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Abstract: The widespread application of electrodialysis is constrained by the high cost
of ion exchange membranes, necessitating the development of affordable alternatives.
This study focuses on the fabrication and performance evaluation of cation exchange
membranes made from polyethersulfone (PES) and sulfonated polyethersulfone (sPES).
Membranes were synthesized through phase inversion with varying solvent evaporation
times, using N-Methyl-2-Pyrrolidone (NMP) as the solvent. The structural and functional
modifications were confirmed using FTIR, XPS, and AFM techniques. Performance tests
identified optimal electrodialysis results for PES membranes with a 3 h solvent evaporation
time and for sPES membranes with a 1 h evaporation time. Under varying operational
conditions, including applied voltage, flow rates, and feed solutions, sPES membranes
demonstrated superior performance, underscoring their potential for cost-effective brackish
water desalination applications.

Keywords: electrodialysis; desalination; ion exchange membrane; polyethersulfone;
sulfonation; real brackish water; membrane selectivity

1. Introduction

Water scarcity is a critical challenge for human society. Besides surface water and fresh
groundwater, brackish groundwater is another crucial source of water supply. However,
it is necessary to remove salt from brackish groundwater or other saline water to make
it drinkable. Desalination, especially from brackish water sources, plays a vital role in
augmenting freshwater supplies. While reverse osmosis (RO) dominates the desalination
industry, electrodialysis (ED) has garnered increasing attention due to its faster kinetics,
solute-solute selectivity, and ability to recover valuable ions from diverse feed streams like
brackish water [1]. These merits make ED particularly suitable for resource recovery and
specialized desalination applications.

Recent studies further highlight the growing interest in ED for its distinct advantages
over RO. For instance, ED offers the ability to recover valuable ions directly during de-
salination, making it highly efficient in processes such as brine management and metal
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recovery. Latinis et al. (2021) demonstrated how optimal operational profiles in ED units
can enable efficient ion recovery, especially for applications requiring high-value material
recovery [2]. Additionally, Juve et al. (2022) reviewed ED’s capabilities for selective removal
and recovery of metals, underscoring its potential in wastewater treatment and industrial
process streams [3]. This feature not only contributes to resource recovery but also reduces
the environmental impact of desalination by minimizing waste.

Moreover, ED systems are characterized by faster desalination kinetics compared to
pressure-driven processes like RO. The direct migration of ions under an electric field
significantly reduces energy requirements for brackish water desalination [4]. Unlike RO,
which relies on high-pressure membranes, ED can operate at lower pressures and is less
prone to fouling and scaling. This reduces maintenance requirements and operational costs,
particularly in industrial applications with varying water quality. Furthermore, the selective
ion transport capability of ED enables it to separate specific ions, which is advantageous
for specialized desalination needs or the production of tailored water compositions.

To enable efficient ion transport and separation in electrodialysis (ED), a variety of
ion exchange membranes (IEMs) based on different materials have been developed, each
offering distinct advantages and limitations. Sulfonated poly(ether ether ketone) (SPEEK)
membranes are widely utilized due to their high thermal stability, chemical resistance, and
tunable ion exchange capacity. These properties make them suitable for harsh desalination
conditions, as demonstrated by their improved proton exchange performance when doped
with ionic liquids, enhancing conductivity and selectivity [5]. Polyethersulfone (PES)
membranes, particularly when sulfonated, exhibit good mechanical strength and chemical
durability, making them a common choice for cost-effective ED applications [6]. Similarly,
polyvinylidene fluoride (PVDF) has garnered attention as a robust base material, offering
excellent chemical resistance and stability. PVDF membranes, when modified to include
cation exchange functionalities, have shown improved performance in ED by optimizing
crystallinity and mitigating co-ion leakage [7].

