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The depletion of natural resources and the escalating environmental concerns associated with pollution neces-
sitate innovative approaches for sustainable resource management. In this study, we investigated the selective
separation of nitrate from chloride in electrodialysis (ED) using a recently introduced PVDF-based anion-ex-
change membrane (PVDF-50) and two commercially available membranes (ACS and AMX from Neosepta).
Experimental ED data show that the membrane PVDF-50 presents a higher value of nitrate over chloride
selectivity compared with the two commercial membranes, the highest reported in literature.

However, recognizing that completely preventing the permeation of chloride ions into the concentrate stream
was not feasible, we explored the potential of a system in which anion-exchange membranes presenting different
monovalent selectivity were alternated. In this approach, referred to as nitrate-selectrodialysis (NO3-SED), the
different selectivity of PVDF-50 and AMX membranes was leveraged to demonstrate the possibility of increasing
nitrate concentration, while simultaneously reducing chloride levels in a stream. This approach proves highly
advantageous in applications where mitigating chloride contamination is a significant concern while recovering

nitrate.

1. Introduction

Nitrate, a key source of nitrogen for plants, plays a crucial role in
promoting agricultural productivity and ensuring adequate food pro-
duction to sustain a growing global population [1]. It is a fundamental
component of fertilizers, facilitating the enhanced growth of crops and
bolstering agricultural yield [2,3]. However, excessive use of nitrogen-
based fertilizers has led to a range of environmental issues, notably
eutrophication. Eutrophication occurs when excess nitrogen enters
water bodies, stimulating excessive growth of algae and other aquatic
plants, ultimately degrading water quality and disrupting ecosystems
[4]. To mitigate this, denitrification systems are employed to reduce
nitrogen levels in wastewater and prevent its adverse impact on the
environment. Denitrification involves converting nitrate into nitrogen
gas [5,6], which can be released harmlessly into the atmosphere. While
effective, this approach may not be the most efficient, as it leads to the
loss of valuable nitrogen and necessitates the subsequent replenishment
of nitrogen-based fertilizers. On the other hand, selective separation of
nitrate offers a more convenient solution by allowing for the recycling of

nitrate and can have potential application such as in industry [7] or
greenhouses [8].

Electrodialysis can effectively remove nitrate ions by utilizing ion-
exchange membranes. However, a challenge remains when also other
monovalent ions are present in the water, such as chloride, because of
their similar physicochemical properties (Table 1). Therefore, the need
for advancements in membrane technology to develop selective nitrate
membranes is pivotal to achieve responsible nitrate management while
enabling the recycling of this important nutrient.

A strategy to increase the membranes selectivity towards ions pos-
sessing the same valence is based on exploiting the difference in dehy-
dration energy of the ions [9-12]. Several studies [13-15] have
demonstrated that increasing the membranes’ hydrophobicity can pro-
mote the selective transport of ions with lower hydration energy, such as
nitrate (Table 1). This approach has also been explored for the selective
separation of monovalent cations like sodium and potassium [16-18].
Ions with a reduced hydration energy undergo easier dehydration,
thereby reducing the energy barrier for their transport from the solution
into the membrane [19,20]. Moreover, less hydrated ions can interact
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Table 1
Ionic radii, hydrated radii and hydration energies of nitrate and chloride [39].

Anion Ionic radius Hydrated radius Hydration energy
[nm] [nm] [keal-mol 1]
Nitrate 0.264 0.335 71
(NO3)
Chloride 0.181 0.332 81
<M

easily with the fixed charged group in the membrane [19,21], further
lowering the energy barrier. At the same time, the hydrophobicity of the
fixed charged groups can be increased, further enhancing selectivity
[22-26].

However, the precise ion-transport mechanism within a membrane is
intricate, and most likely, the membrane’s selective behavior results
from multiple mechanisms operating simultaneously. Indeed, other
studies suggest that increasing the membrane’s hydrophobicity also
influence the ion sieving properties of the membrane, thereby leading to
a selective behaviour [18,27-30]. Specifically, more hydrophobic
membranes exhibit lower water uptake and degree of swelling, which in
turn influence the size of the nanochannels in the membranes. Conse-
quently, when the hydrated radii of the ions are comparable to the pores
size of the nanochannels, dehydration is required for the transport of
ions through the membrane and hence ions presenting lower hydration
energy permeate easily [28,31,32].

Also, the hydrophobic/hydrophilic nature of the membranes may
influence the characteristics of the ionic pathway, affecting the ions
mobility within the membrane and thus the selectivity [13,20].

