membranes.

1. Introduction

Ion-exchange membranes (IEMs) have considerable importance in 
membrane-based technology such as electrodialysis (ED) [1–3], capac
itive deionization [4–6], and fuel cells [7,8]. These membranes are made 
from polymer materials and contain charged moieties. Depending on the 
type of charge of these groups, IEMs can be categorized into two main 
types: Anion-Exchange Membranes (AEMs) and Cation-Exchange 
Membranes (CEMs). AEMs feature fixed cations such as quaternary 
ammonium groups, and allow the permeance of anions while impeding 
cations. In contrast, CEMs possess anionic moieties like sulfonic groups, 
allowing the permeation of cations while hindering anions.

IEMs find extensive use in various separation technologies, such as 
desalination [9–11], and in this study we focus on AEMs for the 

application of electrodialysis (ED). AEMs have already proved to be 
effective in the separation of monovalent from divalent ions [12]. 
However, the separation of two monovalent ions poses a larger chal
lenge, especially if these ions present similar hydrated radius and hy
dration energy, such as nitrate and chloride (Table 1). Developing 
membranes possessing high monovalent/monovalent selectivity is 
crucial in applications such as the recovery and recycling of important 
resources like nitrate from, e.g., waste/process water streams in fertil
izer plants [13] and horticulture [14], with the overarching aim of 
achieving a circular economy.

In order to increase the membrane’s ability to discriminate between 
ions bearing the same valence, previous studies [15–18] focused on 
leveraging the difference in the ion dehydration. Ions with lower 
dehydration energy, such as nitrate (Table 1), are more favourable 

* Corresponding author at: Advanced Interfaces & Materials, Laboratory of Organic Chemistry, Wageningen University, Stippeneng 4, Wageningen 6708 WE, the 
Netherlands.

E-mail address: louis.desmet@wur.nl (L.C.P.M. de Smet). 

Contents lists available at ScienceDirect

Separation and Purification Technology

journal homepage: www.elsevier.com/locate/seppur

https://doi.org/10.1016/j.seppur.2024.129440
Received 8 May 2024; Received in revised form 28 August 2024; Accepted 29 August 2024  

Separation and Puriϧcation Technology 355 (2025) 129440 

Available online 5 September 2024 
1383-5866/© 2024 Published by Elsevier B.V. 

mailto:louis.desmet@wur.nl
www.sciencedirect.com/science/journal/13835866
https://www.elsevier.com/locate/seppur
https://doi.org/10.1016/j.seppur.2024.129440
https://doi.org/10.1016/j.seppur.2024.129440


transported through the AEMs due to an easier (partial) dehydration at 
the membrane surface [19–22]. In particular, these mostly e-driven 
separation studies indicate that an increased membrane hydrophobicity 
triggers the dehydration of ions with lower dehydration energy, while 
more hydrated ions are hindered by the hydrophobic structure.

Furthermore, the strength of the interaction between the dehydrated 
ion and the charged groups within the membrane is a determining factor 
in the dehydration process. A stronger interaction has been observed to 
reduce the associated energy barrier, since it leads to an energetically 
more favorable state of the ion [23,24]. However, this electrostatic 
interaction also influences the ion’s mobility. Specifically, the stronger 
the interaction, the slower the transportation [23,24].

Building further on these findings, we studied, in previous research 
[25], the transport of nitrate and chloride using newly developed PVDF- 
based AEMs, manufactured in combination with an anion-exchange 
ionomer solution (Fumion FAS-24, FUMATECH BWT GmbH). PVDF 
was chosen for its intrinsic hydrophobic nature and its wide application 
in membrane technology such as membrane distillation [26–32], dye 
removal from water streams using nanofiltration [33–35], oil–water 
separation [36,37], organic pollutant removal [38,39], selective ion 
separation [40–46], and removal of toxic metal ions from aqueous 
streams [47,48]. PVDF has also been used in selective ion-separation 
applications, such as fabricating electrodes for capacitive deionization 
(CDI) to separate divalent from monovalent cations [40–42]. Addi
tionally, it has also been used in manufacturing AEMs for example in 
combination with cross-linked quaternized polyepichlorohydrin for se
lective hydroxide ion transport in fuel cells [49], and with styrene-co- 
vinylbenzyl chloride for water desalination in ED [50]. Furthermore, 
PVDF has been combined with morpholine-functionalized vinyl benzyl 
chloride for acid recovery by diffusion dialysis [51] and with polyaniline 
for desalination in ED and CDI. However, the use of PVDF for 
manufacturing membranes specifically designed for the selective sepa
ration of monovalent ions like nitrate and chloride has not been docu
mented in the literature, except in our previous studies [52,53].