Polystyrene-based membranes, functionalized with sulfonic or quaternary ammonium
groups, are another prevalent material due to their high ion exchange capacity and ease of
fabrication. However, their performance can be enhanced further with radiation-induced
grafting, as demonstrated by Golubenko et al., who achieved superior performance for
reverse electrodialysis applications [8]. Additionally, polyamide-based membranes are
emerging as promising alternatives for cation-selective transport. These membranes, tra-
ditionally used in reverse osmosis, have demonstrated high selectivity and durability in
electrodialysis, enabling efficient ion transport while maintaining chemical stability [9].

Recent developments in ED membrane technology have led to promising innova-
tions, including the incorporation of advanced materials such as metal-organic frame-
works (MOFs) for enhanced efficiency and nanoparticles for improved ion selectivity.
Despite these achievements, many approaches face challenges due to complex synthesis
methods, high costs, and limited scalability. For instance, Zhao et al. developed cation
exchange membranes using poly(p-phenylene terephthalamide) (PPTA) nanofibers and
2,5-diaminobenzenesulfonic acid (DSA), which demonstrated exceptional thermal stability,
solvent resistance, and ion exchange capacity. However, this method required intricate
fabrication processes, producing membranes with a salt removal rate of 95-99% for Na,;SO4
and (NHy4),SO4 over 220 min, at a current density of ~32 mA/ cm? [10].

Similarly, Khan et al. reported anion exchange membranes fabricated with bromi-
nated poly(2,6-dimethyl-1,4-phenylene oxide) (BPPO) and dimethylethanolamine (DMEA),
achieving an impressive ion exchange capacity (1.38 mmol/g) and low resistance
(1.43 O-cm?). Despite their effectiveness in removing 80% of conductivity after 100 min,
the process involved significant complexity in chemical handling [11]. Gahlot et al. further
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explored zinc MOFs combined with sulfonated polyethersulfone (sPES) to create composite
membranes, achieving a 94.1% salt removal rate in 200 min and low energy consump-
tion (1.02 kWh/kg salt removed). However, such methods also require precise material
handling and multi-step synthesis [12].

He et al. demonstrated the scalability of sulfonated poly(ether ether ketone) (SPEEK)
membranes, which achieved 67.6% salt removal with notable current efficiency (78.2%) [13].
Additionally, Wu et al. introduced sub-nanoporous polyethersulfone membranes with
excellent ion separation selectivity (e.g., K*: Na*: Li*: Mg?* ratios of 83:56:14:1 for 10 min
under UV sensitization) [14]. However, their industrial applicability remains constrained
by scalability challenges. Other studies have explored enhancing ion-exchange membranes
with nanoparticles. Zhu et al. achieved improved antibacterial properties and desalting
performance with silver nanoparticle modifications (NaCl removal ratio of 67.5%, current
efficiency of 96.9%) [15]. Meanwhile, Gahlot et al. reported nearly complete salt removal
(99.1%) and high efficiency (97.4%) with graphene oxide nanocomposites [16]. Fan et al.
developed asymmetric cation exchange membranes, demonstrating a salinity reduction
rate of 91.9% and energy efficiency of 127.5% [17]. However, in spite of these performance
enhancements, the integration of nanoparticles into membranes presents challenges, includ-
ing complex synthesis processes and material handling difficulties, which hinder large-scale
industrial application.

To address these challenges, this work focuses on the development of ion exchange
membranes using simple polyethersulfone (PES) and sulfonated PES (sPES). The straightfor-
ward fabrication process involves phase inversion, avoiding the need for complex additives
or multistep synthesis. This approach aims to provide cost-effective, high-performance
membranes suitable for brackish water desalination applications.