In our previous research [33], we studied the transport of nitrate and
chloride using newly developed PVDF-based anion-exchange mem-
branes. Specifically, we explored the impact of varying the PVDF con-
tent within the membranes (ranging from 0 to 50 wt%), using a ionomer
solution (Fumion FAS-24, FUMATECH BWT GmbH) in combination
with PVDF. Our results indicated an enhanced nitrate transport upon
increasing PVDF concentration, with the membrane containing 50 wt%
PVDF exhibiting the highest nitrate transport. Building on these find-
ings, we decided to investigate the performance of this membrane in
comparison to two commercially available membranes (ACS, a mono-
valent selective membrane, and AMX, a standard grade membrane, from
Neosepta) in an electrodialysis (ED) system, presenting the results in this
current study. Additionally, we also investigated the potential of a
proposed approach called nitrate-selectrodialysis (NO3-SED), leveraging
the differences in nitrate over chloride selectivity of various membranes
to achieve concurrent nitrate concentration and chloride depletion in a
stream. The approach of alternating a series of cation or anion-exchange
membrane in a stack has been explore in literature for various appli-
cations such as the separation of divalent from monovalent ions[34-36],
selective production of carboxylic acids [37], and recovery of L-lysine
from L-lysine monohydrochloride [38]. Nevertheless, to the best of our
knowledge, this study introduces a novel application of this system,
specifically targeting the challenging separation of two monovalent ions

2. Materials and methods
2.1. Chemicals

Polyvinylidene fluoride (PVDF) (average M,, ~ 534,000 by GPC,
powder form), sodium chloride (ACS reagent, >99.0 %), sodium nitrate
(ACS reagent, >99.0 %), sodium sulphate (ACS reagent, >99.0 %,
anhydrous), were purchased from Sigma Aldrich and used without any
further treatment. N-methyl-2-pyrrolidone (NMP, HPLC grade 99.5 %)
was purchased from Alfa Aesar. Fumion FAS (24 wt% solution in NMP),
which physicochemical properties are reported in Table S1 of the
Supporting Information, was purchased from FUMATECH BWT GmbH,
Bietigheim-Bissingen, Germany. The Neosepta AMX, ACS, and CMX
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membranes were purchased from ASTOM Corporation, Tokyo, Japan.
The chemical composition and physical properties of Neosepta AMX and
ACS are reported in Table 2.

2.2. PVDF-based AEM fabrication

The PVDF-based AEM was manufactured by mixing in NMP, PVDF
and Fumion FAS-24 in a weight ratio of 50:50. The resulting mixture,
with a concentration of polymers of 16 wt%, was stirred overnight to
achieve complete dissolution prior casting it onto a glass plate kept at
60 °C for 24 h, in order to remove the solvent by evaporation. To
additionally guarantee thorough solvent elimination, the membranes
were immersed in a 0.5 M NaCl solution for a duration of 2 h. This
process was reiterated five times, with each repetition involving the
replacement of the solution. The wet membrane thickness was then
measured using a digital thickness gauge (Mitutoyo Corporation, model
no. ID-C112BS) and stored in a 0.5 M NaCl solution. The membrane was
labelled PVDF-50, in order to indicate the percentage of PVDF, and
selected characteristics, together with those of the commercial anion-
exchange membranes used in this study, are reported in Table 2.

2.3. Membrane characterization

2.3.1. Ion-exchange capacity (IEC)

The ion-exchange capacity (IEC) of an ion-exchange membrane re-
fers to the amount of ions, expressed in milliequivalents per gram
(meq-g’l) that the membrane can exchange, and it is an indirect mea-
sure of the membrane’s fixed charge density. The procedure to measure
the IEC involves conditioning the membrane in 0.5 M NaCl for 48 h and
then transferring it in 0.5 M NaNOs, the exchange solution. After 24 h,
the chloride concentration was evaluated using ion chromatography and
then the IEC was calculated using the following equation [40]:

1EC = e 6}

dry

where neq refers to the equivalent of exchanged ions (eq) and W,y (8) to
the membrane’s dry mass.

2.3.2. Water uptake

The water uptake of the membranes was measured as follows. The
membranes were immersed in demineralized water for 24 h, and then
weighted after removing the water from the surface with a tissue. After
recording the wet membrane mass (Wyet, in grams), the membranes
were placed in an oven at 55 °C for 24 h in order to achieve complete
water evaporation. The water uptake was then calculated after
measuring the dry membrane mass (Wyyy, in grams), using the following

Table 2
Chemical and physical properties of the membranes used in this study: PVDF-50,
AMX, ACS, and CMX.