In those studies, our focus was on investigating the influence of 
different PVDF content levels in the membranes, ranging from 0 to 50 wt 
%. The outcomes of that work revealed an improved nitrate affinity with 
increasing PVDF concentration, and thus membrane hydrophobicity, 
with the membrane containing 50 wt% PVDF reporting the highest ni
trate permeability. However, by increasing the PVDF content, we also 
noted an increase in the membrane’s electrical resistance, and for this 
reason, we decided not to exceed 50 wt% of PVDF. The performance of 
this membrane was then investigated in ED [53]. Experimental data 
showed higher values of the nitrate over chloride selectivity compared 
with two commercial membranes (AMX and ACS from Neosepta), the 
highest reported in literature.

However, considering that Per- and polyFluoroAlkyl Substances 
(PFAS) pose a significant environmental and health concern due to their 
persistent nature and widespread contamination [54–56], alternatives 
for fluoropolymers become imperative to mitigate the adverse effects of 
PFAS exposure, safeguard human health [57,58], and reduce the long- 
term environmental impact associated with these persistent chemicals.

For this reason, we decided to now investigate the impact of the type 
of the polymer used in combination with the ionomer solution Fumion 
FAS-24 to manufacture new AEMs. Specifically, we opted for polyvinyl 

chloride (PVC) and polyacrylonitrile (PAN) as alternatives to PVDF. PVC 
was selected for its presence in commercial membranes as reinforcement 
material, solubility in N-methyl-2-pyrrolidone (NMP), the solvent of the 
ionomer solution, and cost-effectiveness [59,60], making it an attractive 
alternative for large-scale applications where cost efficiency is crucial. 
PVC has already been used in the manufacturing of membranes [61], 
including AEMs [62]. For example, Nemati et al.[63] modified the 
properties of PVC-AEMs by incorporating TiO2 nanoparticles (0–4 wt%) 
to improve the anion permeation efficiency and tested them in ED. The 
study reported improved permeation of chloride and sulfate in the TiO2 
concentration interval of 0.5–2 wt%. Liu et al. [64] used PVC to manu
facture films by casting, which were then modified by immersing these 
films in a solution of triethylenetetramine, obtaining AEMs. These AEMs 
showed good stability and antifouling potential. Moreover, when 
applied in ED, the optimized PVC-AEM demonstrated a NaCl removal 
ratio of 90 %, outperforming a commercial membrane (JAM-II-5 AEM). 
Recently, Zafari et al. [65] prepared heterogeneous AEMs by combining 
PVC and an anion-exchange resin (Amberlite IRA-410). The surface of 
these membranes was subsequently modified through a three-step pro
cess, including plasma treatment and coupling with polyethylenimine 
and glutaraldehyde. By changing the surface hydrophilicity of the 
membranes, they increased the membrane selectivity towards formate 
(CHOO− ) over oxalate (C2O4

2− ) — exploiting the lower hydration energy 
of the former — reaching a selectivity value of 4.3 in ED.

PAN was also chosen for its solubility in NMP, and for its potential for 
further modification of the nitrile groups [66–68]. The characteristics of 
these new membranes together with the nitrate/chloride separation 
performance in ED are evaluated in this study and compared with the 
previously introduced PVDF membrane.

2. Materials and methods

2.1. Chemicals

Polyvinyl chloride (average Mw ~ 233,000 by GPC, powder form) 
(PVC), polyacrylonitrile (PAN) (average Mw ~ 150,000 by GPC, powder 
form), sodium chloride (ACS reagent, ≥99.0 %), sodium nitrate (ACS 
reagent, ≥99.0 %), sodium sulphate (ACS reagent, ≥99.0 %, anhy
drous), were purchased from Sigma Aldrich and used as received. N- 
methyl-2-pyrrolidone (NMP, HPLC grade 99.5 %) was purchased from 
Alfa Aesar. Fumion FAS (24 wt% solution in NMP), which physico
chemical properties are reported in Table S1 of the Supporting Infor
mation, was purchased from FUMATECH BWT GmbH, Bietigheim- 
Bissingen, Germany. The Neosepta AMX, ACS and CMX membranes 
were purchased from ASTOM Corporation, Tokyo, Japan. The physico
chemical properties of these commercial membranes are reported in 
Table S2 of the Supporting Information.

2.2. Membrane fabrication

The AEMs were manufactured following the procedure reported in 
our previous study [25]. Each membrane is composed of 50 wt% of 
ionomer (Fumion FAS-24) and 50 wt% of the selected polymer (PVC or 
PAN). This ratio was selected in order to enable direct comparison with 
the PVDF-based membrane composed of 50 wt% of ionomer and 50 wt% 
of PVDF, labelled as PVDF-50, investigated in our previous studies 
[52,53]. Specifically, 0.75 g of ionomer were mixed with 0.75 g of PVC 
or PAN. NMP was used as solvent to dissolve the polymers, obtaining 
solutions with a concentration of 16 wt%. The solvent was removed by 
casting the solutions onto a glass plate kept at 60 ◦C for 24 h. To 
completely remove the solvent, the obtained membranes were immersed 
in 0.5 M NaCl, refreshing the solution every 2 h (5 ×). During this phase, 
the thickness of the wet membranes was measured using a digital 
thickness gauge (Mitutoyo Corporation, model no. ID-C112BS). The 
membranes were stored in 0.5 M NaCl and labelled as PVC-50 and PAN- 
50, where the number indicates the weight percentage of polymer, PVC 

Table 1 
Ionic radii, hydrated radii and hydration energies of nitrate, and chloride [69].