2. Materials and Methods
2.1. Materials

Polyethersulfone (PES) was obtained from Goodfellow (SU30-GL-000111, nominal
granule size 3 mm, molecular weight 58,000 g/mol, melt volume rate: 35 cc/10 min at
360 °C, Pittsburgh, PA, USA). Dichloromethane (DCM, CH,Cl,), an ACS-grade solvent
(VWR BDH, Radnor, PA, USA), was utilized for PES sulfonation. Chlorosulfonic acid
(CSA, HSO3Cl, >98.0%, Honeywell Fluka, Charlotte, NC, USA) served as the sulfonat-
ing agent, while N-Methyl-2-pyrrolidone (NMP, CsH9NO), another ACS-grade reagent
(Fisher Scientific, Hampton, NH, USA), was used to prepare the solvent for membrane
fabrication. Membranes were cast using Petri dishes. Sodium chloride (NaCl) and sodium
sulfate (NapSOy), both laboratory-grade (ACS reagent grade), were purchased from Fisher
Scientific (USA) for preparing feed and electrode rinse solutions. Unless stated otherwise,
all electrodialysis (ED) experiments were conducted in triplicate.

2.2. Fabrication of PES and sPES Membranes
2.2.1. Fabrication of PES Membranes

The fabrication diagram of PES cation exchange membranes is shown in Figure 1.
Firstly, 30 g of PES pellets were weighed and dissolved into 170 g NMP solvent, making
200 g PES dope solution for subsequent use. Secondly, 2.0 g PES dope solution was cast
into each Petri dish and left at room temperature to evaporate for 0.5h,1h,2h,3 h, 4 h,
8 h,16 h, and 24 h, respectively. Then, those Petri dishes were submerged in DI water to
form the PES membranes through the phase inversion effect.
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Figure 1. Conceptual process of PES membrane fabrication.

2.2.2. Fabrication of sPES Membranes

The general fabrication diagram of sPES cation exchange membranes is shown in
Figure 2a. The first step was sulfonation by CSA [18-21]. As shown in Figure 2b, the
sulfonation process would increase the content of the HO3S™ group. Specifically, blank PES
(bPES) weighed 30 g and was dissolved into 150 mL DCM. Then, 8 mL CSA was added,
and the mixture was stirred for 60 min. The mixture was quenched with 300 mL methanol.
The phase inversion method was applied to solidify sulfonated PES (sPES) by adding 170 g
NMP to form sPES solution and slowly pouring sPES/NMP solution into DI to form sPES
noodles. The noodles soaked for over 24 h to neutralize pH. The process was repeated
three times to thoroughly neutralize pH. The solid sPES material was removed and placed
under the fume hood to fully dry for subsequent use. In addition to the sulfonation dose of
8 mL CSA, greater degrees of sulfonation were attempted with doses of 16 mL and 24 mL
CSA. However, the sPES cannot form a membrane with 24 mL CSA after purification. Also,
with 16 mL CSA, the formed sPES membranes were fragile in mechanical strength, which
meant they were fragile and easily broken. Thus, the sulfonation method with 8 mL CSA
was chosen for the following experiments.
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Figure 2. (a) Conceptual process of sPES membrane fabrication. (b) Molecular modification of PES
polymer to sPES polymer.

After the dry sPES material was produced, the second step was identical to the fabri-
cation process of PES membranes. The sPES dope solution was made for the membrane’s
fabrication process. Firstly, 30 g sPES was weighed and put into 170 g NMP to make a 15%
sPES dope solution. Secondly, 2.0 g sPES dope solution was cast into each petri dish and
put in the air to evaporate for 0.5h, 1 h, 4 h, 8h, 12h, 16 h, 20 h, and 24 h, respectively, then
they were submerged in DI water to form the sPES membranes.

2.3. Characterization of PES and sPES Membranes
2.3.1. Degree of Sulfonation (DS) Measurements

The degree of sulfonation (DS) is the fraction of the sulfonated monomer units after
the reaction. Membranes were dried and weighed, then soaked in 2 M NaCl solution for
24 h to release the sulfonic acid groups into the solution. Next, sodium hydroxide with
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a concentration of 0.1 M was titrated into the mixture. Phenolphthalein was used as an
indicator. The following formula (Equation (1)) was used for the calculation of DS [22-24]:

Dg — _2448/mol(Crao X VNaOH)
W — 818/mol(CnaoH X VNaOH)

1)

where Cnaon, VNaon, and W represent the concentration (mol/L) of the standard NaOH
solution, the volume (mL) of NaOH solution used during neutralization, and the weight
(g) of the dry ion exchange membranes (IEMs), respectively. The molecular weight of the
PES repeating unit is 244 g/mol, while the sulfonate group (SO3H) has a molar mass of
81 g/mol.