Membrane  Composition Thickness 1EC Water
(hm) (meq-g!)  Uptake
(%)
PVDF-50 PVDF:Fumion FAS-24 = 80-85 0.7 7
50:50
AMX Styrene-divinyl benzene 140 2.1 22
reinforced with PVC [47]
ACS Styrene-divinyl benzene 120 1.9 26
reinforced with PVC, with
highly cross-linked layer on
both of the membrane
surfaces [47]
CMX Cross-linked sulfonated 150 2.5 30

styrene-divinylbenzene
copolymer (45-65 %) and
polyvinylchloride (45-55 %)
[48]
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equation:

cht - Wdry%

Wateruptake = 100 x 2

dry

2.3.3. Contact angle

The hydrophobicity of the membranes under investigation was
evaluated by measuring the contact angle through the captive bubble
method. This technique involves measuring the contact angle formed
between an air bubble (1 pL) and the surface of the membrane immerse
in water. This angle is indicative for the hydrophobicity of the surface. A
higher contact angle indicates a higher hydrophobicity, meaning the
material is less likely to interact with or be wetted by water. Conversely,
a lower contact angle indicates a more hydrophilic surface, indicating a
higher affinity for water. Contact angles were determined using a con-
tour analysis system (OCA35, DataPhysics Instruments, Germany), and
six measurements were taken for each membrane, varying the position
of each measurement.

2.3.4. Permselectivity

The permselectivity of an ion-exchange membrane refers to its
ability to selectively allow the passage of counter-ions, ions with the
opposite charge of the fixed group within the membranes, while
blocking the co-ions, ions with the same charge. The permselectivity was
determined following previous contribution in literature [40,16,33] by
recording the potential across the membrane separating two electrolyte
solution such as NaCl 0.1 M and NaCl 0.5 M, which are recirculated in
the system at a flow of 750 mL-min~'. Two Ag/AgCl electrodes
immersed in the solutions where used to record the potential after
reaching the steady state. The membrane permselectivity expressed as a
percentage is then calculated by the following equation:

AVmeasured

a =100 X ——% 3
AV{heorelica] ’

where AViheoretical represents the theoretical membrane potential
calculated according to the Nernst equation for a membrane 100 % se-
lective towards counter-ions.

2.3.5. Permeability coefficients ratio

The permeability coefficients ratio of ion-exchange membranes is a
parameter that characterizes the affinity between the membranes and
the counter-ions present in a solution. It can be determined by
measuring the zero-current potential existing across a membrane sepa-
rating two electrolyte solutions containing the same co-ion but different
counter-ion (in our case Na*, and NO3 and Cl~, respectively). It can be
used to get a quick indication of the selective behavior of the membranes
toward target ions, e.g. nitrate vs. chloride. The permeability coefficients
ratio was determined according to a procedure we published earlier
[33]. The potential across the membrane (A¥) separating two electro-
lyte solutions such as 0.1 M NaCl and 0.1 M NaNOs recirculating at a
flow rate of 750 mL-minf1 was recorded using two Ag/AgCl electrodes
immersed in the solutions for a period of 40 min. The potential used for
the calculations is the average of the values recorded once the steady
state was reached, after ca. 10 min, and it is related to the permeability
coefficients of the counter-ions by the Nernst equation:
aw BT, Pros INO ] )

F  Po-|CI7]

where F is the Faraday constant (96,458 A-ssmol™)), R is the universal
gas constant (8.314 J~mol’1-K’1), T is the absolute temperature (K),
Pno; and Pcr- are the permeability coefficients of the counter-ions, and
[NO3] and [CI7] are the concentrations of the ions in each compartment.

Considering that the concentration of nitrate and chloride is the
same, rearranging Equation (4) enables the determination of the
permeability ratio using the following equation:
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2.4. Membrane performance

2.4.1. Electrodialysis experiments

The electrodialysis (ED) setup used in this study to determine the
nitrate over chloride selectivity of the anion-exchange membranes
under investigation (PVDF-50, ACS, and AMX), is schematically repre-
sented in Fig. 1. The configuration consists in a sequence of five ion-
exchange membranes arranged as follows: three cation-exchange
membranes (CMX from Neosepta) alternated with two anion-exchange
membranes. This configuration results in a total of two cell pairs, each
consisting of a cation and an anion-exchange membrane, separating a
diluate and concentrate stream. The IEM area available for the ion
transport is 20 cm?, and each membrane is separated from the other by a
spacer-integrated gasket with a thickness of 0.5 mm. The setup is
equipped with platinum-coated titanium mesh electrodes, and the
compartments are separated from each other by a cation-exchange
membrane (CMX), in order to prevent the migration of chloride ions
towards the anode, thereby avoiding chlorine formation. The electrode
compartments maintain a recirculating solution of 0.05 M NaySOy; in
the outlets of these compartments two Ag/AgCl electrodes connected to
the potentiostat are placed to measure the potential across the five
membranes.