Anion Ionic radius 
[nm]

Hydrated radius 
[nm]

Hydration 
energy 
[kcal⋅mol¡1]

Nitrate 
(NO3

− )
0.264 0.335 71

Chloride 
(Cl− )

0.181 0.332 81
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or PAN, present in the membrane. Selected characteristics, together with 
those of the previously introduced PVDF membrane, labelled PVDF-50, 
are reported in Table 2.

3. Membrane characterization

3.1. Water uptake (WU)

To assess water uptake (WU), we followed the methodology outlined 
in our previous work [25]. After immersing the membrane in demin
eralized water for 24 h, the mass of the wet membrane was recorded 
after removing any surface water with a tissue. Subsequently, the 
membrane was dried in an oven maintained at 55 ◦C for 24 h. The mass 
of the resulting dry membrane (Wdry, in grams) was then recorded. The 
water uptake (WU) was calculated as a percentage by: 

WU = 100 ×
Wwet − Wdry

Wdry
% (1) 

3.1.1. Ion-exchange capacity (IEC)
The quantity of fixed charged groups within an AEMs can be deter

mined indirectly by measuring the concentration of counterions 
exchanged with a specific solution. In particular, following a 48 h con
ditioning period in 0.5 M NaCl, the selected membrane was immersed in 
the exchange solution (200 mL of 0.5 M NaNO3) after a rapid immersion 
in demineralized water to eliminate the excess of NaCl solution. After a 
24-hour exchange duration, the chloride concentration in the solution 
was assessed through ion chromatography (IC), using a Metrohm 
Compact IC 761 equipped with a conductivity detector and chemical 
suppression.

The ion-exchange capacity (IEC) of the membrane, expressed in 
milliequivalents per gram (meq⋅g− 1), was then calculated according to 
the following equation [70]: 

IEC =
neq

Wdry
(2) 

where neq denotes the equivalent of exchanged ions in equivalents (eq), 
and Wdry (g) represents the dry mass of the membrane.

3.2. Fixed charge concentration (FCC)

By using the values of the IEC and WU, it is possible to calculate the 
fixed charge concentration (FCC) of the hydrated membranes, which 
refers to the density of charged groups expressed in terms of moles per 
volume of adsorbed water (mol⋅L-1). The FCC was calculated according 
to the following equation [71]: 

FCC =
IEC

WU/100
× ρW (3) 

where ρw is the density of the water in the membrane, typically assumed 
to be equivalent to the density of pure water.

3.3. Electrical resistance

The electrical resistance of the manufactured IEMs was evaluated 
according to the protocol established by Galama et al. [72], by using a 
six-compartment cell as schematically outlined in Figure S1 in the 
Supporting Information. The membrane configuration in the setup 
consists of four CEMs, specifically CMX from Neosepta, while the AEM 
under investigation separates compartments A and B. An electrolyte 
solution such as 0.5 M NaCl was recirculated in compartments A, B, and 
C at 170 mL⋅min− 1, while in compartment D, 0.5 M Na2SO4 was used. A 
potentiostat (Autolab AUT72398, Metrohm) with a four-electrode 
configuration was used to apply a current between the two Pt/Ir elec
trodes situated in compartments D. The potential across the membrane 
was recorded by using two Haber–Luggin capillaries (outer diameter 4.0 
mm, inner diameter 2.0 mm) placed on the side of the membrane under 
investigation and connected to Ag/AgCl electrodes.

Specifically, the current (I) is increased gradually from 1 to 25 mA. 
For each value, the current is applied for 2 min to equilibrate the system, 
with the potential (V) recorded during the final 8 s. Iterating this process 
across all current values results in a potential/current graph. The 
angular coefficient of the extrapolated equation obtained from the data 
interpolation in the graph represents the electrical resistance (R) of the 
membrane (Ω) according to Ohm’s law: 

V = R × I (4) 

However, this value also includes the electrical resistance generated by 
the 0.5 M NaCl electrolyte solution. Therefore, by removing the mem
brane under investigation between compartments A and B, it is possible 
to determine this contribution (Rs), which is then subtracted from the 
one obtained in the experiment involving the membrane. This process 
yields the specific electrical resistance of the membrane (Rm): 

Rm = R − Rs (5) 

This value was then multiplied for the membrane’s active area to obtain 
the membrane area resistance (Ω⋅cm2).

3.4. Contact angle

In order to evaluate the surface hydrophobicity, contact angles were 

Table 2 
Chemical and physical properties of the PVC-50 and PAN-50 membranes investigated in this study, along with those of PVDF-50 [53].