2.3.2. Ion-Exchange Capacity (IEC) Measurements

Ion-exchange capacity (IEC) quantifies a material’s ability to exchange ions embedded
within its structure. For this measurement, the membranes were first immersed in 1 M HCI
for 24 h, followed by rinsing with deionized water to eliminate surface acid residues. They
were then transferred to a 2 M NaCl solution for another 24 h. Afterward, the solution
was titrated with NaOH, using phenolphthalein as an indicator. The IEC, expressed
in milliequivalents per gram (meq/g), was determined using the formula provided in
Equation (2) [24,25]:

1EC — ENaoH X VNaoH o)
WDry
where CnaoH, VNaon, and Wpyy denote the concentration (eq/L) of the standard
NaOH solution, the volume (mL) of NaOH solution utilized for neutralization, and the
weight (g) of the dry ion exchange membranes (IEMs), respectively.

2.3.3. Fourier Transform Infrared-Attenuated Total Reflectance (FTIR-ATR) Measurements

Fourier transform infrared (FTIR-ATR) analysis was performed using a Nicolet™ iS™ 5
FTIR instrument with an iD7 attenuated total reflectance (ATR) diamond accessory (Thermo
Fisher Scientific, Waltham, MA, USA). All FTIR-ATR data sets were normalized by dividing
the signal output by the intensity of the greatest peak value in the series.

2.3.4. Atomic Force Microscopy (AFM) Measurements

AFM was utilized for material characterization analyses primarily due to its capability
to provide high-resolution imaging at the atomic or molecular level. This is essential for
understanding the surface structure and properties of materials. One of the key advantages
of AFM is its non-destructive nature, meaning it does not alter or damage the sample under
study, which is crucial for delicate or expensive materials. The data from the photodetector
are processed to generate a detailed map of the surface topography and properties.

In this study, AFM measurements were conducted using a standard commercial
tip (DNP-510-B, Bruker, Camarillo, CA, USA) with a spring constant of 0.12 N/m. Im-
ages were captured in ambient air under tapping mode and digitized at a resolution of
512 x 512 pixels. Multiple scans were performed at randomly selected areas of the film
surface to ensure comprehensive analysis. The obtained topographic image data were then
converted into ASCII format for further processing and evaluation.

2.3.5. X-Ray Photoelectron Spectroscopy (XPS) Measurements

XPS (Nexsa G2, Thermo Scientific, Waltham, MA, USA) was used for material char-
acterization analysis, primarily for its ability to provide detailed information about the
elemental composition, chemical states, and electronic states of materials at the surface level.
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This surface sensitivity, typically up to 10 nm deep, makes XPS invaluable for studying thin
films, coatings, surface treatments, and interfaces in a range of materials.

2.4. Electrodialysis Desalination Performance Testing

A batch-cycle ED system was assembled with a pump (Cole-Parmer. Vernon Hills, IL,
USA, Model: 7519-00), one-liter stream reservoirs stirred by non-heating magnetic stirrers
(Fisher Scientific, Waltham, MA, USA, model: Fisher 14-955-150), two pH/conductivity
meters (Thermo Scientific, Bartleville, OK, USA, model: Orion Star A325), a digital scale
(Meller Toledo, Columbus, OH, USA, model: XS2002S), a programmable DC power supply
(B&K Precision, Yorba Linda, CA, USA, Model: 9123A), and a MicroED stack (PCCell/PCA,
GmbH, Heusweiler, Germany, model: 08002-001). The active cross-sectional area of mem-
branes assembled in the micro-ED was 7.48 cm? (2.8 cm x 2.8 cm). The thickness of the
polyester spacer was 0.45 mm used to separate the AEMs and CEMs [26].