The experiments are conducted in batch-mode at a current density of
20 A-m’z, with a potentiostat (Autolab AUT72157, Metrohm) used as
current supplier. The solutions recirculating in the concentrate and
dilute compartments are equimolar solutions of NaCl and NaNO3 with a
total concentration of anion of 0.1 M and a volume of 0.1 L each. The
duration of each experiment is 3 h, which results in a theoretical total
anion removal from the diluate stream of 90 %. For each membrane,
experiments were repeated three times to assess reproducibility.

In order to evaluate the nitrate over chloride selectivity over time,
samples were taken every 30 min and analysed by ion chromatography
(IC) to determine the ion concentrations. The concentrations obtained
were first used to calculate the transport number (t), which refers to the
fraction of current transported by a specific ion, and for a monovalent
ion (i) is calculated using the following equation:

FV AG
= X

h=aN " A 6)

where F is the Faraday constant (96,458 A~s~mol_1), 14 (m3) and AC;
(mol.L'Y) are respectively the volume and the variation of the ion con-
centration in the concentrate stream, A (mz) the surface membrane area,
N the number of cell pairs, At (s) is the time of the experiments, and i is
the current density applied (A-m~2). The current efficiency of the ex-
periments is defined by the equation:

n=(J+J) @

F
i
where J; and J; are the ionic fluxes across the membrane expressed in
mol-m~2s7! of the ions under consideration, which are calculated using
the equation:
V. AG
Ji=—=X— 8
AN At ®)
In order to compare our results with other studies, the nitrate over
chloride selectivity over time of the membranes under investigation was
calculated according to the following equation reported by Mubita et al.

[41]:

~ /ACxo- C
Sert = ( NOE) “a 7
ACcr ) concentrate Croy Diluate
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Fig. 1. Schematic representation of the ED setup used to assess the nitrate over chloride selectivity of the anion-exchange membranes PVDF-50, ACS, and AMX. The
system is composed of five membranes in total, three Cation-Exchange Membranes (CEMs) and two Anion-Exchange Membranes (AEMs). The experiments are
performed in batch-mode, with the concentrate and diluate streams pumped from the reservoirs. The electrodes are from platinum-coated titanium and a Na;SO4

solution was recirculated in the electrode compartments.

where ACno, and ACc- refer to the variation of the concentration of
nitrate and chloride in the concentrate reservoir between two samples
and Cno; and Cc- refer to the concentration of the ions in the diluate
compartment.

From an application point of view, the recovery ratio is another
parameter of interest, which for an ion (i) is defined by Chen et al. [42]
as:

VCl (Ccl - CCO)

Ri =
VaoCao

x 100 10)

where C, Cqo and Cqp are the concentrations of the ion at time t and
0 respectively in the concentrate and diluate stream, and V¢ and Vyq are
the volume in the concentrate and dilute at time t and zero, respectively.

The energy consumption (E) was evaluated as kilojoules per gram of
nitrate recovered following the equation:

_ AVaer-i-A-At an
Ano; -MWro;

where AV, is the average stack potential (V), i is the current density
applied (A~m*2), A the surface membrane area (mz), At is the time of the
experiments (s), Anyo, is the variation in moles of the nitrate in the
concentrate stream, and MWnyo, the nitrate’s molecular weight
(g~mol_1).

Lastly, in order to assess any dependency of the current applied on its
performance, membrane PVDF-50 has also been tested at an increased
current density of 40 A-m~2.

2.5. Nitrate-selectrodialysis (mSED) experiments

Based on the conventional electrodialysis approach, chloride ions

also permeate into the concentrate stream, and in applications [7] where
the nitrate recycling should be paired with the simultaneous chloride
removal, other membranes configurations might be more beneficial. For
this reason, we investigated the potential of a system referred to as
nitrate-selectrodialysis (NOs-SED), which schematic configuration is
reported in Fig. 2.

This system capitalizes on the different nitrate over chloride selec-
tivity of two distinct anion-exchange membranes (PVDF-50 and AMX).
By strategically alternating between these membranes, we exploit the
superior permeability of nitrate ions through PVDF-50 compared to
AMX and, conversely, the higher permeability of chloride ions through
AMX. Consequently, over time, in Feed 2, the nitrate concentration in-
creases and chloride concentration decreases, while in Feed 1, chloride
concentration increases and nitrate concentration decreases.