Membrane Composition 
(wt%:wt%)

Polymer Structure Thickness (μm) IEC 
(meq⋅g¡1)

WU (%) FCC 
(mol⋅L-1)

Electrical Resistance (Ω cm2)

PAN-50 PAN:Fumion FAS-24 = 50:50 100–105 0.75 ± 0.01 15.0 ± 0.4 5.0 ± 0.2 8.8 ± 0.1

PVC-50 PVC:Fumion FAS-24 = 50:50 95–100 0.72 ± 0.01 9.5 ± 0.4 7.7 ± 0.3 9.4 ± 0.1

PVDF-50 PVDF:Fumion FAS-24 = 50:50 80–85 0.74 ± 0.02 6.5 ± 0.8 11.0 ± 0.8 11.5 ± 0.3
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measured through the captive bubble method. In this method, an air 
bubble (1 µL) is introduced beneath the membrane surface immersed in 
water, using a needle with a hook-like shape. The contact angles were 
then determined by analyzing the shape of the bubble at the membrane 
surface interface, using a contour analysis system (OCA35, DataPhysics 
Instruments, Germany). For each membrane, six drops at different lo
cations were analyzed.

3.5. SEM-EDX

The surface morphology of the three membranes was examined 
through scanning electron microscopy (SEM) employing a JEOL JSM- 
6480LV electron microscope at 10 kV acceleration. Additionally, to 
evaluate the polymer distribution within the membranes, the elemental 
distribution of fluorine, chlorine, and nitrogen, was examined respec
tively for the PVDF-50, PVC-50, and PAN-50 membranes using an 
energy-dispersive X-ray spectrometer (EDX).

3.6. Membrane performance

3.6.1. Permselectivity
The permselectivity refers to the ability of a membrane to selectively 

allow counterions while hindering co-ions. Following the procedure of 
Duglokecki et al. [70], the permselectivity of the manufacture AEMs was 
assessed in a two-compartment cell made of poly(methyl 2-methylpro
penoate) (PMMA), with a total solution volume of 0.2 L. Specifically, 
the potential across the membrane separating two electrolyte solutions 
(0.1 M and 0.5 M NaCl, respectively) recirculating at a flow rate of 750 
mL⋅min− 1 was recorded using Ag/AgCl electrodes immersed in the so
lution. Subsequently, the membrane permselectivity (α), expressed as a 
percentage, was calculated using the following equation: 

a = 100 ×
ΔVmeasured

ΔVtheoretical
(6) 

where ΔVtheoretical is the theoretical Nernst membrane potential for a 
membrane 100 % selective towards counterions.

3.6.2. Permeability coefficients ratio
The permeability coefficients ratio serves as a measure of the affinity 

between a membrane and two distinct counterions, providing a quick 
indication of the membrane selectivity. The experimental setup 
employed to determine this parameter mirrors that used for the perm
selectivity experiments. However, while on one side of the membrane a 
0.1 M NaCl solution is still used, on the other side a 0.1 M NaNO3 so
lution is present now. The potential across the membrane was contin
uously monitored for a duration of 40 min using a Ag/AgCl electrodes. 
For the calculation, the averaged potential (ΔΨ) obtained after reaching 
steady-state conditions, approximately 10 min into the experiment, was 
utilized. The permeability coefficient ratio was determined using the 
following equation [25,73]: 

PNO−
3

PCl−
= e

FΔΨ
RT (7) 

where F is the Faraday constant (96,458 A⋅s⋅mol− 1), R is the universal 
gas constant (8.314 J⋅mol− 1⋅K− 1), T is the absolute temperature (K), and 
PNO−

3 
and PCl− are the permeability coefficients of the counterions.

3.6.3. Electrodialysis experiments
In order to assess the performance of the manufactured AEMs in 

electrodialysis (ED) and thus determine the nitrate over chloride selec
tivity, the experimental setup and procedure reported in our previous 
work were used [53]. The membrane configuration of the ED setup is 
reported in Fig. 1, and consists of a total of five IEMs; three cation- 
exchange membranes (CMX from Neosepta) are alternated with two of 
the manufactured AEMs (PVC-50, or PAN-50), resulting in two cell pairs. 

Each membrane is separated from the adjacent one by a gasket with an 
integrated spacer, which has a thickness of 0.5 mm, and the available 
membrane area for ion transport is 20 cm2.

Two platinum-coated titanium mesh electrodes are present in the 
setup, with a solution of 1 L of 0.1 M Na2SO4 recirculating in these 
compartments. In the outlets of the electrode compartments, two Ag/ 
AgCl electrodes are placed to measure the potential across the five 
membranes.

The experiments are carried out in batch mode with a current density 
set at 20 A⋅m− 2, employing a potentiostat (Autolab AUT72157, Met
rohm) as the current source. Experiments were conducted in triplicate 
for each membrane, with a duration of 3 h, corresponding to a theo
retical anion removal of 90 %. The initial composition of the electrolyte 
solutions in the two reservoirs is 0.1 L of 0.05 M NaNO3 and 0.05 M of 
NaCl.