The feed water used was a 3.0 g/L NaCl solution. The flow velocity of the diluate
stream was maintained at 3 cm/s, and the stack voltage was set to 0.8 V per cell pair. The
membrane combinations tested included PES with Neosepta AMX76 (ASTOM, Tokyo,
Japan), and sPES with Neosepta AMX76.

3. Results and Discussions
3.1. Examples of Fabricated Membranes

Examples of selected cast PES membranes with 1 h, 4 h, 8 h, and 24 h solvent evap-
oration times are shown in Figure 3a. These time points were chosen because salinity
reduction performance of PES membranes significantly decreases beyond 8 h, making
longer evaporation durations less practical. As shown in the figure, the PES membrane
with 1 h solvent evaporation time has no transparency, but with the increase of solvent
evaporation time, the PES becomes more translucent. When the time reaches 24 h, the
PES becomes transparent. For sPES membranes, examples with 0.5h, 8 h, 16 h, and 24 h
evaporation times are shown in Figure 3b, reflecting their extended performance up to 20 h,
with an even distribution of selected times for comparison. From the figure, 0.5 h sPES has
no transparency. With the increased solvent evaporation time, the sSPES membranes become
more translucent. When the time reaches 24 h, the sPES membranes become transparent.

Figure 3. (a) PES membrane examples with 1 h, 4 h, 8 h, and 24 h solvent evaporation time. (b) sPES
membrane examples with 0.5 h, 8 h, 16 h, and 24 h solvent evaporation time.

Both membranes exhibited a similar trend of becoming more translucent with the
increase of the solvent evaporation time but with a slightly different timeline. As time
increased within 24 h, the sPES membranes progressively became more translucent. The
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differences in the intermediate transparency stages between PES and sPES membranes
might be attributed to the distinct chemical and physical properties of the base poly-
mers, that after sulfonation, the sPES membranes may have a more open or porous
structure facilitating faster solvent evaporation. However, transparency is an indication
of excessive density, which while enhancing mechanical stability, inhibits ion exchange
and diminishes salinity reduction performance, making such membranes unsuitable for
electrodialysis applications.

3.2. Membrane Fabrication Condition Optimization

Based on different solvent evaporation times (0.5h,1h,2h,3h,4h, 8h, 16 h, and
24 h), different PES membranes were fabricated. Testing results were generated to optimize
the fabrication based on running conditions, like 3 g/L NaCl feed solution, 3 cm/s flow
velocity, and 0.8 v/cell-pair. As shown in Figure 4a, with solvent evaporation times from
0 to 3 h, the current density increased due to decreasing electrical resistance of the mem-
brane. When the solvent evaporation time was 3 h, the current density of PES exhibited the
best performance, which was 97 A/ m?2. Furthermore, when the solvent evaporation time
increased beyond 3 h, the current density decreased, possibly due to increasing membrane
density. After 8 h evaporation time, the current density decreased to 10 A/m?.
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Figure 4. ED performance results of PES membranes in different solvent evaporation times:
(a) current density (CD), (b) current efficiency (CE), (c) salinity reduction (SR) after 60 min run-
ning, and (d) normalized specific energy consumption (nSEC).

As shown in Figure 4b, when the solvent evaporation time was 0.5 h, the current
efficiency of PES showed the best performance at 69%. However, most of the PES mem-
branes showed a current efficiency of nearly 50%, implying that approximately 50% of
the electricity was used to remove salts. As shown in Figure 4c, the best performance
of salinity reduction after 60 min occurred when the PES solvent evaporation time was
3 h (24% removal). Starting from 8 h solvent evaporation time, the salinity reduction
performance decreased substantially. As shown in Figure 4d, most PES membranes showed
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a normalized specific energy consumption range of 0.040-0.050 kWh/m3 per meq/L of
salinity removed.