The experimental settings are similar to those of ED experiments: two
platinum-coated titanium mesh electrodes, separated from the AEMs by
two CMX membranes, are present with a recirculating solution of 0.05 M
NaySO4. The composition of Feed 1 and Feed 2 is 0.05 M NaCl + 0.05 M
NaNOj3 with a volume of 0.1 L per each feed. A spacer-integrated gasket
with a thickness of 0.5 mm was used to separate the membranes and
each experiment was conducted in batch-mode lasting for 3 h.
Regarding the current density applied, we decided to investigate the
performance of the system at two different values: 20 A-m~2, and 40
A-m ™2 The variation of the concentration in the reservoirs of Feed 1 and
Feed 2 is monitored over time by taking samples every 30 min and
analysing them using ion chromatography. The energy consumption of
each experiment have been calculated using the equation:

E = AViyueii-A-At 12)

where AV, is the average stack potential (V), i is the current density
applied (A-m~2), A the surface membrane area (mz), At is the time of the
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CEM PVDF-50 AMX PVDF-50|  AMX CEM
S0,% NO; LHQ NO; jjﬁ NO3 >NO; T_ﬁ NO; S0,>
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Fig. 2. Schematic representation of the nitrate-selectrodialysis (NO3-SED) setup used in this study. The system is composed of six membranes in total, two Cation-
Exchange Membranes (CEMs) near the electrodes and four Anion-Exchange Membranes (AEMs) in between, featuring an alternating arrangement of two PVDF-50
membranes and two AMX membranes. The experiments are performed in batch-mode, with the Feed 1 and 2 streams pumped from the reservoirs. The electrodes are
from platinum-coated titanium and a Na,SO4 solution was recirculated in the electrode compartments.

experiments.
3. Results and discussion
3.1. Membrane characterization

3.1.1. IEC and water uptake

Table 2 presents the IEC and water uptake values for the three
membranes, which were determined following the procedures described
in Sections 2.3.1 and 2.3.2. Notably, the IEC values exhibit the following
order: AMX > ACS > PVDF-50. Conversely, the water uptake values
follow a different trend: ACS > AMX > PVDF-50. It is worth noting that
while we expected a similar trend between IEC and water uptake, the
water uptake values of AMX and ACS align with previous findings in the
literature [43].

Indeed, the water uptake of a membrane is directly correlated with
the proportion of charged groups within the membrane. Elevated
quantities of charged groups, resulting in high values of the [EC, result in
a higher osmotic pressure and thus a higher water uptake of the mem-
brane [23,44]. However, the water content is also influenced by other
parameters, such as the affinity between the polymer matrix of the
membrane and water [23], and the presence of reinforcing materials
[45]. Typically, the membrane’s water absorption capacity depends on
the number of hydrophilic groups it contains. When there is low water
uptake, it suggests that hydrophobic membrane groups are more prev-
alent than their hydrophilic counterparts [46].

3.1.2. Contact angle analysis

In an attempt to obtain more insight in the hydrophobic properties of
the membranes, drops of water were placed on each membrane. How-
ever, quantification of the contact angles turned out to be very difficult
as the membranes curled up. Instead, the captive bubble method, a
configuration that allows the membranes to be wetted, turned out to be a
suitable alternative. Fig. 3 displays the contact angle values measured

100

80 1 oo
) Membrane—»
3, Air bubble—v
o 60-
-
B 40
c
)
O

L 2
20 4
0 T T T
AMX ACS PVDF-50

Fig. 3. Contact angle measured by the captive bubble method for the three
membranes investigated in this study: AMX, ACS, and PVDF-50. Optical images
of the membranes and the air bubble are provided for enhanced clarity.

using this method for the three membranes under investigation in the
study: AMX, ACS, and PVDF-50. As becomes clear from these data, the
contact angle, and with that the hydrophobicity, increases in the order
of PVDF-50 > ACS > AMX.

3.1.3. Permselectivity and permeability coefficients ratio

From the results presented in Fig. 4, it is evident that, across all three
membranes, the permselectivity values are consistently around 90 %,
aligning with previous findings in the literature [49]. When it comes to
the permeability coefficients ratio, a key indicator of a membrane’s af-
finity for nitrate or chloride, we observe that the ratio is consistently
larger than 1 for all membranes. This means that all three membranes
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Fig. 4. Permselectivity and permeability coefficient ratio values of the inves-
tigated membranes: AMX, ACS, and PVDF-50. Experiments have been repeated
three times.

exhibit a preference for nitrate over chloride ions. The values of the
permeability coefficients ratio follow the trend of PVDF-50 > ACS >
AMX, indicating that PVDF-50 exhibits the highest selectivity for nitrate
over chloride, while AMX is the least selective among the three mem-
branes. Comparison of the permselectivity and permeability coefficients
ratio results of the AMX and PVDF-50 membranes with those obtained in
our precedent study [33], affirms the high reproducibility of the pro-
posed methods for determining these parameters.