Samples from the diluate and the concentrate reservoirs were taken 
at intervals of 30 min and analysed by ion chromatography (IC) to 
determine the ion concentrations. The values obtained were used to 
assess the nitrate over chloride selectivity (SNO−

3
Cl− ) over time, employing 

the equation reported in a previous contribution in literature 
[16,25,53]: 

SNO−
3

Cl− =

(ΔCNO−
3

ΔCCl−

)

Concentrate
×

(
CCl−

CNO−
3

)

Diluate

(8) 

where ΔCNO−
3 

and ΔCCl− refer to the change of the concentration of the 
indicated ion in the concentrate reservoir between two samples, while 
CNO−

3 
and CCl− represent the concentration of the ions in the diluate 

compartment. Theoretically, the concentration of nitrate and chloride in 
the diluate compartment to be used should ideally be the one at the 
membrane surface [21]. However, it is commonly accepted in literature 
to approximate these concentrations to the concentration in the bulk 
solution [74,75]. Therefore, at high degree of desalination this equation 
might present limitations due to the presence of the concentration po
larization effect [76]. However, in order to allow a direct comparison of 
our results with those reported in literature, concentration polarization 
effects are neglected and the concentrations of the ions are approxi
mated to those in the bulk throughout the entire ED process.

Another relevant parameter from an application point of view is the 
recovery ratio (Ri), which for an ion (i) is calculated according to the 

Fig. 1. Schematic representation of the ED setup used to determine the nitrate 
over chloride selectivity of the manufactured PVC-50 and PAN-50 AEMs. See 
Section 2.9.3 for a detailed explanation of the system. Light and dark blue 
stand for diluate and concentrate stream, respectively.

D. Chinello et al.                                                                                                                                                                                                                                Separation and Puriϧcation Technology 355 (2025) 129440 

4 



equation reported by Chen et al.[77]: 

Ri =
Vct(Cct − Cc0)

Vd0Cd0
× 100 (9) 

here, Cct, Cc0 and Cd0 represent the concentrations of the ion at time t 
and 0, respectively, in the concentrate and dilute streams. Similarly, Vct 
and Vd0 denote the volumes in the concentrate and dilute at time t and 0, 
respectively.

The coulombic efficiency (η) of the experiments was calculated ac
cording to the equation: 

η =
(
Ji + Jj

) F
i

(10) 

where F is the Faraday constant (96,458 A⋅s⋅mol− 1), i is the current 
density applied (A⋅m− 2), and Ji and Jj are the ionic fluxes, expressed in 
mol⋅m− 2⋅s− 1, across the membranes for the two counterions, which, for 
a monovalent ion (i), is defined by the following equation: 

Ji =
V
A
×

ΔCi

Δt
(11) 

where V (m3) and ΔCi (mol⋅L-1) are respectively the volume and the 
variation of the ion concentration in the concentrate stream, A (m2) is 
the surface membrane area, and Δt (s) is the time of the experiments.

Lastly, the energy consumption (E) was measured according to our 
previous work [53] in kilojoules per gram of nitrate recovered, using the 
following equation 

E =
ΔVstack⋅i⋅A⋅Δt

ΔnNO−
3

⋅MWNO−
3

(12) 

where ΔVstack represents the average stack potential (V), i is the applied 
current density (A⋅m− 2), A is the membrane surface area (m2), Δt de
notes the duration of the experiments (s), ΔnNO−

3 
is the change in moles 

of nitrate in the concentrate stream, and MWNO−
3 

is the molecular weight 
of nitrate (g⋅mol− 1).

4. Results and discussion

4.1. Membrane characterization

4.1.1. Membrane preparation
Two membranes were successfully manufactured via casting by 

mixing the selected polymer (PVC or PAN), with the ionomer solution 
(Fumion FAS-24) in a ratio 50:50. This ratio was selected accordingly to 
our previous studies on PVDF-based membrane [25,53], in such a way to 
compare membranes with the same amount of ionomer, and therefore 
focusing on the influence of the non-charged polymer added (PVDF, 
PVC, or PAN). The two membranes manufactured in this study are 
labelled as PVC-50 and PAN-50, and Table 2 reports some of the 
chemical and physical properties of the PVC-50 and PAN-50 membranes 
investigated in this study, along with those of the PVDF-50 membranes 
obtained in our previous work [53].