Based on different solvent evaporation times (0.5 h, 1 h, 4h, 8 h, 12 h, 16 h, 20 h,
and 24 h), different sPES membranes were fabricated. Moreover, testing results were
generated to optimize the fabrication based on preliminary running conditions, like 3 g/L
NaCl feed solution, 3 cm/s flow velocity, and 0.8 v/cell-pair. As shown in Figure 5a,
when the solvent evaporation time was within 1 h, the current density of sPES showed
the best performance, which was 130 A/ m2. Moreover, when the solvent evaporation
time increased, the current density decreased gradually. Starting from 24 h, the current
density decreased obviously, and the lowest was 10 A/m? when the solvent evaporation
time was 24 h. From 20 h, the current density decreased obviously, which meant the
membrane resistance increased obviously. It was probably because of the membrane
becoming denser, the porosity becoming small, and no porosity stopping ions from passing
through [27,28]. Compared with the current density of PES membranes, the changes of
current density of SPES membranes were much smaller; this indicated that the sulfonation
process significantly decreased the influence of solvent evaporation.
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Figure 5. ED performance results of sPES membranes in different solvent evaporation times:
(a) current density (CD), (b) current efficiency (CE), (c) salinity reduction (SR) after 60 min run-
ning, and (d) normalized specific energy consumption (nSEC).

As shown in Figure 5b, most of the sPES membranes showed a current efficiency
of 48%, which meant that 48% of the electricity was used to remove salts. In addition,
starting from 24 h solvation evaporation time, the current efficiency performance decreased
substantially. Compared with the PES membranes, while the current density of the sPES
membranes was higher, the current efficiency of sSPES membranes was slightly lower than
that of the PES membranes. These results indicated that the higher current density did
not have effects on current efficiency. With more ions passing through sPES membranes,
there may be more co-ions passing through sPES membranes too, which resulted in slightly
lower current efficiency. As shown in Figure 5c, when the solvent evaporation time was
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within 1 h, the salinity reduction after 60 min of running sPES membranes showed the
best performance, which was 33%. Starting from 20 h, the salinity reduction performance
decreased substantially. As shown in Figure 5d, when the solvent evaporation time was
within 1 h, the normalized specific energy consumption of sPES exhibited the best perfor-
mance, which was 0.045 kWh/m? per meq/L of salt removed. Moreover, starting from
20 h, the normalized specific energy consumption performance increased substantially.
Based on the results shown in Figure 4, it can be concluded that for PES membranes,
when the solvent evaporation time was 3 h, the general performance of the PES membrane
was the best. For sPES membranes, as shown in Figure 5, when the solvent evaporation time
was within 1 h, the general performance of the sPES membrane was the best. Therefore,
PES membranes and sPES membranes with the best performance were chosen for future
analysis, which meant PES membranes with a solvent evaporation time of 3 h and sPES
membranes with a solvent evaporation time of 1 h were selected for subsequent evaluations.

3.3. Membrane Characterization

This section presents the analysis of Fourier Transform Infrared Spectroscopy with
Attenuated Total Reflectance (FTIR-ATR), X-ray Photoelectron Spectroscopy (XPS), and
Atomic Force Microscopy (AFM) to elucidate the structural and surface differences between
the PES and sPES membranes.

The FTIR-ATR spectra of PES and sPES membranes are shown in Figure 6. The
absorption peak at 1010 cm ™! is characteristic of the aromatic -SO3H symmetric stretching
vibrations [29]. The normalized intensity of sPES is slightly stronger than that of PES,
suggesting the introduction of sulfonic acid groups into the polymer chains. Additional
characterization techniques are necessary to confirm this observation.
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Figure 6. FTIR-ATR spectra of selected PES and sPES membranes.