3.2. Membrane performance

3.2.1. Selective separation in batch-mode electrodialysis

In accordance with the experiment details outlined in Section 2.4, we
present the experimental results of the transport of nitrate and chloride
through the three membranes under investigation, PVDF-50, ACS, and
AMX, obtained in batch-mode electrodialysis. The concentrations of
nitrate and chloride in the two reservoirs were monitored over time
(Fig. 5) for the PVDF-50 membrane (for the other membranes, see
Supporting Information Fig. §1), and, as expected, they increased in the
concentrate reservoir while decreasing in the diluate one. Additionally,
we observed that in the concentrate reservoir, the concentration of ni-
trate increased more rapidly over time compared to chloride for all
membranes under examination. However, upon analyzing the average

100 ] .
1A Cr
° a
g 80 ® A
3 ® A
A
,5 60+ z A Concentrate
"E,’ N
ot A .
=] A Diluate
@ 407 [} A
2 A
) °
O 20+ ° A
® A
0 ® ®
0 0.5 1 1.5 2 25 3 35

Time [h]

Fig. 5. Evolution of the nitrate and chloride concentration in the concentrate
(top) and diluate (bottom) reservoir by ED with a CMX|PVDF-50|CMX|PVDF-
50|CMX membrane stack. Experiments were conducted in triplicate.
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ionic flux of nitrate and chloride for the three membranes (Fig. 6), it
became evident that PVDF-50 transports more nitrate and less chloride
compared to ACS and AMX, indicating a higher selectivity for nitrate.
The current efficiency for all experiments was in the range of 91-94 %.

We further assessed the nitrate over chloride selectivity of the three
membranes over time using Equation (7) (Fig. 7). The data clearly shows
that PVDF-50 presents higher selectivity values compared to ACS, which
in turn presents higher values than AMX. Moreover, the selectivity was
found to change in time due to changes in the actual concentration ratio
in the diluate stream, a trend that has also been reported by Mubita et al.
[41]. Their work involved both theoretical and experimental in-
vestigations into the nitrate over chloride selectivity of three anion-
exchange membranes, two commercial, AMX from Neosepta and Ralex
AMH-PES from Mega a.s. (Czech Republic), and one heterogeneous
AEMs manufactured with a ion-exchange resin featuring quaternary
ammonium groups with propyl substituents. The theoretical analysis
revealed a significant time dependency of the selectivity, while the re-
ported experimental results showed a less pronounced decrease.
Notably, the experimental outcomes for the AMX membrane exhibited a
similar trend to our data. Conversely, in the reported case of the Ralex
AMH-PES membrane, the selectivity demonstrated an increase over
time. Furthermore, the examination of their manufactured anion-
exchange membrane with a thickness of 70 pm disclosed a pro-
nounced decrease in selectivity over time, aligning with the theoretical
trend. However, the study does not provide an explanation for the
observed trends.

Our analysis is based on the equation used to calculate the selectivity
(Equation 9)), widely employed in literature
[9,13,22,27,41,47,50,51], which might present limitations. Specifically,
the second term of the equation refers to the concentration of chloride
and nitrate at the membrane surface on the diluate stream, typically
approximated to the concentration in the bulk solution [9]. We hy-
pothesize that phenomena such as concentration polarization may
occur, leading to an inaccurate definition of the concentration at the
membrane surface on the desalting side and thus selectivity. This effect
becomes more pronounced for higher degrees of desalination [52].
However, given the significance of comparing our results with existing
literature, we decided to adopt the selectivity definition provided by
Mubita et al. in their study.