4.1.2. IEC, WU, and FCC
As reported in Table 2, the IEC values for the three membranes are 

reasonably similar. This aligns with our expectations, considering that 
the same amount of ionomer solution (Fumion FAS-24) and polymers 
(PVC, PAN, and PVDF) were used for all membranes. Considering that 
the IEC influences the WU — typically membranes with high IEC present 
high values of the WU [78–82] — in the case of the membranes under 
investigation, the variation of the WU among the membranes can be 
attributed to the different nature of the polymers used. Indeed, as ex
pected, the PVDF-50 membrane exhibits the lowest water sorption due 
to the inherently higher hydrophobic nature of the polymer PVDF 
[83–86]. Moreover, we can also observe that the water uptake trend 

aligns with that of the wet membrane thickness, i.e. PAN-50 > PVC-50 >
PVDF-50, where membranes with higher water uptake present higher 
thickness. Additionally, combining the IEC and WU allows one to 
calculate the fixed charge concentration (FCC) of the membranes. As 
evident from Table 2, with the IEC being constant, the trend of FCC 
aligns inversely with that of WU, following the order PAN-50 < PVC-50 
< PVDF-50. Therefore, since the distance-dependent electrostatic 
interaction between the mobile counterions and the fixed charged 
groups in the membrane follows Coulomb’s law [23,87], within the 
PVDF-50 membrane, the counterions can experience a larger electro
static interaction due to the higher FCC.

4.1.3. Electrical resistance
The membrane electrical resistance values reported in Table 2 show 

the following trend: PVDF-50 > PVC-50 > PAN-50. Given the similar IEC 
values for the various membranes, and considering that a correlation 
exists between the IEC and the electrical resistance [88] – membranes 
with higher IEC values exhibit lower electrical resistance – this result 
indicates that the electrical resistance is influenced by the nature of the 
polymer. In this context, it is worth comparing the manufactured 
membranes with two commercial membranes such as AMX and ACS 
from Neosepta. These commercial membranes possess IEC values of 2.1 
and 1.9 mmol⋅g− 1, respectively, which is almost three times higher than 
those of the PAN-50, PVC-50, and PVDF-50 membranes. Consequently, 
their electrical resistance values are 3.1 and 3.9 Ω⋅cm2, respectively, 
which are three to four times lower than those observed for the mem
branes investigated in this study. This can limit the application of the 
manufactured membranes at high current density since a higher elec
trical resistance results in a higher energy consumption [53].

4.1.4. Contact angle analysis
The hydrophobic nature of the PAN-50 and PVC-50 membranes was 

investigated by determining their contact angles, measured through the 
captive bubble method. In Fig. 2, the obtained values are reported and 
compared with those of the PVDF-50 membranes described in our pre
vious work [53]. The observed contact angle trend PVDF-50 > PVC-50 
> PAN-50 can be attributed to the different nature of the polymers 
employed, where the use of more hydrophobic polymers imparts a larger 
hydrophobicity to the membrane.

The contact angle values displayed in Fig. 2 for the three membranes 
are considerably higher than those of the two commercial AMX and ACS 
membranes, which were reported to be 26◦ and 52◦, respectively [53]. 
Generally, by increasing the IEC, a membrane becomes more 

Fig. 2. Contact angle values obtained through captive bubble method for the 
PAN-50, PVC-50, and PVDF-50 membranes; optical images of the membranes 
and air bubbles are provided on top of each bar .
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hydrophilic due to the increased amount of charged moieties [78,82]. As 
a result, membranes with higher IEC values tend to have typically higher 
water content [78–82,89], as we also observed in our previous study 
[25]. As previously discussed, the IEC values of the AMX and ACS 
membranes are higher than those of PAN-50, PVC-50, and PVDF-50. 
This indicates that a strategy to increase the hydrophobicity of a mem
brane is decreasing its IEC. Along these lines, Tekinalp et al. [22]
modified poly(2,6-dimethyl-1,4-phenylene oxide) by introducing qua
ternary ammonium groups using trimethylamine to produce AEMs. 
Specifically, increasing the functionalization reaction temperature 
enabled them to increase the incorporation of quaternary ammonium 
groups into the polymeric backbone, thereby increasing the IEC. Their 
examination of water contact angles and WU revealed a reduction in 
membrane hydrophobicity.

4.1.5. SEM-EDX analysis
The SEM images of the PVDF-50, PVC-50, and PAN-50 membranes, 

obtained with a magnification of × 1,000, along with their respective 
EDX analyses, are presented in Fig. 3. Additional SEM images at × 500 
and × 1,500 magnifications are provided in Figure S2 of the Supporting 
Information. All membranes present a compact structure without visible 

voids. The EDX analysis focused on the distribution of fluorine (F), 
chlorine (Cl), and nitrogen (N) respectively in the PVDF-50 (Fig. 3a1), 
PVC-50 (Fig. 3b1), and PAN-50 (Fig. 3c1) membranes. The images 
confirm a similar and even distribution of the three polymers within the 
membranes. The presence of oxygen (O) and bromine (Br) in the EDX 
analysis can be attributed to the ionomer (Fumion FAS-24), which also 
turns out to be evenly distributed. The assignment that goes along with 
this elemental mapping is supported by the analysis of a polymer-free 
membrane containing this component exclusively, as illustrated in 
Figure S3 of the Supporting Information.

4.2. Membrane performance

4.2.1. Permselectivity and permeability coefficient ratio
Fig. 4 displays the measured values of permselectivity and perme

ability coefficient ratio for the three membranes. Notably, all mem
branes exhibit a permselectivity value exceeding 90 %, a result that is 
consistent with existing literature [70].