XPS is essential for providing detailed information on the surface chemistry of mem-
branes, particularly for identifying specific functional groups. Figure 7 presents the XPS
spectra of PES and sPES membranes. The peak at 168 eV is characteristic of S2p, which
indicates the existence of -SO3H [17], providing evidence of the sulfonation process. From
the XPS spectra, the peak of the sulfonic acid group of sPES is slightly stronger than that of
PES. This enhancement can be attributed to the sulfonation process of sSPES membranes,
which incorporate more sulfonic acid groups into the polymer chains. Although the differ-
ences in peak intensities between PES and sPES are subtle, they align with the FTIR results,
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collectively demonstrating the successful incorporation of sulfonic acid groups into the

sPES polymer matrix.
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Figure 7. XPS spectra of selected PES and sPES membranes.

The surface morphologies of the PES and sPES characterized by AFM are shown
in Figure 8. Surface changes reflect the influence that sulfonation has on the membrane
morphology and can be observed by difference in the mean roughness (Ra). Consistent
with previous research findings, the Ra parameters increased from PES (0.996 nm) to sPES
(3.149 nm) with an increase in the sulfonation in the casting solution [30]. For PES, a
relatively flatter smooth-phase morphology can be observed, while the sSPES membranes

exhibit more cluster-like features.
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Figure 8. AFM figures of selected PES and sPES membranes: 1 um x 1 um AFM images of (a) PES
and (b) sPES; 0.5 um x 0.5 um surface roughness analysis of (c) PES and (d) sPES.

3.4. Performance Testing
As shown in Table 1, according to Equations (1) and (2), the ion exchange capacity of
the best PES membrane was 1.5 meq/g, and the corresponding sulfonation degree was
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42%. The ion exchange capacity of the best sSPES membrane was 2.67 meq/g, and the
corresponding sulfonation degree was 83%.

Table 1. Ion exchange capacity and sulfonation degree of selected PES and sPES membranes.

IEC (meq/g) SD (%)
PES 1.5 42
sPES 2.67 83

More comparisons are shown in Table 2. As shown in Table 2, although there have been
many IEMs developed by researchers for ED applications, most of them were fabricated
with multiple materials, non-trivial physical or chemical treatments, or crosslinked with
some other materials, making the fabrication process complicated or not cost-effective. In
contrast, the membranes developed in this work demonstrate competitive performance
with simpler, more scalable methods.

Table 2. Summary of IEMs developed for ED applications.

Sample Membrane Material IEC (meq/g) CE (%) Salt Removal (%)  Feed Solution (mol/L) Reference
PDP-2.0 PPTA/DS/PPTA 1.6 - 95.1 0.08 NapSOy4 [10]
60SPSF-C2 SPSE/Acrylic 16 95.7 917 0.1 NaCl [11]

crosslinker
z-2 Zn-MOF/sPES - 75.8 94.1 0.1 NaCl [12]
SPEEK/PGO-8 SPPEK/PGO 2.16 78.2 67.6 0.7 NaCl [13]
Sub-nanoporous PES PES - - - 0'Il< éll,cl\l/l[;(;?, [14]
SPSU-60 SPSF/AgNP 1.55 96.9 67.5 0.5NaCl [15]
S5G-10 sPES/GO 127 97.4 99.1 0.1 NaCl [16]
40% sPES-PES sPES/PES/PVP 0.52 127.5 91.9 0.1 NaCl [17]
S/P/PAN:i-0.6 sPES/PVP/PANi 0.47 94.3 - 0.1 NaCl [31]
PAN-PAMPS-2 PAN/PAMPS 1.65 91 - 0.35 NaCl [32]
DES-5 sPES/S-MoS2 1.42 69.5 - 0.1 NaCl [33]
PVA/BEC-70 PVA/DVB/AMPS 13 87.5 - 0.85 NaCl [34]
SPI/PGO-8 SPI/PGO 2.37 76.4 - 0.1 NaCl [35]
SPK/IGO-8 SPEEK/IGO 2.23 829 - 0.85 NaCl [36]
SGO-5 sPES/SGO 1.7 93.1 - 0.1 NaCl [37]
S-25/P sPES/PVP 0.65 - - 0.1 NaCl [38]
70% S-PVDF SPVDF/PVDF 0.7 - - 0.1 NaCl [39]
MIL-10 sPES/MIL-101 1.04 85 - 0.1 NaCl [40]
PM-5 PVC/St/DVB/SGO 176 823 - 0.085 NaCl [41]
CEM-3 PAN/PStSO3Na/PnBA 1.47 76.8 - 0.085 NaCl [42]
S/P K30 sPES/PVP 0.54 80 90 0.86 NaCl [43]
CINH2 CIl-PES/NH,-PES 2.2 - 93.8 0.05 NaCl [44]
PES PES 15 50 24 0.05 NaCl (This work)
sPES sPES 2.67 48 33 0.05 NaCl (This work)