By analyzing our data is possible to observe that for the membranes
ACS and AMX, the selectivity decreases nearly linearly with time, while
for PVDF-50 is steadily declining. Two different regimes can be

—_
=N
1

B No;
v cr

-
N
1

—_
o
1

lonic flux [mol m? sec™] x 10
o
L

N\

AMX ACS PVDE-50

Fig. 6. Average ionic flux of nitrate and chloride obtained by ED using a
membrane stack configuration of CMX|AEM|CMX|AEM|CMX, for the three
selected AEMs: AMX, ACS, and PVDF-50. The measurements were conducted at
a current density of 20 A-m~2,
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Fig. 7. Evolution of the nitrate over chloride selectivity by ED with a
CMX|AEM|CMX|AEM|CMX membrane stack for three selected AEMs: AMX,
ACS, and PVDF-50 at 20 A-m 2. For each membrane, the experiments were
repeated three times.

distinguished. The first one spans from 0 h to 2 h, during which the
selectivity remains relatively constant within the range of 3.7-4. The
second regime (t > 2 h) exhibits a more pronounced reduction. The
observed decrease after two hours of the experiments can be attributed
to the substantial removal of nitrate from the diluate stream and,
consequently, the potential emergence of concentration polarization
phenomena. PVDF-50, therefore, presents a superior behavior compared
to the other two membranes, which is also evident by analyzing the
trends of the recovery ratio of nitrate and chloride reported in Fig. 8,
with PVDF-50 presenting a higher recovery for nitrate compared to
those of ACS and AMX.

When comparing the energy consumption values, PVDF-50 exhibits a
slightly higher value than ACS and AMX, as indicated in Table 3.

Nevertheless, this slight increase in energy consumption is a
reasonable trade-off considering the membrane’s superior nitrate
selectivity. The enhanced selectivity for nitrate can be attributed to the
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Fig. 8. Evolution of the recovery ratio of nitrate (solid lines) and chloride
(dashed lines) by ED with a CMX|AEM|CMX|AEM|CMX membrane stack for
three selected AEMs: AMX, ACS, and PVDF-50 at 20 A-m~2. For each mem-
brane, the experiments were repeated three times.
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Table 3
Energy consumption obtained for the batch-mode ED experiments at 20 A-m ™
for the membranes PVDF-50, ACS, and AMX.

2

PVDF-50 ACS AMX
E (kJ-g! NOg) 0.57 0.48 0.45
E (kWh-m~3) 0.92 0.75 0.68

increased hydrophobic nature of the membrane, as highlighted by the
measurements of contact angles through captive bubble method,
compared to the two commercial membranes. This characteristic pro-
motes the permeation of less hydrated ions, such as nitrate, by requiring
less energy to enter the membrane due to easier dehydration. Moreover,
the increased hydrophobic environment within the membrane can also
affect the mobility of ions with higher hydration energy, such as chlo-
ride, which are impeded by the hydrophobic structure [13].

Studies on the ACS membrane reported that the highly cross-linked
surface layer on the membrane was responsible for the steric sieving
of monovalent over divalent ions due to their different hydrated radii
[27,29]. Despite the minimal difference in the hydrated radii of nitrate
and chloride, [39] (Table 1) we do find that ACS presents a higher
selectivity than AMX, an AEM that does not possess a cross-linked sur-
face layer. Furthermore, Hawks et al. [53], proposed that the solvation
structure of ions is another crucial parameter influencing the steric
sieving mechanism. Indeed, while investigating the adsorption mecha-
nisms of nitrate and chloride in ultramicroporous carbon during
capacitive deionization, they ascribed the preference for nitrate
adsorption to differences in the solvation structure and hydration energy
of the two ions. Indeed, despite the similarity in their hydrated radii,
nitrate’s trigonal planar molecular geometry results in its preferential
solvation around the edges, rather than on the planar faces, while
chloride maintains symmetry across all three spatial dimensions. These
structural characteristics, combined with the ~ 12 % lower hydration
energy of nitrate — increasing the ability to alter its solvation structure
when entering narrow pores — was reported to be the driving force
behind the preferential adsorption of nitrate, and can be used to explain
the higher nitrate selectivity of the ACS membrane compare to the AMX.

The most recent study examining nitrate and chloride transport in an
electrodialysis (ED) setup was conducted by Mubita et al. [41]. In the
present study, we maintained identical conditions regarding ion con-
centration in the solution, current density, and experiment duration,
enabling a direct comparison of results. The membrane selectivity value
reported by Mubita et al. for a heterogeneous anion-exchange membrane
made with ion-exchange resins featuring quaternary ammonium groups
with propyl substituents, ranged from 2.5 to 3. This range is lower than
the selectivity values reported in our current study.

In order to assess whether the current density influences the per-
formance of PVDF-50, batch-mode ED experiments were conducted at
double the current density. In Fig. 9, the recovery ratio of nitrate and
chloride for the two sets of experiments, 20 A-m~2 and 40 A~m’2, are
reported over the amount of charge passing through the membrane at
the time of the sampling. Indeed, with the current doubled, the experi-
ment’s duration is halved, allowing correlation between the two trends
using the transferred charge quantity. As can be observed from Fig. 9,
the trends for nitrate and chloride for the two current densities are quite
similar.