While the permeability coefficient ratio of the PVDF-50 and PVC-50 
membranes are as high as 3 and similar, the one of PAN-50 was found to 
be lower (Fig. 4). Despite this difference, all membranes possess a higher 

Fig. 3. SEM images obtained with a magnification of × 1,000 for a) PVDF-50, b) PVC-50, and c) PAN-50. Images of the EDX analysis for each membrane are placed 
below the SEM images. The images with subscript 2, 3, and 4, indicate the element carbon (C), oxygen (O), and bromide (Br) for all membranes, while with subscript 
1 we refer to fluorine (F) for the PVDF-50 membrane, to chlorine (Cl) for the PVC-50 membrane , to nitrogen (N) for the PAN-50 membrane.
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permeability compared to those of the two commercial membranes AMX 
and ACS (1.5 and 1.9, respectively [53]). The reduced value for PAN-50 
can be attributed to its lower surface hydrophobicity, leading to a 
decreased affinity between nitrate and the membrane. On the other 
hand, given the observed differences in hydrophobicity for PVDF-50 and 
PVC-50, one might have expected a higher value for the former than the 
latter. Therefore, while this method serves as a quick indicator of a 
membrane’s selective behaviour [74], we proceed conducting electro
dialysis experiments for a more precise determination of selectivity.

4.2.2. ED experiments
In this section, we present the experimental results of the transport of 

nitrate and chloride through the PVC-50 and PAN-50 membranes, ob
tained in batch-mode electrodialysis. These results are compared with 
those obtained in our previous work for the membrane PVDF-50 [53]. 
Over time, we observed changes in the levels of nitrate and chloride in 
the two reservoirs for the two membranes (refer to Supporting Infor
mation Figure S4). The concentrations increased in the concentrate 
reservoir and declined in the diluate reservoir, with the nitrate showing 
a higher increasing rate than the chloride in the concentrate reservoir. 
The coulombic efficiency for all experiments was in the range of 93–97 
%.

The nitrate over chloride selectivity was calculated over time ac
cording to Eq. (9), and the values obtained are presented in Fig. 5 along 
with those of the PVDF-50 membrane. The data highlights that the PVC- 
50 membrane exhibits the highest selectivity, while PVDF-50 and PAN- 
50 show comparable selectivity, albeit with slightly lower values for 
PAN-50. This is further evident when analyzing the trends of the nitrate 
and chloride recovery ratios over time, as shown in Fig. 6 and obtained 
using Eq. (11). Specifically, while the PAN-50 membrane exhibits 
slightly lower nitrate recovery compared to PVDF-50, the PVC-50 
membrane allows for higher nitrate recovery and lower chloride re
covery. Moreover, we can also observe that for all membranes, after 2 h, 
corresponding to a 60 % degree of desalination, the rate of nitrate in
crease becomes lower, while the rate of chloride increases than in the 
previous 2 h, as reflected by the changes of the slopes in Fig. 6. This is 
attributed to the faster nitrate depletion compared to chloride in the 
diluate, where the remaining nitrate quantity is not sufficient to sustain 
the fixed ionic flux of 3 mmol⋅h− 1. Indeed, the residual amounts of ni
trate and chloride in the diluate at 2 h for the PVC-50 membrane are 1.0 
and 3.1 mmol, respectively. Thus, with a flux of 3 mmol⋅h− 1, it is evident 
that nitrate alone is not sufficient to sustain the flux. Therefore, while 
extending the ED for a longer duration may indeed lead to higher nitrate 
recovery, it should be noted that this comes at the cost of increased 
chloride contamination.

Compared to the selectivity values of the commercial membranes 
reported in one of our previous studies (selectivity values from ~1.8 to 
~1.2 for AMX and ~2.8 to ~1.3, from 0.5 to 3 h, respectively) [53], at 
any time, the selectivity values of all three membranes are higher 
(Fig. 5). This supports the efficacy of reducing the IEC by incorporating 
non-charged polymers to increase the membrane’s hydrophobicity and 
thus achieve improved nitrate selectivity.

As mentioned in the introduction, our initial decision to use a poly
mer with intrinsic hydrophobic characteristics such as PVDF was influ
enced by its extensive use in membrane technology and by existing 
literature suggesting a correlation between increased membrane hy
drophobicity and enhanced nitrate selectivity. Our previous studies 
[25,53] confirmed that higher concentrations of PVDF indeed result in 
increased nitrate selectivity and we associated this effect to the 
increased membrane’s hydrophobicity as reflected by the contact angle 
obtained compared to those of AMX and ACS. Therefore, based on these 
findings, we expected the PVDF-50 membrane to outperform PVC-50 
and PAN-50, given its higher surface hydrophobicity, as illustrated in 
Fig. 2. However, the results reported in the current study suggest that 

Fig. 4. Permselectivity and permeability coefficient ratio values of the PAN-50, 
PVC-50, and PVDF-50 membranes. Experiments have been conducted 
in triplicate. Fig. 5. Trends of the nitrate over chloride selectivity obtained by ED for the 

PVC-50 and PAN-50 membranes manufactured in this study, along with that of 
the PVDF-50 membrane reported in our previous work. Experiments were 
repeated in triplicate for each membrane.