The sPES membrane, with an IEC of 2.67 meq/g, is among the highest reported,
indicating excellent ion exchange capabilities essential for efficient ED. While some mem-
branes show higher salt removal rates or current efficiency (CE), it is crucial to consider
the feed solution concentration. Higher molarity feed solutions, as used in some studies,
can artificially enhance performance metrics. This work uses a moderate feed solution
concentration (0.05 mol/L NaCl), offering a more realistic performance assessment.

The PES membrane shows a salt removal rate of 24% and a CE of 50%, while the
sPES membrane achieves a 33% salt removal rate and a CE of 48%. These results are
significant, given the lower ionic strength of the feed solution, underscoring the membranes’
effectiveness under practical conditions.

In summary, the developed PES and sPES membranes exhibit high IEC values and
competitive performance metrics, demonstrating their potential for practical and scalable
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ED applications. Their simple and cost-effective fabrication process further supports their
industrial applicability.

4. Conclusions

The study of fabricated PES and sPES IEMs and their characterization analysis results
are summarized below. Based on electrodialysis testing with PES membranes with different
solvent evaporation times, the solvent evaporation time of 3 h was determined to be
optimal based on several figures of merit (e.g., current density, current efficiency, salinity
reduction, and normalized specific energy consumption), while the sPES membranes
evaporated within 1 h show the best performance based on the same figures of merit.
With electrodialysis test conditions of 3 cm/s flow velocity, 0.8 V/cell-pair, and 3 g/L
NaCl feed water, for PES membranes, the average current density was 97 A/ m?, the
current efficiency was 50%, the salinity reduction after 60 min of running was 24%, and
the normalized specific energy consumption was approximately 0.045 kWh/m3/(meq/L).
Under the same running conditions, for sPES membranes, the average current density
was 130 A/m?, the current efficiency was 48%, the salinity reduction after 60 min of
running was 33%, and the normalized specific energy consumption was approximately
0.045 kWh/m3/(meq/L). In addition, the IEC of the sPES membrane is particularly notable
at 2.67 meq/g, indicating superior ion exchange capacity. Generally, ED performance
shows that the process of sulfonation increases the performance of salinity reduction from
PES membranes to sPES membranes.

The increase in surface roughness from 0.996 nm for the PES membrane to 3.149 nm
for the sPES membrane, as observed in AFM images, indicates the impact of the sulfonation
process. This process increases the degree of sulfonation, which is further evidenced by the
strengthened peaks in the FTIR-ATR and XPS spectra for the sPES membrane.

The developed PES and sPES membranes are highly effective for electrodialysis, espe-
cially in desalination and water purification. Their high IEC and competitive performance
metrics make them suitable for large-scale industrial applications. New ion exchange mem-
branes can significantly enhance the applicability, efficacy, and efficiency of ion removal
processes in water treatment and resource recovery, especially with electrically driven
separation processes, providing cost-effective and scalable solutions for improving water
quality in various settings [45].
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