3.2.2. Nitrate-selectrodialysis (NO3-SED)

In this section, we present the experimental results and performance
of the nitrate-selectrodialysis (NO3-SED) system, which is schematically
represented in Fig. 2. As described in Section 2.5, the system exploits the
difference in the nitrate over chloride selectivity of two different
membranes, i.e. PVDF-50 and AMX. The membrane choices were made
based on the insights obtained from the batch-mode electrodialysis
(Section 3.2.1), with PVDF-50 exhibiting superior nitrate selectivity and
AMX having the lowest.
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Fig. 9. Nitrate and chloride recovery ratio for the ED experiments at 20 and 40
A-m~? as function of the amount of charge passing through the membrane.
Experiments were conducted in triplicate.

The experiments were conducted three times and Fig. 10 illustrates
the concentrations of nitrate and chloride in the two reservoirs, Feed 1
(Panel A) and Feed 2 (Panel B), over time. As anticipated, alternating
between PVDF-50 and AMX membranes enables us to increase the ni-
trate concentration in Feed 2 while decreasing chloride concentration,
whereas the opposite occurs in Feed 1. For experiments conducted at 20
A-m~2, we observed an approximately 6-7 % increase/decrease in anion
concentration in the two streams, as shown in Fig. 10.

Doubling the current density results in an increase of the nitrate
concentration in Feed 2 of approximately 10 %, accompanied by a
subsequent decrease in chloride levels. Although these changes may be
evaluated as modest, it is important to realize that with advancements in
membrane technology, there is potential for further improvements and
achieving higher values in system performance. Additionally, to further
explore the potential of this system, it may be worthwhile to explore
alternative configurations, including the use of multiple reservoirs.
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one of the two ions. When comparing the energy consumption of the
experiments, it is possible to observe from Table 4 that the experiments
conducted at 40 A-m~2 require more than four times the energy of those
at a lower current density.

Exploiting the difference in the hydration energy of ions appears to
be an interesting approach, and designing membranes that promote this
effect have the potential to control and yield high ion selectivity. Various
strategies can be pursued and eventually combined to further magnify
the impact. For example, Mubita et al. [15] report on enhancing nitrate
transport upon increasing the hydrophobicity of the membrane, by using
resins containing different quaternary ammonium groups with alkyl
chain length. Similarly, in our previous work [33], we report on a
comparable effect by increasing the concentration of PVDF within the
membrane. Additionally, the higher selectivity of the ACS membrane
compared to the one of AMX observed in this study suggests that the
presence of a crosslinked layer on the surface of the membranes promote
the permeation of nitrate over chloride. We therefore believe that future
membranes incorporating all these effects are key to achieving high
separation values.

4. Conclusion

In terms of the selective separation of nitrate from chloride the
performance of a recently introduced PVDF-based anion exchange
membrane, PVDF-50, was tested for the first time in an electrodialysis
setup, operating in batch mode. Our results demonstrate that this
membrane exhibits higher and more stable nitrate over chloride selec-
tivity values compared to two commercial membranes, surpassing the
highest reported values in the literature. Additionally, we found that the
current density does not significantly influence the performance of
PVDF-50, enabling a reduction in operational time or installed mem-
brane area.

However, it is important to note that this system cannot entirely
prevent the transport of chloride to the concentrate stream. To mitigate
this limitation, and selectively separate nitrate from chloride, we

Table 4
Energy consumption obtained for the batch-mode nitrate-selectrodialysis (NO3-
SED) experiments at 20 and 40 Am~2

Finally, this strategy can be extended to other scenarios such as the 20 Am~? 40-A/m™2
selective separation of potassium from sodium [16,54], by alternating Energy consumption (kj-g~! NOg) 36 04
cation-exchange membranes, each with a different selectivity towards
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Fig. 10. Nitrate and chloride concentration variation in Feed 1 (A) and Feed 2 (B) for the selectrodialysis experiments conducted at the current density of 20 and

40 Am~2.
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investigate the approach of alternating a series of AEMs with different
nitrate selectivity (PVDF-50 and AMX), which we referred to as nitrate-
selectrodialysis (NO3-SED). Our findings indicate that with this system,
it is possible to increase the concentration of nitrate while concurrently
decreasing the concentration of chloride by approximately 10-11 %
when operating at 40 A-m 2.

We believe that fine-tuning the chemical properties of membranes
will become increasingly important for advancements in membrane
technology, enabling further enhancement of selectivity. Such de-
velopments are not only relevant for the field of nitrate recovery but also
for applications where the reduction of chloride concentration is of
significant importance.
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