Fig. 6. Trends of the recovery ratio of nitrate (solid lines) and chloride (dashed 
lines) obtained by ED for the two manufactured PVC-50 and PAN-50 mem
branes, along with those of the PVDF-50 membrane reported in our previ
ous work.

D. Chinello et al.                                                                                                                                                                                                                                Separation and Puriϧcation Technology 355 (2025) 129440 

7 



while an increased membrane hydrophobicity is crucial for enhancing 
nitrate selectivity, other factors should also be evaluated. Specifically, 
we recommend also considering the membrane’s FCC. Previous research 
conducted by Epsztein et al. [23] highlighted the role of dehydration- 
induced adsorption at the water-membrane interface in ion selectivity. 
However, they also proposed that ions with a lower dehydration energy, 
such as nitrate, form stronger interactions with the membrane’s charged 
groups, resulting in slower diffusion.

Therefore, by analyzing the fixed charge concentration of the three 
membranes (Table 2), we hypothesize that despite PVDF’s higher sur
face hydrophobicity favoring nitrate adsorption over chloride, its 
elevated FCC hinders nitrate diffusion due to increased interaction with 
the membrane’s charged groups. On the other hand, while the PAN-50 
membrane presents the lowest surface hydrophobicity, its FCC is also 
the lowest observed in the series of investigated polymers, which can 
explain the similarity in the selectivity data of the PAN-50 and PVDF-50 
membranes, though slightly lower. Therefore, we hypothesize that the 
PVC-50 membrane strikes a balance between surface hydrophobicity 
and FCC, making it – within the window of chosen polymers – the 
optimal choice for improved nitrate selectivity.

The higher selectivity displayed by the PVC-50 membrane presents 
an opportunity for further research. Based on our previous studies 
[52,53], which correlated a higher PVDF concentration with a higher 
nitrate selectivity, we hypothesize that by using PVC one can achieve 
selectivity values similar to those of the PVDF-50 membrane but with a 
lower percentage of polymer used.

Additionally, further membrane development is expected to benefit 
from obtaining a more detailed current–voltage characteristics, e.g. 
along the lines of a recent contribution of Zimmerman et al. [90] which 
investigated the role of the limiting current density (LCD) as a selectivity 
promoter in removing target ions from concentrated solutions using ED. 
In this study, the boundary-layer method was introduced to determine 
ion-specific LCD values and by operating the ED unit at the specific LCDs 
of target ions, the impact on the separation efficiency between coun
terions was demonstrated. This approach promoted monovalent selec
tivity in a multi-ionic mixture containing chloride, fluoride, and sulfate 
while minimizing energy consumption. These insights are valuable in 
exploring the performance of future membranes and optimizing their 
selectivity and efficiency across varying current densities.

Lastly, it is worth noting that the energy consumption values calcu
lated using Eq. (12) for the three manufactured membranes (PVDF-50, 
PVC-50, and PAN-50) are about 20–35 % higher than those obtained in 
our previous study [53] for the two commercial membranes, AMX and 
ACS (Table 3). However, we consider the increased energy consumption 
to be a reasonable trade-off given that the three manufactured mem
branes exhibit higher selectivity than the commercial ones.

5. Conclusion

To identify more environmentally sustainable polymers for AEMs 
with enhanced nitrate selectivity, we explored PVC and PAN as alter
natives to PVDF, which previously demonstrated the best-reported ni
trate selectivity. Via a casting process using PVC and PAN in 
combination with an ionomer solution, two AEMs were manufactured 
successfully.

Our findings show that all membranes have higher nitrate selectivity 
than the commercially available ones. This is attributed to increased 
hydrophobicity, which enhances membrane-nitrate affinity. Among the 
polymers investigated, the PVC-based membrane outperforms both the 
PVDF and PAN-based ones, with the latter having slightly lower selec
tivity than the former.

Considering the superior hydrophobic nature of the PVDF mem
brane, the correlation “increased hydrophobicity = increased nitrate 
selectivity” alone does not explain the higher nitrate-selective perfor
mance of the PVC membrane. We, therefore, examined the difference in 
fixed charge concentration between the membranes, suggesting its 

influence on the selectivity mechanism. Specifically, membranes with 
higher fixed charge concentrations, like the PVDF one, provide more 
opportunities for mobile ions to interact with fixed charges. Conse
quently, the mobility of less hydrated ions like nitrate, is impeded, 
leading to lower diffusion rates compared to more hydrated ions like 
chloride.

In conclusion, our study suggests balancing hydrophobicity and fixed 
charge concentration in membrane manufacturing to achieve optimal 
nitrate selectivity.
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